EG-CLIMET: OVERVIEW OF THE ACHIEVEMENTS OF THE ACTION

INTRODUCTION
This document provides a summary of the major figdiand conclusions of the COST EG-
CLIMET action. It highlights four profiling instruents, their synergy, and NWP applications. The
instruments provide profiles of aerosol and cloadKscatter, winds, temperature and humidity:
1) Ceilometers, 2) Doppler lidars,
3) Wind profilers, 4) Microwave Radiometers,
5) Synergy and NWP applications.
For each instrument we provide: i) Background discn,
i) The scope of the instrument,
iii) Calibration, accuracy, sensitivity, and manance issues,
iv) Original contributions made by the EG-CLIMETti@n.
The full wiki-based report can be foundhditp://wiki.eg-climet.org/.

SUMMARY OF FINDINGS AND RECOMMENDATIONS
Ceilometers: EG-CLIMET has

» Compiled a list of hundreds of ceilometers deployeBurope.

* Demonstrated they could supply real time backscpttdiles from clouds and aerosols.

» Demonstrated simple accurate calibration technigsesy atmospheric targets.

* Demonstrated they can measure the boundary layginthe unstable boundary layers.

» Compared the backscatter profiles of clouds andsaés with NWP models predictions.

 Recommended to EUCOS that these instruments beredd/to provide real time data.
Doppler Lidars: EG-CLIMET has

» Examined the performance of new Doppler lidarsagbnow deployed in Europe.

» Demonstrated that they can provide accurate wimdsd boundary layer.

* Demonstrated they can measure turbulence andalegtichange in the boundary layer.

 Recommended to EUCOS that these instruments beretd/to provide real time data.
Wind Profilers: EG-CLIMET has

» Developed algorithms, now implemented operation#tiyeject spurious bird echoes.

* Improved algorithms, now implemented operationdtly,rejecting spurious ground clutter.

* Demonstrated the positive impact of well-maintaimedd profilers on NWP forecasts.
Microwave Radiometers (MWR): EG-CLIMET has

* Compiled a list of MWRs in Europe and developedna@rnational network: MWRnet.

» Demonstrated the accuracy of temperature and wapeur in retrieved profiles.

* Demonstrated the value of MWR in estimating boupndiayer depth.

* Provided the first comparison of MWR retrievalstwiNWP model predictions.

Synergy and NWP: EG-CLIMET has shown that

» Ceilometer data may be used for evaluation of NWieefs and subsequent assimilation.

* Doppler lidars, together with wind profilers, cammyide winds throughout the troposphere.

» Strategically placed wind profilers have a positivgpact on NWP forecasts.

* Wind profilers assimilated into operational NWmRgaovide warnings of nuclear hazards.
Following EG-CLIMET presentations to EUCQOS, the podsponsible for the European observing
system, E-PROFILE has been launched which willfram 2013-2017 and will be responsible for
Wind Profiler data quality and for coordinating Iréiane exchange of backscatter profiles from
ceilometers and lidars. A new COST action, ES1303PROF, 'Towards Operational ground
based PROFiling with ceilometers, Doppler lidarsxd anicrowave radiometers for improving
weather forecasts’, will address common calibratretrieval algorithms and data quality issues.



1. CEILOMETERS

1.1 BACKGROUND

The CloudNet project (lllingworth et al., 2007) demstrated that ceilometers and low-power
automatic lidars are reliable instruments that lmamused to quantify the properties of liquid clouds
for long-term comparisons of observations of cloudh their representation in forecast models.
Barret et al. (2009) used ceilometer and radarrehtens to evaluate forecasts of clouds within the
boundary layer. Morille et al. (2007) proposed atgde method to retrieve and classify
atmospheric layers (i.e. cloud and aerosol layé¢hne, boundary layer). Monitoring of the
atmospheric boundary layer diurnal evolution usiagometers and low power automatic lidars is a
topic of active research (e.g. Haeffelin et al.120Emeis et al., 2008; Muenkel et al., 2007).
Following the Iceland volcanic eruption of April 20, several groups started investigating the
possibility of monitoring long-range aerosol traogpusing networks of ceilometers (e.g. Flentje et
al., 2010). Hence it has been demonstrated thatather simple and widely available ceilometers
are suitable for monitoring key atmospheric paramsgtprovided that their measurements are
calibrated, analyzed and interpreted in a carefdl@nsistent manner.

1.2 SCOPE OF THE INSTRUMENT

Ceilometers and low-power automatic lidars transmitshort pulse of laser radiation, with

wavelengths ranging from 355 to 1064 nm, and receiwwackscattered signal with a delay that
provides range information. The name ‘ceilometerygests they were originally conceived to
measure cloud base altitude; the sensitivity ofenirceilometers and low-power automatic lidars is
sufficient to provide profiles of aerosol withinettboundary layer, and potentially into the free
troposphere. For simplicity we now refer to thegeteans collectively as ceilometers.

The vertical range of a ceilometer typically extemo between 7.5 km and 15 km from the surface,
but it should be noted that the lidar signal isesely attenuated by liquid water clouds so that
profiles can only be obtained up to cloud base @alt 200 m into such clouds). Low-level liquid
water clouds are most frequent in winter and inthenn Europe. The native vertical resolution can
be as low as 1.5 m, with 5 seconds temporal rasalubut, to increase sensitivity, the raw data is
usually integrated up to 15-30 m in the vertical 45-60 seconds in time. The minimum range can
be lower than 100 m or as high as 1 km, dependmghe optical arrangement and the overlap
resulting from the physical separation of the reeeiand transmitter. Correction of the signal is
possible for part of the overlap region. Stray lgaokind light (solar radiation) entering the detecto
chain leads to a drop in sensitivity during the.day

The instrument records attenuated backscatter icesff in units of m-1 sr-1. This can be
converted to extinction through the ‘lidar rati®&, which is the extinction to backscatter ratio (in
units of sr). The value of S in water clouds idl\weown, but is variable in both ice clouds and fo
aerosols. This introduces an error in the deresddhction of about a factor of two.

The ceilometer can also be used to measure thelsatkground light; with knowledge of the solar
zenith angle this can be converted into a clouccaptiepth.

Ceilometers should be soon available which willtgmolarised pulses and detect the return in both
the co-polar (same polarisation as emitted) anctitbes polar channel. The ratio of the cross polar
return to the co-polar return is reported as thgotigisation ratio, and gives an indication of the

shape of the particles responsible for the bactesc&@pherical particles (such as cloud droplets an

hydroscopic aerosol at high relative humiditiesyeha very low depolarisation ratio, whereas dry
desert dust, volcanic ash, and ice particles hameiéh higher depolarisation ratio. Ceilometers are
generally pointed 3-5 ° off zenith to avoid specuédlection from aligned pristine ice crystals.



1.3 CALIBRATION, ACCURACY, SENSITIVITY AND MAINTENANCE

Calibration. Manufacturerssupply a calibration but it should tcheclec periodically using a
standard naturally occurring atmospheric targehwitknown backscatter. Such targets may
molecular backscatter, aerosols observed simultemgowith a sun photometer instrum
(Wiegner and Geil3, 201,2and liquid clouds which extinguish thignal (O Connor et al., 2004). .
At ultraviolet and visible wavelengths, the instremts can be calibrated using the known molec
backscatter in aerosfiee regions above the bounc-layer. At nea-infrared ceilometer
wavelengths (850-1064 nnthe nolecular backscatter is very low and requires @ ldwell peiod
of 2-8 hours at heights of B-km (location dependentyvhere there is no aerosol. The
photometer technique requires a long comparisoth@fcolumrintegrated aerosol optical dey
with the total backscatter from the ceilometer profiel @n assumed climatological value of
aerosol lidar ratio. The liquid cloud method invedvintegrating the attenuated backscatter w
the liquid layer; which is inversely proportiona the know: lidar ratio (in sr) of liquid wate
clouds; the calibration is adjusted urthe two values agree. Figuredisplays(a) the calibration
technique for the water cloud extinction met, (b) using the knowmea-infrared molecular
backscatter at 3-4 km ight integrated fo2 hours, together with extinction values scalechtich
the integrated value deriveflom the sunphotometer, and (c) independent evaluation ef
molecular technique at neeafraredby comparison with a collocatddiar systemhaving a much
more powerful laserA comprehensive int-comparison of all ceilometer calibration method:
ultraviolet, visible and neanfrared wavelengths is necessary to make finadmeuendations fc
operational requirements.

Accuracy. The uncertainty irthe climatological value of the lidar ratio limitse accuracy of th
sunphotometer calibration technicto about 25%The integrated backscatter from the water cl
yields a calilbation accurate to abou-10%.

Sensitivity. Sensitivity is dependent cthe signal-toaoise ratio, SNR, which is a function of {
emitted power, telescope design, averaging tibackground light,and the strength of tt
backscattered return from atmospheric tes. To ascertairhe comparative sensitivity achieved

various ceilometerduring the day, thminimum detectable backscatt&s a function of heigtis

calculatedfor an integration of 0 seconds. Daytime conditions are a much a haissérthar
nighttime, due to the influence of the solar backaud as a noise urce.The ninimum detectable
backscatter can be expressederms o extinction in units of it assuming a lidar ratio of 1

chosen as the median value for the ran-50 sr) observed in ice clouds and aer:

Maintenance. Minimal maintenance require The external optics need be cleaned weekly «
monthly.
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Figure 1. Calibration methods and comparison with indeperideatibrated lidar systen




1.4 ORIGINAL CONTRIBUTIONS MADE BY EG

-CLIMET ACTION

Backscatter profiles

Attenuated backscatter profile for a-hour
period over Chilbolton, UK Liquid water
clouds, ice clouds, and aerosol in the boun
layer are all detected by the ceilome
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Detection of volcanic ash by ceilometer.

Left panel: attenuated backscatter coeffici
from Hohenpeil3enbergsermany, over a -
period. Right panel: Using c-located
sunphotometer and nephelometer, the volc
ash particle massc concentration was eted
to be: 600 (+/- 400) pg RfFlentje et al., 20J)

Courtesy, H. Flentje (DWD).
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Mixing layer depth

Multiple layers identified from gradients

aerosol backscattefgreen/black/red points
and cloud base (blue pointsMixing layer
identified as black line, rpvided auxiliary
observations are available to confirm

presence of an unstable boundary le

Courtesy, M. Haeffelin (IPSL).
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Model evaluation

Top panel: attenuated backscatter coeffic
from Chilbolton, UK for a 2-hour period,
avelged to the model vertical grid. Low
panel: predicted output from numerit
weather prediction modélhe next step is t
build up ‘OB’ (Observations verst
Background  model) statistics leadi
ultimately to data assimilation.
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Cellometer map

EUCOS is responsible for developing :
observing system for Europe\yw.eucos.n).
EUCOS has launched EROFILE which will
run from 2013-201Awith 17 member state
participating and a budget of z KEURO in
year one. ERPROFILE will be responsible f
the coordination andimplementatio of
hardware for real time exchange of backsc:
profiles from ceilometers aralitomati lidars.

Distribution of current ceilomete over
Europe reporting backscatter profiles. The
may provide data in near-ret@re, but are no
yet fully networked.

Courtesy, W. Thomas (DWD).

Cellometer sensitivity

Daytime sensitivity to ice clouds for vario
ceilometer systems. Extinction derived fri
backscatter sensitivity, assuming a lidar r:
of 16 chosen as the median value for the r:
(2-50 sr) observed in ice clouds.

Courtesy, E. J. O’'Connor (FMI/U. Reing).
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2. DOPPLER LIDARS

2.1 BACKGROUND

Recent work has demonstrated that small autononidogpler lidars have the ability to
continuously monitor the wind vector throughout theundary layer, to estimate levels of
turbulence and provide additional information oe ttloud and aerosol particles. Hogan et al.
(2009) showed how velocity variance and skewnes® fa Doppler lidar can be used to classify
different boundary layers. Barlow et al. (2011)cdsss the use of a Doppler lidar to study boundary
layer dynamics over London. Dacre et al. (2010prepn the use of Doppler lidar to study the ash
plume of the Icelandic volcano. The use of the Depfidar to estimate turbulent dissipation
energy rates is to be found in O’Connor et al. M0Westbrook et al. (2010) describe how the
properties of ice crystals falling from supercoolelduds can be inferred from Doppler lidar
observations. Westbrook and lllingworth (2009) Dsgpler lidar to infer the size spectrum of ice
crystals in clouds.

2.2 SCOPE OF DOPPLER LIDARS

Portable autonomous Doppler lidar systems have Heealoped using new solid-state fibre-optic
technology using coherent heterodyne detectioretovel the Doppler shift of atmospheric tracers
(aerosol). Two implementations are available fasthrobust and low-powered systems: pulsed,
and continuous-wave (CW). Pulsed systems are sirntlaceilometers and other pulsed lidar
systems, using the time of delay to provide thgeanformation. Minimum range is typically 50-
90 m, with maximum range varying from 0.2-10 kmWGystems adjust the focus of the telescope
to provide the range information; hence these arstrsuitable for close range operation, typically
from 10-300 m. Both implementations operate at \egj pulse rates and average many pulses to
achieve the required sensitivity. Due to the insent design, there is no telescope overlap issue.

The fibre optic design allows a high degree of iddity, and these instruments are available in a
number of guises: vertical stare only, full all-sdganning capability, scan within a conical zorre, o
optimised for winds only. Doppler lidar systems @fhspecialise in vertical profiles of horizontal
wind obtain this by means of ‘Doppler Beam Swingiras is done for Wind Profilers, or use a
conical VAD (Vertical-Azimuth-Display) scan. Windgfiles are restricted to regions where there
is sufficient aerosol to provide a good signal, angractice, this limits observations to withireth
boundary layer.

When operated at vertical incidence, Doppler lidaxploit the return from aerosol particles to
detect convective motions and the evolution ofrtibeing height. Turbulence characteristics can be
derived from the rate of fluctuations of the veatigelocity. Note that the signal is attenuated by
liquid clouds in the same manner as for other §idar

2.3 CALIBRATION, ACCURACY, SENSITIVITY AND MAINTENANCE

The backscatter coefficient can be calibrated s shme way as ceilometers (Westbrook et al.,
2010). Doppler velocity is self-calibrating in theise’ region and biases can be diagnosed with
tests using hard targets.

The accuracy of the radial velocity measurementzedds on the signal to noise ratio and is
typically much better than 0.5 mi‘sless than the representativity error of radiodesn A
combination of the wavelength used, and the heym®aature of the system, means that Doppler
lidars are insensitive to daylight. Doppler lidawsed minimal maintenance and experience is that
they are very reliable.



2.4 ORIGINAL CONTRIBUTIONS MADE BY EG-CLIMET ACTION

Evaluation

Comparison over several weeks (co-
located wind profilerssondes and Doppl
lidars at Lindenberg (Germany)
demonstrated that dar horizontal wind
were accurate to 0.2 mi*sand : deg in
direction.
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Boundary layer characteristics

The skewnesand standard deviation of t|
vertical velocity measurements are excel
indicators of dynamical processes in

boundary layer. Standard deviation (tc
panel)indicates the intensity in the turbule
regions, while the skewness (lower pat
can be ued to diagnose the source
turbulence; positive skewness arises fi
surfacedriven convection, whereas negat
skewness can indicate clotmp driven
turbulent processes.
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Promotion of | SO wind lidar initiative.

Discussions within EGELIMET working groups have lead to the-going 1SO (Internation:
Standards Organisation) wind lidar initiative omoting the transition from remote sensi

methods to fully traceable observation:




3 RADAR WIND PROFILERS

3.1 BACKGROUND

Remote sensing of the horizontal wind vector inabreosphere by radar wind profiler (RWP) has
been significantly developed since the first denration in the early 1970s (Woodman and
Guillen, 1974). Currently, there exist several agienal networks worldwide which provide

continuous wind measurements in real-time and nobsthe data is assimilated in numerical
weather prediction models, see Bouttier (2001),j8am et al. (2004), Ishihara et al. (2006) and
Calpini et al. (2011).

Reviews of the technical and scientific aspectsRU¥P have been provided by Gage (1990),
Roettger and Larsen (1990), Doviak and Z1(11i993), Muschinski (2004), and Fukao (2007).

In Europe, a first demonstration of wind profileztworking was organized during the COST-76
action in early 1997 as the CWINDE-97 project (Nasll Oakley, 2001). Most radars are L-band
or higher UHF boundary layer profilers (915, 12801@90 MHz), but there are also four lower
UHF (482 MHz) systems in Germany, and five VHF eyst (45 - 64 MHz) in France, the UK and
Sweden.

3.2 SCOPE OF THE INSTRUMENT

The main advantage of RWP’s is their ability to\pde vertical profiles of the horizontal wind at
high temporal resolution under almost all weatlmrditions, in both cloudy and clear atmospheres.
No other remote sensing method has this propeftg. garticular advantages of RWPs are a high
temporal resolution and the capability to provideambiguous profiles independently of the
assimilation system used (no a-priori informatieguired).

Most operationally used RWPs are monostatic pulsars with a single carrier frequency (in
contrast to multi-frequency imaging radars), witle thardware architecture resembling that of a
typical Doppler radar system (Muschinski et al.020 The wavelengths extend from about 20 cm
(L-Band) to about 6 m (VHF). Electromagnetic wavasthis spectral range are scattered by
fluctuations of the refractive index of particledr ‘clear air which are omnipresent due to the
turbulent state of the atmosphere. This is calledreair scattering and is classically described by
the theory of radio-wave propagation through thbulent atmosphere (e.g. Tatarskii, 1971). The
second major scattering process for RWP is scatfdrom small particles, such as liquid droplets
and ice crystals. Here, the Rayleigh approximattan be used for simplification, because the
particle diameter is always much smaller than theelength (e.g. Gossard and Strauch, 1983). All
remaining echoing mechanisms are considered agercltio avoid measurement errors due to
misinterpretation of such echoes as atmosphenecngtthe corresponding signal components need
to be identified and filtered in the signal prodegs Of particular practical relevance are echoes
from migrating birds (Wilczak et.al., 1995). A ndvitering method based on a Gabor frame based
time-frequency decomposition of the raw data aigaali statistics has been developed (Lehmann
and Teschke, 2008; Lehmann, 2012), and implementeperational systems.

The increasing interest in renewable energy haddeal rapid deployment of large wind turbine
farms (WT) in some countries. For profilers, the \allitter echoes are caused by the side-lobes of
the antennas and it is difficult to estimate thpatential impact because the actual antenna radiati
pattern at angles close to 90 degrees from boresgiot precisely known. No signal processing
algorithm is currently able to suppress or filtert the WT clutter, which shows an intricate time-
frequency structure, and post-processing data tguadintrol remains the only option to suppress
erroneous data.

The majority of RWPs use the method of Doppler beavinging (DBS) to determine the wind
vector. At least three linear independent beamctioles and some assumptions concerning the
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wind field are required to transform the measutee-of-sight' radial velocities into the wind

vector. Comparisons of RWP winds with data from eteuarological tower (Adachi et al., 2005)
and balloon soundings (Rao et al., 2008) have shthah a four-beam based DBS sampling
configuration is superior over a three-beam comégan in terms of data quality. In general, the
RMS error of RWP measurements can be significamttiuced by increasing the number of off-
vertical beams in DBS.

Wind retrievals from Doppler-Beam-Swinging can begided during non-homogeneous
conditions, for example in a convective boundagefa(CBL), during strong gravity wave activity
(Weber et al., 1992), in patchy precipitation (Adiaet al., 2005) or in complex terrain (Bingdl et
al., 2009). RWP wind vector measurements are fibereypically averaged over 10-60 minutes.
Problems with 3-beam DBS wind profiler data obtdinering convection have even been noticed
in NWP data assimilation (Cardinali, 2009). Whihe tDBS assumptions are usually deemed to be
correct for mean winds averaged over a longer ftimerval, it is not clear how long this time
interval must be under different meteorologicalaitians.

3.3 ACCURACY AND MAINTENANCE

Calibration. The precise estimation of Doppler frequendeperformed through heterodyning
followed by standard digital spectral estimationtmoels and is therefore essentially self-
calibrating. As the main interest is in wind measoents, a power calibration of these radars is
usually not attempted although it should be possiblprinciple. However, precise ranging requires
an accurate determination of the group delay of digmal in the radar hardware; this can be
obtained using a calibrated SAWelay line. This procedure is called range calibra

Accuracy. The accuracy of the wind measurement dependsdrothe correct interpretation of the
estimated first Doppler moment as the average valuaie radial velocity in the radar resolution
volume and on the correct retrieval of the windteeérom the radial measurements in the different
beam directions. A statistical intercomparison afrenthan 1000 independent profiles obtained with
a 482 MHz RWP against a collocated radiosonde stidlat the wind speed bias was less than 0.5
m s’, except for the tropopause region where it wasia®b@ m &. Wind speed standard deviation
was less than 1.5 nt delow 8 km and less than 2.2 thfsr all heights. With the exception of the
lowest levels, the wind direction bias was deteredinto be about 1 degree, with a standard
deviation of less than 20 degrees in general alwhb®0 degrees above 4.5 km in altitude (Dibbern
et al., 2001).

Sensitivity. RWP use sensitive low noise amplifiers and canaet®nochromatic signals as small
as -155 dBrh The availability of data in under clear air sedtig conditions essentially depends on
the variance spectrum of the refractive index andurther a function of mean transmit power,
antenna gain, receiver sensitivity and radar wangteThe high sensitivity of RWPs makes them
vulnerable to any external radio-frequency intamee (RFI) of sufficient strength that is in-band.
Frequency management is therefore an essentiateatgnt for operational networks.

Maintenance. RWP are complex technical instruments and botjulee data monitoring and
hardware maintenance is necessary to guaranteestand high level of data quality. While the
systems are typically specified to operate ovema period of 10-20 years without major technical
upgrades, the MTBF of several system componentsss and both preventive and corrective
maintenance are a necessity. A comprehensive discusf various aspects of RWP maintenance
can be found in Dibbern et al. (2001).

! Surface acoustic wave
2 power referenced to one milliwatt in dB



3.4 ORIGINAL CONTRIBUTIONS MADE BY EG-CLIMET ACTION

Bird echofiltering

A Gabor filter has been incorporated in

standard wind profiler software to remove

intermittent echoes due to bird migrati The
example shows a timeequency decompose
RWP raw signal containing bird clutter. T
abscissa shows time in seconds, the ordi
gives frequency (§ and the colour sca
denotes signal power (dB).

Courtesy, V. Lehmann (DWD).

Spectral filtering

Correction of false wind retrievals due
clutter, radio frequency interference and 1
events using improved spectral proces:
which has now been incorporated in

standard wind profiler software.

Spurious wind retrievals from the profiler
SouthUist on 2 June 2011 are identified by
red boxes.

Courtesy, R. Leinweber (DWD) / C. Gaffe
(MetOffice).

Impact of RWP on NWP

It has been demonstrated that strategic
placed wind profilers (WP) have a gree
impact than radiosond€RS) in reducing error
in the forecast of the UK MetOffice glob
NWP model. The errors are expressed in te
of the change in a global energy nc

The analysis used the FSO (Forecast Sensi
to Observations) technique (Cardinali, 20
which can dentify the contribution to th
reduction in the forecast error of spec
observations when assimilated into the mc

The upper panel shows the impact of indivic
measurement systems (radiosondes
profilers) in the UK, the lower panels simi
systems in Germany.

Courtesy, R. Leinweber (DWD) / C. Gaffe
(MetOffice).
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4. MICROWAVE RADIOMETERS

4.1 BACKGROUND

The operational performance of microwave radionse(®@\WR) for estimating temperature and
humidity profiles and column-integrated water va@@vV) and liquid water path (LWP) have been
demonstrated (Guldner and Spénkuch, 2001; CrewdlLéhnert, 2003; Cimini et al., 2006). More
recently the benefits of MWR measurements duringadyic weather conditions (Knupp et al.,
2009) and in support of weather nowcasting andcastng (L6hnert et al., 2007; Cimini et al.,
2011) have been demonstrated. Nowadays, off-te-sbmmercial MWR are robust instruments
providing continuous unattended operations andtmeed accurate atmospheric observations at ~1
min temporal resolution under nearly all-weathardibons.

MWR data are used for a variety of applications]uding operational meteorology and weather
forecasting, climate monitoring, atmospheric mid¢rnggics, air quality prediction, satellite
validation, radio-astronomy, geodesy, air-sea auton, and radio-propagation.

Concerning weather and climate, recently the fdtas been on demonstrating the measurement
quality and the retrieval uncertainties in the tigh suitability for operational network applicatio
(Lohnert and Maier, 2012; Gildner, 2013) and ondberdination of networks for the production
of quality controlled and harmonized data for tlssimilation into NWP models (Cimini et al.,
2012).

4.2 SCOPE OF THE INSTRUMENT

Radiometry is a passive technique. Ground-based MaMRreceivers calibrated to measure the
down-welling natural thermal emission from the Baatmosphere; these measurements are then
processed to estimate some atmospheric thermodgnparoperties. The quantity measured by
MWR is atmospheric radiance [W msr* Hz'], which is usually converted into brightness
temperature (Tb) to adopt the intuitive units of\{e

The most common commercial units operate in thes@05Hz range. The 22-35 GHz band
provides information on vapour and cloud liquid @abecause of the presence of the 22.235 GHz
water vapour absorption line and the relative pansnt atmospheric window at ~30 GHz. Two
channels (usually 23.8 and 30-31 GHz) are requioecetrieve IWV and LWP simultaneously.
More channels provide information on the vertidatrtbution of water vapour content, WV(z). The
50-60 GHz band is characterized by the oxygen altisor complex; considering that the oxygen
concentration is uniformly distributed, and obsénses at 50-60 GHz band provide information on
atmospheric temperature. Temperature profiles, ,T(@je estimated from observations
corresponding to different absorption; this carobtained either by single-channel observations at
several elevation angles or by multi-channel olet@ras at one or more elevation angles. Systems
with channels in both the 22-30 and the 50-60 Gélms are often called MWR profilers.

With careful design, MWR can make continuous obetaons (time scales of seconds to minutes)
in a long-term unattended mode under nearly altheraconditions.

4.3 CALIBRATION, ACCURACY, SENSITIVITY AND MAINTENANCE

Calibration. To ensure proper calibration, commercial MWR gsgiare-law detectors and a
combination of external targets, internal noiseddisources, and tipping curve. Typically, MWR
are calibrated every few seconds using a high-awtisg¢black body) target at ambient temperature
and the noise power injected by one or more di@ideces. In addition, other unknowns entering
the calibration equation (such as diode noise teatpes and antenna/radome absorption loss) are
considered together in one calibration parametaciwis calibrated at regular intervals by using
either the tipping curve method or a cryogenic ewbktarget. The uncertainties of these two
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methods are mostly related to uncertainties ac#iibration points. The overall absolute accuracy
is assessed to be in the order of 0.3 K for ambiarget calibration, 0.5 K for tipping curve
calibration, and 1 K for the cryogenic calibratidnaschwitz et al., 2013).

Accuracy. When properly calibrated, a MWR provides Tb vathabsolute accuracy of ~0.3-0.5 K.
Typical rms accuracy for derived products are:

WV ~1.0kg/m2

* LWP ~0.02 kg/m2

* T(z) ~0.5- 2.0 K (decreasing from surface up)
* WV(2)~0.2-1.5¢g/m3

The accuracy above excludes water accumulation theeradome, which represents the major
limitation under precipitation. Mitigation solutisrare used in current MWR instruments, including

rain sensor, hydrophobic coating, tangent blowmuftsr, and side-view. These effectively mitigate

water accumulation impacts on the retrieved pralucimost of the cases, unless intense rainfall or
snowfall. Quality flags are usually adopted to cade data during precipitation and/or with wet

radome.

Sengitivity. Due to high redundancy in the passive observatiBWR are sensitive to a few pieces
of independent information about the temperaturé Bamidity profiles. Lonhert et al. (2009)
showed that for a generic MWR operating in the Q0=31z range the degrees of freedom for the
signal, which range from 1 to 4 for both temperatand humidity profiles, depending upon
moisture burden and the used number of elevatiaglean In particular, elevation scans are
important for increasing the sensitivity to tempera inversion. With elevation scans, MWR are
able to identify sharp surface inversions, and eglavated inversions (up to 1-2 km) though
usually with smoothed inversion strength.

Maintenance. Accurate MWR observations are subject to instminietegrity and proper signal
calibration. Commercial MWR consists of robust ek exhibiting long life-time (years) even in
extreme conditions. However, the radome protecthrey antenna aperture must be kept clean,
requiring services every once in a while and replaent every few months depending upon
environment conditions (presence of dirt, sandt)du3he current technology is such that receivers
are stable over long periods (months), thus crymgealibrations are recommended only few times
a year.

4.4 ORIGINAL CONTRIBUTIONS MADE BY EG-CLIMET ACTION
» Setting the path for the development of a fast MWdiRvard operator suitable for variational
assimilation into NWP models.
» Assessing the best practises for performing MWRenpltaions and retrievals (reports
available through the EG-CLIMET websitgtp://wiki.eg-climet.orgy
* Assessing calibration accuracy and demonstratindpraion monitoring methods for
operational MWR deployment (L6hnert and Maier, 2012
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MWRnet

Spinning up MWRnet, an Internation
Network of Microwave Radiomete
(http://cetemps.aquila.infn.it/mwrnit/
MWRnet, initiated within EG-CLIMET
coordinated the participation of a network
MWR at the European level for th
contribution to large scale experiments (¢
HyMeX, http://www.hymex.orgy ~ with
observed radiances and retrieved tempera
and humidity profiles. Results from the
experiments should help in quantifying t
significane of MWR observations for furthe
NWP forecast improvements. The figy
shows the distribution of MWR in Europ
from MWRnet member list. Different pin
colors indicate different types of instrumen
Temperature and humidity profilers (red) 3
the most widespread.

Py North Sea | Map ] Sate\mg Terrain ]|
PRk 5, (,} Lithuania 7 LY
b Kingdom = L
Fo gin g“, o o Mihilyaw
0 % ireland % iy s Belarus
e Ee g ¥ha

Celtic Sea Ukraine

B, (
1 tL
S¢€
he

& oGolaans =
noa Barajevo @ ,5""" i

Jarle$b
Tirar
oo

Palermn
©Mesaina
a

 Bulgaria
oL~ 4 iatambil)
o Thessalanifa o
°
Bursa,
A

Ankara
o Greece 5
Eskiseni
ane Ko Turkey
oy
Catznia
Antoiva

rEw oo
Cougle

Mediterranean
s 9 ap data ©2012 Shsarsoft, Google, Tole Atias -

snuw i
e 500 km
@ TV profiler; @ T profiler; @ V profiler; @ TWV/LWP; ? Qther;

LFhim

ts.
are

Boundary-layer height

Demonstration of boundary-layer heig
derived from MWR (Cimini et al., 2012a
Evaluation of radiosoundings, COSMO NW
model, and MWR over a 24-hour period
Payerne, Switzerland (Pratz et al., 2013).

PBL, pay, Flgure generated at 2013-02-01 00:00 UT

3000 et T T T Isbued by MétenSmss
2500 e L L e v‘ ....... e m
: : : Cloud Base | : : *
h1, 2000 : 2’
).
/B LA s
g : : :
aﬁ OO0 f- e ’ S POREEES L LA
PElL Soundlng T & : *
: $e L,
sO0f s F A S S, . [ o Y
o PBL MVR - : : :
: s & * : e :
at e o f & i 1 L 1 1
00:00 03:00 06:00 09:00 12:00 15:00 15:00 21:00 00:0C

1D-var retrieval of T and q

Demonstration of NWP-aided variational (1
var) retrievals from multi-channel MWR |
all-weather conditions. Multi-day retrievals

temperature (top) and water vapor densi

(bottom) profiles are shown, providin
temperature and water vapour density prof
within 1 K and 0.5 g i from the surface u
to 10 km (Cimini et al., 2011).

280

275

270

265

O-B statisticsfor assimilation

Observation-minus-background (O-B) me
(red) and standard deviation (greg
differences for temperature (left) and relat
humidity (right) profiles by a MWR ir
Lampedusa, Italy (Cimini et al., 2012b).

A4
=

= =
Alttude MSL (m)

0 s 10 15 2 25 3 3
Relative humidity (%)

0
a5 -0 5

13




5. SYNERGY AND NWP

5.1 SUMMARY OF ACHIEVEMENTS
In earlier sections we have drawn attention to filllowing NWP applications of individue

instruments and instruments in syne

Ceilometers cate used for evaluation of NWP models representaifociouds, aerosol
and mixing layer heigktand potentially for data assimilat,

Doppler lidars together with wind profrs can provide accurateinds throughout the
troposphere,

Strategically placed wind profilers have ositive impact on NWP foreca,

Comparison of planetary boundary layheight from radio sounding, microwa
radiometersand as predicted by NWP moc,

Observations versus NWP ma (O-B) statistics for temperature and relative humi
derived from a microwave radiome,

The continuous efforts of the NWP community in ioving the model horizontal at
vertical spatial resolution call for an increasehigh temporal resolution observations
assimilation and verification purposes. These @gally delivered by high temporal grot-

based remote sensing syste

5.2 METEOROLOGICAL SURVEILLANCE FOR NUCLEAR POWER PLANTS

CN-MET System

Regionalscale operational Systt in
Switzerland whose main purpose is to del
weather information necessary for provid
security for the populationin case of a nucle:
hazard. It couplesa specifically adapte
measurement network (mainly gror-based
remote sensing) ta predictive too(COSMO-2,
NWP modeloperated at MeteoSwis:

@ jiee sun stations
®

¥ Data-Assimilation

Integrated wind profiles

Example of integrated elme real-time
information from COSMO-2NWP model (gre
barbs), wind profiler (coloured barbs), ¢
nearby insitu mountain top (da-grey barbs
for a 24hour period at Payerne, Switzerl:
(Calpini et al., 2011).

Positive impact of the three wind profilers on-
quality of the forecast ovethe Swiss Plates
was demonstrateduring the project pha. This
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5.3 BLIND TEST RESULTS FOR SYNERGETIC RETRIEVAL OF LIQUID CLOUD PROPERTIES
Significant progress was made during EG-CLIMET eriding profiles of liquid cloud properties
and in particular liquid water content and cloudpdet concentration using from the synergetic use
of instruments. Radar and lidar together can peydbfiles of ice water content and ice particle
concentrations, but obtaining the equivalent imfation for liquid water clouds has proved very
difficult; the main difficulty arising from the fadhat occasional liquid drizzle droplets dominate
the radar reflectivity but make a negligible camtition to the liquid water content as reported
below.

Low-level liquid clouds are prevalent during allasens and on the global scale. They can be
described through cloud cover, vertical distribnfitotal path integrated liquid water (LWP) as well
as droplet size distribution (DSD), which can beressed in terms of liquid water content (LWC),
cloud droplet number concentration (N) and an éffedroplet size (Reff).

The combination of passive microwave radiometer (R)\Vend active cloud radar together with a
backscatter lidar are currently the most robust teagrofile liquid cloud microphysical properties,
concerning both 24/7 instrument performance as aglalgorithm applicability. Within the scope
of EG-CLIMET four different cloud microphysics retval methods have been thoroughly
assessed.

Liquid water content. A new retrieval method designed by C. Brandau (D@kchnical
University, NL) shows an improvement in LWC ret@agkill over the standard scheme (Cloudnet)
during non-precipitating conditions. The Brandauthod includes constraints derived from cloud
radar reflectivity profiles, and results from aaftrmeasurements according to Brenguier et al.,
2011. The most crucial factor for retrieving botWC and Reff was shown to be accurate LWP.
When LWP is accurately known, random and systenatiors are on the order of ~10% for the
Brandau method. The variational method IPT (EbéMthert) was shown to be very sensitive to a
priori assumptions about LWC, but is, however, peleent of LWP, whereas the SYRSOC
method (Martucci) is very sensitive to the accuracthe lidar measurements. All retrieval methods
were shown to be very sensitive to a correct desen of cloud base and cloud top and the
corresponding distinction between cloud droplets$ jprecipitation.

Effective radius and number concentration. The Brandau retrieval method delivers the most
satisfactory results for cloud droplet size Reff non-precipitating cases. Within the cloud
boundaries, Reff can be derived with overall actesaof ~15%. The Brandau method, as does
IPT, assumes a constant value of N throughout lthedqrofile. Although this is actually true for
the simulated case analysed, systematic errorocé than 50% occur.

Precipitation. Frequently, liquid clouds contain larger precipdat drops (drizzle), which can
dominate radar reflectivity signals without sigoéntly contributing to the water content.
Assumptions about the relationship between reflggtand droplet size distribution are no longer
valid, leading to large overestimation of Reff, amtlerestimation of N. However, both IPT and
Brandau methods still deliver fairly robust resdtis LWC with overall errors in the range of 20-
50%.

Next steps. Currently, the research focus is on methods thkiwalthe discrimination of
microphysical properties of the non-precipitatingdaprecipitating part of the droplet size
distribution. Furthermore, physically consistenprori data (i.e. long-term statistics) of cloud
profiles from in-situ measurements is required @oable to better constrain the retrieval methods.
These methods should be ideally developed withivagational framework, which is flexible
concerning the measurements and retrieval assumatid, additionally, inherently provides error
estimates.

15



CABAUW cases, Cloudnet

1.0 T T
[ N R
@ 0'8:_ | ]
Liquid water content 3% 1
Profiles of liquid water content for a clc- 504— 1
resolving model same simulation initializ i i
over Cabauw, NL. o2 ]
Upper panel: mean values (bold) ¢ ool . T T
corresponding sigma range (dotted) are sho 00 o S went” o4 0%
for the cloud-resolving mad output (black GABAUW cases, BRANDAU
and standard Cloudnet retrieval (r¢ PO T '
Lower panel: mean values (bold) & , 08F 1
corresponding Eigma range (dotted) are sho 8
for the cloudresolving model output (blacl| £ es- 1
and retrieval from C. Brandau, Delft Universi :g
NL (red). 2 oar 1
£
= c.2r- 4
0.0 I 1 1
0.0 a1 0.2 0.3 0.4 0.5
LWC [gm?]
- CABAU_W cases, BBANDAU
: JV\VJ;VeO [ -
Droplet size , 08F 1
Profiles of cloud droplegffective radiu for the §
same simulation initialized over Cabauw, N ‘%0'87 ]
Mean values (bold) and correspondir-sigma| 5 | 1
range (dotted) are shown for the cl-resolving &
model output (black) and retrieval from 2 ol ]
Brandau, Delft Wiversity, NL (red)
OlOD é ;r 6 8 10 12 1‘4
Reff [m"]
o CABAUW cases, BRANDAU
Number Concentration e
0.8 i
Profiles of cloud droplet number concentrati g
for the same simulation initialized ov|  § el .
Cabauw NL. Mean values (bold) ar| =
corresponding kigma range (dotted) are sho| £ o4 1
for the cloudresolving model output (blacl §
and retrieval from C. Brandau, Delft Universi o2 ]
NL (red). [ :
0.0 L FER
0 20 40 100

N [em?]

16




REFERENCES

Adachi, A., T. Kobayashi, K. S. Gage, D. A. Carter,M. Hartten, W. L. Clark and M. Fukuda (2005):
Evaluation of three-beam and four-beam profiler dvineasurement technigues using a five-beam wind
profiler and collocated meteorological tow&rAtmos. Oceanic. Technol, 22, 1167-1180.

Barlow,J.F., T. M. Dunbar, E. G. Nemitz, C. R. Wob#l W. Gallagher, F. Davies, E. O'Connor, and R. M
Harrison (2011): Boundary layer dynamics over LandbJK, as observed using Doppler lidar during
REPARTEE-II,Atmos. Chem. Phys., 11, 2111-2125.

Barrett, A.J., R. J. Hogan and E. J. O'Connor (20B9aluating forecasts of the evolution of theuclp
boundary layer using diurnal composites of radat kaar observationeophys. Res. Lett., 36, L17811,
doi:10.1029/2009GL038919.

Benjamin, S. G., B. E. Schwartz, S. E. Koch and.ESzoke (2004): The value of wind profiler in U.S.
weather forecastindgull. Am. Meteorol. Soc., 85, 1871-1886.

Bingol, F., J. Mann and D. Foussekis (2009): Cdhicscanning lidar error in complex terraikleteorol.
Zeitschrift, 18, 189-195.

Bouttier, F. (2001): The use of profiler data atNBEF, Meteoral. Zeitschrift, 6, 497-510.

Brenguier, J.-L., F. Burnet and O. Geoffroy (201C)oud optical thickness and liquid water path eslithe
k coefficient vary with droplet concentratioAfimos. Chem. Phys., 11, 9771-9786.

Calpini, B., D. Ruffieux, J.-M. Bettems, C. Hug, IRuguenin, H.-P. Isaak, P. Kaufmann, O. Maier, Bnd
Steiner (2011): Ground-based remote sensing prgféind numerical weather prediction model to manage
nuclear power plants meteorological surveillanceswitzerland,Atmos. Meas. Tech., 4, 1617-1625, doi:
10.5194/amt-4-1617-2011.

Cardinali, C. (2009): Monitoring the observationpiaet on the short-range forecadt,J. R. Meteorol. Soc.,
135, 239-250.

Cimini, D., T. J. Hewison, L. Martin, J. Guldner, Gaffard and F. S. Marzano (2006): Temperature and
humidity profile retrievals from ground-based miwave radiometers during TU®eteorol. Zeitschrift, 15,
45-56.

Cimini D., E. Campos, R. Ware, S. Albers, G. GinijaJ. Oreamuno, P. Joe, S. Koch, S. Cober and E.
Westwater (2011): Thermodynamic Atmospheric Pmadilduring the 2010 Winter Olympics Using Ground-
based Microwave RadiometryEEE Transactions on Geoscience and Remote Sensing, 49, 12, doi:
10.1109/TGRS.2011.2154337.

Cimini et al., (2012a): Retrieval of Mixing Heigby Multichannel Microwave Radiometer Observations,
Proceedings of the 9th International Symposium aopdspheric Profiling. L'Aquila, Italy, ISBN 978-90
815839-4-8.

Cimini et al., (2012b): An International Network d@round-Based Microwave Radiometers for the
Assimilation of Temperature and Humidity Profilesa NWP Models, Proceedings of the 9th Internationa
Symposium on Tropospheric Profiling. L'Aquila, {#talSBN 978-90-815839-4-8.

Crewell, S., and U. Léhnert (2003): Accuracy ofudoliquid water path from ground-based microwave
radiometry. Part Il. Sensor accuracy and syndRgglio Science, 38, 8042, doi:10.1029/2002RS002634, 3.

Dacre, H., A. Grant, R. Hogan, S. Belcher, D. Thenta Devenish, F. Marenco, J. Haywood, A. Ansmann,
I. Mattis, L. Clarisse (2010): Evaluating the sture and magnitude of the ash plume during thélrphase

of the 2010 Eyjafjallajokull eruption using lidabservations and NAME simulationk,Geophys. Res., 116,
DO0UO3, doi:10.1029/2011JD01560.

Dibbern, J., W. Monna, J. Nash and G. Peters (2@@4dyelopment of VHF/UHF wind profilers and verlica
sounders for use in European observing systems;TGXafon 76 — final report, European CommissionQ 35

pp.
Doviak, R. J. and D. S. Z${1993): Doppler radar and weather observationaddmic Press.

17



Emeis, S., K. Schafer and C. Minkel (2008): SuHaased remote sensing of the mixing-layer height: a
review,Meteorol. Zeitschrift, 17, 621-630.

Flentje, H., H. Claude, T. Elste, S.Gilge, U. Kdhlg. Plass-Dilmer, W. Steinbrecht, W. Thomas, ANge
and W. Fricke (2010): The Eyjafjallajokull eruptiagm 2010 — detection of volcanic plume using insit
measurements, ozone sondes and lidar-ceilometiglepréitmos, Chem. Phys., 10, 10085-10092.

Fukao, S. (2007): Recent advances in atmosphefar study,). Met. Soc. Japan, 85, 215-239.

Gage, K. S. (1990): The structure and dynamichefftee atmosphere as observed by VHF/UHF radar, in
Radar in Meteorology, D. Atlas (ed.), American Met. Soc., Boston, Ma§84-565.

Gossard, E. E., and R. G. Strauch (1983): Radae®@atsons of Clear Air and Clouds, Elsevier.

Glldner, J., and D. Spankuch (2001): Remote sensinthe thermodynamic state of the atmospheric
boundary layer by ground-based microwave radiomét¥tmos. Oceanic. Technal., 18, 1, 925-933.

Guldner, J. (2013): A model-based approach to adpisrowave observations for operational appligaio
Results of a campaign at Munich Airport in wint@12/2012 Atmos. Meas. Tech. Discuss,, 6, 2935-2954.

Haeffelin, M., F. Angelini, Y. Morille, G. MartucgciS. Frey, G.-P. Gobbi, S. Lolli, C. D. O'Dowd, L.
Sauvage, |. Xueref-Rémy, B. Wastine and D. Feiftl2}: Evaluation of mixing height retrievals from
automatic profiling lidars and ceilometers in vieWfuture integrated networks in Eurofggundary-Layer
Meteorol., 143, 49-75.

Hogan, R. J., A. L. M. Grant, A. J. lllingworth, @l. Pearson and E. J. O'Connor (2009): Verticabaig}
variance and skewness in clear and cloud-toppeddzoy layers as revealed by Doppler lid@r,J. R.
Meteorol. Soc., 135, 635-643.

lllingworth, A. J., R. J. Hogan, E. J. O'Connor,Bauniol, M. E. Brooks, J. Delanoe, D. P. DonovanD.
Eastment, N. Gaussiat, J. W. F. Goddard, M. Hagffél. Klein Baltink, O. A. Krasnov, J. Pelon, J.-M
Piriou, A. Protat, H. W. J. Russchenberg, A. Sgif&t M. Tompkins, G.-J. van Zadelhoff, F. Vinit,. U
Willen, D. R. Wilson and C. L. Wrench (2007); Clowed - continuous evaluation of cloud profiles ivese
operational models using ground-based observatigubls Am. Meteorol. Soc., 88, 883-898.

Ishihara, M., Y. Kato, T. Abo, K. Kobayashi and [fumikawa (2006): Characteristics and performarice o
the operational wind profiler network of the Japdateorological Agency). Met. Soc. Japan, 84, 1085-
1096.

Knupp K. R., R. Ware, D. Cimini, F. VandenbergheVivekanandan, E. Westwater, T. Coleman, and D
Phillips (2009): Ground-based Passive Microwavdilrg during Dynamic Weather Condition3, Atmos.
Ocean. Technal., 26, 1057-1073.

Lehmann, V., and G. Teschke (2008): Advanced Inteznt Clutter Filtering for Radar Wind Profiler:
Signal Separation through a Gabor Frame Expansidnits StatisticsAnn. Geophys., 26, 759—-783.

Lehmann, V. (2012): Optimal Gabor frame expansiaeel intermittent clutter filtering method for rada
wind profiler,J. Atmos. Oceanic Technal., 29, 141-158.

Lohnert U., E. van Meijgaard, H. K. Baltink, S. @roand R. Boers (2007): Accuracy assessment of an
integrated profiling technique for operationallyrigieng profiles of temperature, humidity and cloliguid
water,J. Geophys. Res., 112, D4, D04 205.

Lohnert U., D. Turner, and S. Crewell, (2009): GrdtBased Temperature and Humidity Profiling Using
Spectral Infrared and Microwave Observations, Rar®imulated Retrieval Performance in Clear-Sky
Conditions,J. Applied Meteorol. Climatology, 48, 1017-1032.

Léhnert U., and O. Maier (2012): Operational piofl of temperature using ground-based microwave
radiometry at Payerne: prospects and challengesgs. Meas. Tech., 5, 1121-1134, doi:10.5194/amt-5-
1121-2012.

Maschwitz, G., U. Léhnert, S. Crewell, T. Rose, @adD. Turner (2013): Investigation of ground-based
microwave radiometer calibration techniques at [%38,Atmos. Meas. Tech. Discuss., 6, 989-103.

18



Morille, Y., M. Haeffelin, P. Drobinski and J. Pel¢2007): STRAT: an automated algorithm to retridwe
vertical structure of the atmosphere from singlarctel lidar data]. Atmos. Ocean. Technol., 24, 761-775.

Muschinski, A. (2004): Local and global statistafclear-air Doppler radar signaRadio Sci., 39, RS1008.

Muschinski, A., Lehmann, V., Justen, L., and Tesghk (2005): Advanced radar wind profiliriggeteorol.
Zeitschrift, 14, 609-626.

Minkel, C., N. Eresmaa, J. Rasdnen and A. Karppi{2®97): Retrieval of mixing height and dust
concentration with lidar ceilometdBoundary-Layer Meteorol. 124, 117-128.

Nash, J., and T. J. Oakley (2001): Development@SET 75 wind profiler network in EuropBhys. Chem.
Earth (B) - Hydrol. Oceans Atmos., 26, 193-199.

O'Connor, E. J., A. J. lllingworth and R. J. Hogé004); A technique for autocalibration of cloudial, J.
Atmos. Ocean. Technal., 21, 777-786.

O'Connor, E. J., A. J. lllingworth, I. M. Brooks, O. Westbrook, R. J. Hogan, F. Davies and B. d0Bs
(2010): A method for estimating the turbulent kioetnergy dissipation rate from a vertically-pangfi
Doppler lidar, and independent evaluation from daaitborne in-situ measurements, Atmos. Ocean.
Technol ., 27, 1652-1.

Praz, C. (2013): Automatic planetary boundary layetection: validation of various detection instants
and methods, comparison with the forecast modeh@e2 and one-year climatology, MeteoSwiss-EPFL
Internship Report.

Rao, I. S., V. K. Anandan and P. N. Reddy (2008jl&ation of DBS wind measurement technique in
different beam configurations for a VHF wind prefilJ. Atmos. Ocean. Technol., 25, 2304-2312.

Roettger, J., and M. F. Larsen (1990): UHF/VHF ratikchniques for atmospheric research and wind
profiler applications, iflRadar in Meteorology, D. Atlas (ed.), American Met. Soc., Boston, Ma§84-565.

Tatarskii, V. (1971): The Effects of the Turbulehimosphere on Wave Propagation, Israel Program for
Scientific Translations.

Weber, B. L., D. B. Wertz, D. C. Law, A. S. Frisahd J. M. Brown (1992): Effects of small/scale ioait
motion on radar measurements of wind and temperaafiles,J. Atmos. Ocean. Technol., 9, 193-209.

Westbrook, C. D., and A. J. lllingworth (2009): Tieg the influence of small crystals on ice sizecm
using Doppler lidar observationSgophys. Res. Lett., 36, 12810.

Westbrook C. D., A. J. lllingworth, E. J. O'Conraord R. J. Hogan (2010): Doppler lidar measuremeits
oriented planar ice crystals falling from supereaoand glaciated cloud layef3, J. R. Meteorol. Soc., 136,
260-276.

Wiegner, M., and A. Geil3 (2012): Aerosol profilimgth the Jenoptik ceillometer CHM15k&tmos. Meas.
Tech., 5, 1953-1964.

Wilczak, J., R. Strauch, F. Ralph, B. Weber, D. fiterd. Jordan, D. Wolfe, L. Lewis, D. Wuertz,Gaynor,
S. McLaughlin, R. Rogers, A. Riddle, and T. Dyeqdp Contamination of wind profiler data by migragi
birds: Characteristics of corrupted data and p@kstlutions,J. Atmos. Oceanic Technol., 12, 449-467.

Woodman, R. F., and A. Guillen (1974): Radar obstgon of winds and turbulence in the stratospheck a
mesospherel. Atmos. Sci., 31, 493-505.

19



