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1 Introduction

Aircraft measurements play an important role
boundary-layer research. The main advantage of i
borne systems is their flexibility; capability of mea
suring on horizontal tracks or vertically probing th
boundary layer by slant profiles. In the last ten yeg
a new trend in the airborne meteorology evolves; tFes
operation of Mini Unmanned Aerial Vehicle (UAV).E
The mini UAVs are inexpensive compared to a fulls
equipped research aircraft and highly flexible. The,
Meteorological Mini UAV '"M?AV * was developed at
the Institute of Aerospace Systems (ILR) and build
in cooperation with Mavionics GmbH, Braunschweig,
Germany. The MAV is an autonomous UAV for
meteorological measurements in the boundary lay&06/2007 to Halley station.
(Fig. 1). The meteorological sensors are mounted on

the nose boom and include two temperature sensors, a

humidity sensor and a five-hole probe (5HP). A GF& M2AV system
receiver and a Inertial Measurement Unit (IMU) are

on board to measure the groundspeed and the atfiz MRAV is controlled by an on-board autopilot sys-
tude of the aircraft. The first meteorological perfoam which communicates with a ground station (lap-
mance was during the LAUNCH-0S field experimeng, pc) for the exchange of measured data and flight-
at the Meteorological Observatory Lindenberg (MOlp,ission updates like new way-points. The aircraft can
of the German Meteorological Service (DWD) (Spiefe hand-launched or started with a bungee rope. After
et al, 2007). Temperature and humidity measurgye start the way-point navigation is activated. A lap-
ments were compared with the remote-sensing Syg; is used to follow the aircrafts mission and to check
tems_sodar/RASS and_ a differential absorption "d"_(‘heteorological) parameters which are send from the
The_flrst comparable wind measurements were carrigebraft to the laptop using telemetry. During the flight
out in August, 2007 at the MOL during a short campe mission can be altered e.g. by sending new way-
paign. The 99m-tower and sodar measurements of fagnts to the aircraft. The landing procedure can be
DWD were used for comparison with the?l . done automatically or manually. The detailed speci-

A long term co-operation between the ILR and tHEeations were published by Buschmaenal. (2004)
British Antarctic Survey (BAS) was established iAnd Spiefet al. (2007) and a summary is listed in
2005. A joint project was the deployment of onéab. 1.

M2AV to Halley station for the southern summer

2005/2006. Two additional systems and one re-

searcher of ILR were sent in the southern summer

Figure 1:M2AV system at Antarctica



2.2 Meteorological sensor package

The meteorological package includes of one fast tem-
perature sensor (thin foil element) developed by Dan-
tec, a Vaisala Intercap (HMP50) which measured the
temperature and relative humidity with a response time
(in flight) of 1 s (Fig. 2). Both temperature signals
are combined using a complementary filter and re-
sults in one temperature series with a resolution of
30 Hz. A 5HP manufactured by the Institute of Fluid
Dynamics (TU Braunschweig) measures five differ-
Figure 2:M?AV meteorological measurement sensofsntial pressures at the tip of the probe. The static
pressure is measured by the four holes at the side
of the probe. The measurements are used to cal-
culate the airflow angles and the dynamic pressure.
The micro-electromechanical system sensor system
. (MEMS) gives time series of the angle accelerations
2.1 Autopilot system and the accelerations i y and z direction and has
been developed at ILR. The sensor block contains a
3-axis-IMU. The design consists of three angular rate

e?ensors with a range ef300°s~* and two accelerom-

The current flight-guidance algorithm uses discr . -
. . . . . efers with two axes each, providing redundancy for
way-points to define the flight path. While this ap; . - : .
the aircrafts longitudinal axis. The range isgXor

Cicabity an reiabilty in terms of fight rajeciory " MOZONl and 1 for the verical axis. The
y y 9 J yIMU has a weight of less than 15 gram and a size of

accuracy: the aircraft will conduct more or less unprﬁbx40x16 mm. The IMU was calibrated for the de-
dictable maneuvers upon reaching a way-point due, tq '

. termination of the scale factor, bias and misalignment
the sudden change in commanded ground track. Inag 9

o . uschmanret al, 2006). The temperature influence
dition, wind and gusts can lead to comparably largede- ., . L .
o . . . .on calibration data was not explicitly taken into ac-
viations between the flight path defined with the mis- . : :
. . . count. But due to the integration with GPS, changes
sion planning software and the actually flew trajector . : L .
. . IN sensor bias can be estimated by the navigation fil-
even if the way-points are only a few hundred meters .
tTer and extracted from the measurements. Drive tests

par Whle i b I3t i i e o e shown s i 015 s an
9 y ’ P 9 .6—2.3° s71. The ground speed vector and the posi-

aircraft operation for low level flights with obstacle%

. . . . . . on is measured by a single-antenna single-frequenc
like wind power plants impossible or irresponsible. y 9 g g y

practical but somewhat inelegant solution is the usePS receivery-blox company, type SAM LS) with a

of additional way-points even along straight legs. _Irgeasurement frequency of 1 Hz. Except for the GPS

. . .receiver, all meteorological sensors are sampled with
overcome this problem, a complete new flight gui 00 Hz

ance and control algorithm is currently being imple-

mented: Instead of defining single GPS way-pointSince the LAUNCH-05 experiment (Spieét al,

the user defines cubic splines to determine the flidd@07) the wind vector measurement has improved.
trajectory. This ensures deterministic curve radii b&he reliable determination of attitude, velocity and po-
tween spline segments and allows for easy definitisition of the aircraft is essential for wind identification.
of complex flight patterns. At first flight tests, the newhis is achieved by an integrated navigation system
spline trajectory controller was able to minimise theonsisting of GPS and IMU. The system offers a sig-
distance from the aircraft to the planned trajectory toficantly increased performance due to the comple-
better than 3 m horizontally and 5 m vertically. Whilenentary characteristics of GPS and IMU, where the
these flight tests were conducted at moderate conditer assures the continuous availability attitude, ve-
tions (5 m stmean wind speed, gusts up to 8 m) locity and position. The growth of navigation errors
the first evaluations promised very satisfying capabilith time due to the low cost MEMS IMU is pre-
ity also under harsh conditions. vented by the use of aiding information provided by



-
R
pal
@

500 m. Turbulence measurements are performed at

5 10a0F several heights on a 32 m mast close to the CASLab
= Loas'h and further standard meteorological measurements in
>3k 2 m and 10 m are taken at the main station. Radio
%1:0*10'2? sondes are launched once per day and in springtime
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et § occasionally using a thetered balloon.
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Loao'h 3.1 Research goals, BAS
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L “10  To have confidence in predictions of future climate

change requires an understanding of how the Earth’s

Figure 3:M2AV Example of a variance spectra of thgl'mate system actually works. At present our under-

u-wind component, measured by théAd on 2 Au- standing is far from complete, with notable knowledge
gust, 2007. gaps in the polar regions and in the interactions be-

tween component parts of the climate system.

R
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The Halley based UAV project addresses one facet of
these deficiencies, wintertime air-sea-ice fluxes, and
the formation of Antarctic Bottom Water (AABW).

Table 1:Specification and performance of théAV .

Take off weight 6 kg

Wing span 2m The production of AABW, a cold oxygenated water
Twin engine electric propulsion mass that spreads across much of the floor of the World
Navigation GPS, IMU Ocean, is a key element of the global climate system.
Optimal speed 21-24 Its production is important for two reasons: it cools
Max. climbing rate 5 mst and ventilates the deep ocean, which has relevance for
Endurance <60 min marine life and its effect on sea level; and it is believed
Altitude range 10-800 m AGL to be a driver in the global thermohaline circulation.

However our understanding of the processes that play
a role in its formation, including factors affecting the

. . . . f diati I th ti f ice,
the GPS receiver. For GPS/IMU integration a dlscrez(liller ;a)c(:)((a)rra lation balance and the production of sea ice

error state Kalman Filter was used. Detailed informa-

tion on this filter method applied on a MAV is pubWintertime observations of fluxes over the sea-ice
lished by Winkler and Vorsmann (2007). Combinezbne are challenging, and require either an ice-bound
with the measurement data from the 5HP théM ship, or instrumented aircraft. Very few such high
is capable of calculating the wind vector with 30 Hquality observations exist due to the expense and risk
which represents a resolution of less then 1 m (Fig. 8J.using large infrastructure in harsh conditions. For
example, although data are available from the BAS in-
strumented manned aircraft flights from autumn (e.g.
March), and spring (e.g. October) (Kirg al., 2007),
these are at the limits of possible BAS aircraft-based
fieldwork (Renfrewet al, 2002). To augment these
Since 2005 MAV are in deployment at Halley V ondata, and assess fluxes during the depths of winter,
the Brunt Ice Shelf in the Weddell Sea of Antarctic8AS uses the relatively inexpensive and low (human)
The surrounding area of Halley is flat ice and the stask UAV.

tion is located in an ellipse of the coastline, about

15 km for the coast to the north, west and south-west.

At Halley several experiments are carried out conf-2 Research goals, ILR

nously. Ozone and other trace gases are measured at

the clean air sector laboratory (CASLab). A singlan exquisite experimental site for the undisturbed ob-
axis vertically pointing acoustic sounder (sodar) meservation of the stable boundary layer (SBL) is the
sures the acoustic backscatter in the atmosphere upery flat ice shelf (with a slope of 1:2000) around

3 MZ2AV at Halley station, Antarctica

3



the Halley station of BAS. Here no disturbance duion to the flight sites and fittings and power supply for
to orography is expected. Several field studies usitige M?AV ground station telemetry. The Sno-Cat be-
ground-based and remote-sensing systems and aksme a complete ground station and set up workshop
tethered kites were already performed and a wide dédathe MPAV .

base is available. The #V flight measurements 2Nafter the first test flights it came out that also mod

the already available data base at Halley station . . .
. : ations of the general KAV equipment itself were
be analysed to determine the fine structure of the S . :
necessary. For instance the bungee rubber that is used

i.e., layers, sheets, fossil turbulence, intermittent tyr . ) NN

y . Lfo launching the MAV which works fine in Euro-
bulence and waves — and the influence of a low leve . . . . .

. pean winters did not provide sufficient thrust in the
jet on these processes.

colder temperatures at Halley. To protect the bungee
The most important instruments at Halley in this cofrom the cold, several tests were made and finally two
text are the sodar, the 32 m mast and thAWs. bungees were connected in series. Additionally both
While the first two systems provide long-term verubbers were insulated with a plastic tube sheath. Due
tical soundings, the latter is applied for short-terto the wrapping of the bungee it was kept warm during
(one hour)in situ sampling. Using MAV systems, the outside preparations of the?V before launch.
area-representative mean values of temperature, winthen provided enough power to launch theAY
vector and humidity can be determined on horizoeafely.

tal box flight patterns at several altitudes within thEISO special care had to be taken on théAM bat-

gg]grs]p?h?s(; b do;gde:&/a l:ﬁir' dicgrplgrc% lr;\r/ﬁjriﬁemr? ?(rél[ies. Although modern Lithium Polymer (LiPo) bat-

' . 9 . cferies are used which can withstand cold temperatures
zontal transport (advection) through these flight boxes e . .
can be calculated. The use of structure functionmUCh better than non-Lithium batteries the batteries
' 450 loose up to half of their capacity when completely

multi-resolution co-spectra and wavelet analysis giye
. : P - y g¥r zen at—20°C. At lower temperatures the loss of
information on the spectral characteristics of turbulen L

ower can get even worse. In order to minimise the

structure and transport of the layered SBL. Topics likS

the observed temporal variation in the sodar backsc%?—k of losing an aircraft due to a power failure, the
I

ter and the area-representivity of the sodar and atteries are pre-warmed before flight. During the

e . . .
tower will be analysed using the 3V in situ mea- ight the power drain from the batteries result in a cer-
surements.

tain self heating effect which also contributes to the
possible flight durations. Furthermore the AW was
equipped with a small data logger to record the bat-
o _tery. The data can be used to estimate the maximum
3.3 Modifications for the extreme Antarctic fight duration with respect to the ambient temperature
conditions conditions. For the meteorological sensors the power
supply was modified so that even at temperatures of
In order to fulfil both BAS and ILR research goals, the 30°C a constant voltage is guaranteed.
MZ2AV flights at Halley station needed intense prepa- L ) ) L
rations before and during the actual experiment tim-[ahe scientific projects also required some modification
M2AV flights will be performed directly at Halley sta-Of the sensor set. In order to determine the edge be-

tion in the south east of the CASLab within the cled ©&" S€@ ice and open water or newly formed ice,
air sector. For the on-base operations a ground sta: MPAV meteorological sensor set was expanded

tion on the Simpson platform needed to be set up. T gh an infra red (IR) surface temperature sensor. The

ground station operator must have permanent comm prvir MLE series” of IR sensors made by ‘Calex

nication ability to the MAV operator (safety pilot). Electronics Limited’ company, Englan_d used. The
gnsor range was adjusted to the requirements at Hal-

To do so a VHF communication system between t(@ by th factor. S dificati p
platform and the MAV launch site was developed an y by the manufactor. Some modifications were done
at Halley in order to minimise the weight of the sen-

deployed. _ ) .
sor and to connect it easily to the meteorological data
BAS purchased a new Tucker Teracat, a QSB 5.9 litiequisition system.
Cummins powered Sno-Cat to be a mobile flying oper-
ations room. The Sno-Cat was modified by BAS's Ve-
hicle Section, and was equipped with generator, com-
puter ports and power supply, heaters, GPS for naviga-

4



3.4 Implementation of Ozone sensor ing the pcb. The ozone sensor was equipped with its
own power supply and data storage. The ozone sens-

The occurrence of ozone depletion events (ODEs)mr%J system had a f_ma_l weight of only 360 g including
the data logger with its power supply, ozone sensor,

the polar boundary layer is known since 25 years. . .
The events were observed in coastal sub-Arctic, ARENSOr electronics and power its supply.

tic and Antarctic regions. During a depletion event the

ozone concentration drops from a normal concentra-

tion around 30 ppbv to lower concentrations and camo Flights

even reach values less than 1 ppbv.

For the summer 2007 an intense test program with the

At Halley station regular ozone measurements afr, AVs was planned. The goal was to be ready for
made at the CASLab since 2003. The ozone datfjatonomouspmeteor(.)lo icalgmeasurement fli htsy over
taken at Halley in austral springtime showed ODI’:as g g

. L A . Coastal sea ice off base before end of February 2007.
with significant (and sometimes very rapid) loss

[ . , )
ozone concentration (Jones al, 2006). In addition anortunately, this goal was not achieved. First of all,

to the CASLab measurements, ozone measureméﬂ?sshlp arrived late at Halley. The relief of the ship
W{':\s finished on 10 January, about 10 days later than

using a tethered balloon or tethered kite were fir . . .
made in 2004. The tethered balloon ozone meas ﬁea_nned. After intense preparations the firstAM

. flight was performed on 16 January about 5 km to the
ments were then regularly taken since austral spn\;\\/@

2005 during ODEs. In 2007 another ozone meaSU{%-:; &1:;?\2&?;@32;;‘” 3 an(LjJar); iﬁ% tm (zﬁlﬂca—
ments system will be set up close to the coast at Pre- . : y o adap othe
\ : . extreme conditions in Antarctica.
cious Bay. Powered by a set of three wind turbines,
ozone measurements will be taken continously at seer February and March 2007 it was planned to per-
face level. The CASLab, Precious Bay and ballodarm an average of two or three flights per week and
measurements however also have restrictions as ttiey first meteorological measurements at the end of
are dependent on the mean wind speed to cover a Embruary. Unfortunately, bad weather conditions re-
tain fetch. Furthermore, they are only point measumddced the amount of flights. The2®/can not op-
ments or very limited two dimensional measuremergsate properly at high wind speed (above 12 Th)s
of the balloon, respectively. In austral spring 2007 At wind speeds of more than 12 nt’s, the flights
is intended to make usage of the?AV s at Halley start to be unsteady and very un-economic. For our
station and off base close to the coasts (e.g. Preciauissions the wind speed limit at the ground was set
Bay) to take ozone measurements. The data shall can5 m s, expecting up to 10 msin greater alti-
tribute to determine the horizontal and vertical extetiddes. Good visibility and contrast during the flight is
of the ODEs. The coastal flight measurements migigeded for the start and landing procedure performed
also contribute to the determination of the source loy the safety pilot. Only three flights were performed
the halogens. The combination of all data sources willFebruary due to high wind speeds and bad visibility
provide a good data base for further analysis of ODEsd contrast conditions. A field safety training of the
. . . M2AV pilot and ground station operator in the begin-
As only two aircraft are equipped with the meteor%—ing of March made flights during this time impossi-

logical sensor set, the intention was to use the third gl iy X
: . e, Apart from that the weather conditions again pro-
craft with an ozone sensor. For this task a sensor baﬁ| d

o ) . ited flight operations. Either cold temperatures of
on tungsten trioxide (Wg¢) semiconductor is used fornearl _30°C or high wind speeds made fliahts impos-
ozone monitoring which is described in Utemdteal. y 9 b 9 P

(2006). The sensor was developed for use with ra(?!ct))le. The temperature limit at surface level fofAW

. [@hts was set to about 28°C. The battery capacity
sor_ldes or tethered sondes and thereforel deagned&%%s a lot at these cold temperatures and make flights
calibrated for a flow speed of about 5 m*shrough

the sensor. As the RAV has an optimal flight speed of  neconomic. These cold and windy weather condi-
1 . t|8ns basically also made flights after March and in the

22 ms+, aflow speed reducer must be |mplement<\a/\m_]ter i mossible

to slow the airspeed down to 5 m’s Additionally, P '

the printed circuit board (pcb) to which the sensing ebummarising, the bad weather conditions at Halley in

ement is attached was enclosed in a stream line fo®ummer and autumn 2007 led to much les&M

This reduced the vibrations of the sensor in the fldlights than expected and planned. This resulted in no

significantly and therefore reduces the risk of damamgeteorological data from the ]V flights during this

5
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Figure 4:The 3D-box pattern flown on August, 2, 2007 Wind speed [ms™]

at MOL. This example impressively demonstrates the 200 ,

ability of the MPAV to keep altitude and track. o
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For the austral spring and beginning summeg %[ Al

2007/2008 the re-start of flight operations are planneg ° .2

as soon as the weather conditions allow flights. Ozone gq | ©

concentration and meteorological measurement flights —B8— MMAV

are expected to be performed on and off-base the Hal- 5 oom-tower

ley station. R 240 70

Wind direction [deg]
4 Results Figure 5: Wind speed and wind direction. First 3D-

box flight performed on 1 August, 2007 between 9:22
and 9:52 UTC. The KAV data at the same height were
For preparation and support of the Antarctical fligaeasured during two consecutive square-shaped flight
missions and to obtain more experimental experieregiterns. The error bars represent the standard devi-
with the M2AV a field campaign was carried out in th@tions of the MAV measurements (Tab. 2). For ev-
beginning of August, 2007. The boundary layer me@ry M?AV time interval and height the corresponding
surement field of the DWD was chosen as the locatitewer (10 min average) and sodar (15 min average)
for the experiment. This measurement field is locateteasurements were plotted.

5 km south of the observatory, near Falkenberg and

was also used for start and landing of théA . The

lower part of the boundary layer was probed by a 99mround. Unfortunately, the RASS temperature profile
tower, 12 m tower and a sodar/RASS. A Large Apemeasurements were of poor quality due to the atmo-
ture Scintillometer (LAS) was installed over a patbpheric backscatter conditions, they are not used in the
length of 4.7 km. The LAS transmitter was installegresent analysis.

at the 99m-tower in Falkenberg ant the receiver Or|I)€iljring the 2-days experiment, six 2V flight (in-
30m-lattice tower at the MOL observatory site. )
cluding two 3D-box patterns) were performed. The

The main goal was the comparison of thé A wind 3D-box patterns consisted of several square-shaped
measurements with tower and sodar measuremeptdterns (4 legs) flown around the 99m-tower at differ-
The 99 m high measurement tower provided measuestt heights (Fig. 4). Seven square patterns (with flight
ments of temperature, humidity and wind speed @gs of 650 m) in four flight levels (170, 113, 90 and
four levels (40, 60, 80, 98 m). The wind direction waB8 m agl) were flown during the first 3d-box. The sec-
measured at 40 and 98 m height. The sodar wind speed 3D-box consisted of five square patterns (with legs
and wind direction profiles reached upto 350 m abodétance of 1600 m) in five different heights (230, 173,
ground. The sodar/RASS temperature profiles gal&5, 87 and 58 m agl). Since the 3D-box flights give
the virtual temperature upto a level of 200 m aboweformation of the vertical structure of the boundary
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Figure 6:Wind speed and wind direction measured drigure 7: Vertical wind, the error bars represent
2 August, 2007 between 8:37 and 9:15 UTC. The ¢ine standard deviations of the 20V measurements
ror bars represent the standard deviations of th&¥M (Tab. 2). Top: first box flight, 1 August, Bottom: sec-
measurements (Tab. 2). ond box flight on 2 August.

layer, these measurement flights are compared with the
99m-tower and sodar profiles.

4.1 Wind ) )
tower measurements, the?l horizontal wind speed
measurements agreed well, within 1 mts On the

The wind measurements were averaged over the four . L -
g cgatrary the wind direction showed larger deviations

legs which gave a mean values for every square-sha . o
pattern (see Tab. 2). The averaging lengths of 650lgompared to particularly the sodar data (deviations

for the first flight and 1600 m for the second flight Wervé/q{hm 20 deg). A stronger wind speed was measured
) L on the second flight (Fig. 6). In general the? AV
probably too short to obtain small statistical errors es- :
ecially in convection measured a larger wind speed compared to the so-
P ' dar and tower measurements. ThéMM wind di-
The MPAV wind measurements were compared wittection agreed well with the sodar and tower data.
tower and sodar measurements. For each squ&empared to the first flight smaller standard deviations
shaped pattern the corresponding tower (10 min avere found for the wind direction.
erage) and sodar (15 min average) measurement%hat

. . 2
about the same height were selected (Tab. 2, Fig.5an§ mean verpcal wind measured by Fh? A
6). was accompanied by large standard deviations upto

0.7 m st (Fig. 7). Nevertheless, the vertical wind
On the first flight (Fig. 5) the horizontal wind wasneasurements on both flight days agreed with the so-
weak, 3..4 m s1. Compared to the sodar and thdar measurements within their statistical uncertainty.
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Figure 8: Temperature an relative humidity measureligure 9: Temperature an relative humidity measured
on the first box flight, 1 August, 2007. on the second box flight, 2 August, 2007.

4.2 Temperature and humidity 5 Conclusions

During the LAUNCH-05 campaign RRV tempera- The first comparison of the wind measurements with
ture and humidity measurements were performed B¢ autonomous RRV showed a satisfying result. De-
the MOL site (Spiefet al, 2007). The absolute hu-SPité the short averaging length of théAV data in a
midity was found a comparable (within 0.3 gthor convective boundary layer, the wind was determined
29%) to the lidar measurements provided by MOL. Dufomparable to the tower and sodar data at the MOL
ing the last experiment at the MOL site (August, 200 7Jt€- Particular for the first flight with weak wind con-
no lidar was available. The relative humidity and t tions, the differences with sodar and tower were less
. 1 : ”
temperature were compared with tower measureméi@ 1 m s*. For stronger wind conditions, the3av
(Tab. 3). Figures 8 and 9 shows the temperature mgasured higher horizontal wind speeds compared to
surements. For both flights the##/ measurements the sodar profiles (differences within 2 m'. The
agreed well with the tower data. Both systems showiédnPerature and humidity measurements agreed well
a temperature decrease in height, which was expedét the tower measurements.

in a convective boundary layer. Due to the bad weather condition at Halley last south-

In general the MAV humidity measurements weree™ summer and autumn, les’AV missions were
smaller compared to the corresponding tower mdgrformed as planned. The flight operations will be re-
surements (Fig. 8 and 9). The differences betwegi@"t€d as soon as the weather conditions change. Me-
M2AV and tower measurements were less then 3% f§Prological measurements and flights with the ozone
the first flight and less then 1% for the second flighEnsor are scheduled for the southern spring and sum-
(which was comparable with the LAUNCH-05 result8'€r 2007/2008.

Spielet al. (2007)).



Table 2: Box patterns flown around the 99 m-tower. The horizontal veipeled Uy, the wind directionQpqr
and the vertical wind w are listed for every bax.represents the standard deviation of the measurements. The
sodar and tower measurements are written in the same roweasaimpared MAV data.

MZAV Sodar 99m-Tower
flight/  z Uhor (0) Qhor (0) w (o) z Unor Qhor W z Unor Qhor
leg m mst deg ms?t m ms! deg mst|im ms?! deg
101 170 3.63(L00) 242.4(9.7) -0.42(0.28160 3.7 246 03
1/02 170 4.42(0.29) 248.3(4.9) 0.56(0.21)180 3.5 224 -0.6
1/03 113 3.46(0.42) 244.6(8.7) 0.30(0.19)120 3.6 238 0.0 |98 3.7 255
1/04 113 3.37(0.36) 254.1(14.0) 0.69 (0.30)120 3.6 238 00 |98 3.7 255
1/05 90 2.76(0.53) 258.1(13.4) 0.78(0.68)80 3.3 237 0.2 80 29
1/06 68 3.02(0.56) 228.9(12.1) 0.73(0.1560 3.4 264 05 |60 2.8
1/07 68 3.01(0.64) 236.6(7.7) 0.59(0.10)80 35 217 03 |60 3.4
1/07 40 3.2 237
2101 230 6.75(0.80) 150.7 (11.8) -0.11(0.13320 51 151 0.3
2/01 240 5.5 149 0.3
2/02 173 6.30(0.17) 152.6(4.5) 0.15(0.10)160 45 142 0.8
2/02 180 5.3 142 0.6
2/03 115 5.88(0.84) 142.3(5.1) -0.02(0.32)00 58 152 05 |98 62 144
2104 87 6.20(0.12) 144.8(3.2) 0.15(0.21)80 57 143 0.3 |80 56
2/05 58 6.68(0.55) 161.0(3.6) 0.53(0.28)60 4.8 156 0.2 |60 5.8
2/05 40 5.5 150

Table 3:Temperature and humidity measurements of tR8\Wtompared to tower and sodar data. Temperature
T, relative humidityRH, mixing ratio m and height above ground z.

M2AV 99m-Tower
flight/ z T (0) RH (o) m (o) z T RH
leg/ m °C % g kgt m °C %
1/01 170.4 14.08 (0.04) 65.63 (0.91) 6.76 (0.09) - - -
1/02 170.0 14.28 (0.14) 62.93 (1.46) 6.57 (0.14) - - .
1/03 113.0 15.05 (0.09) 59.11 (1.20) 6.45 (0.10) 98 15.65 59.8
1/04 112.7 15.00 (0.11) 59.25 (0.91) 6.45 (0.06) 98 15.65 59.8
1/05 90.2 15.30 (0.11) 59.03 (0.48) 6.52 (0.04) 80 15.63 61.2
1/06 67.8 15.48 (0.12) 60.15 (1.93) 6.71 (0.19) 60 15.89 61.1
1/07 67.9 15.61 (0.06) 58.63 (0.47) 6.59 (0.06) 60 16.08 61.7
1/01 230.1 17.27 (0.10) 54.70 (0.51) 7.00 (0.07) - - -
1/02 172.8 18.05 (0.12) 52.54 (0.54) 7.02 (0.06) - - -
1/03 115.2 19.00 (0.08) 50.13 (0.47) 7.06 (0.04) 98 19.32 49.1
1/04 86.6 19.56 (0.060) 47.76 (0.79) 6.94 (0.10) 80 19.83 48.8
1/05 58.3 20.16 (0.08) 46.45 (0.34) 6.98 (0.05) 60 20.41 47.3
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