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Abstract. Ceilometer lidars r@ usedfor cloud base height detectidio probeaerosol layers in thetmospherée.g.
detecion of elevated layers of Saharan dust or volcani¢ asto examineboundary layedynamics Sensor optics and
acquisition algorithms can stroggnfluencethe observeattenuatedackscatteprofiles, therefore, physicahterpretation
of the profilescanrequiraequires careful application aorrectionso-be-apphed-carefullyThis study addresséise
cemmonhyidely deployedvaisala CL31 ceilometeréttenuated backscattprofilesarestudiedto evaluatethe impact of
boththehardwaregeneratiorsf-thehardwarcandversion-ef-thdirmware version In response to this wornddiscussion
within the CL3Y/TOPROFusercommunity TOPROFis-a, European COSAction aining to harmoniseyroundbased

remote sensing networks across Eurpp@jsah released new firmwafgersionsl.72 & 2.03)for the CL31 sensors. These
firmware versiongre tested against previous versishswing that several artificial features introduced by the data
processing have been removelgnce, it is recommended to ubes recenfirmwareifor analysincattenuated backscatter
isto-be-analysedrofiles To allow forconsistenprocessingf historic datacorrection proceduresrehave beerdeveloped
thataccount fothe rangedependentelectronlmackgroundsighalandeotherartefactdetectedn datacollected with older

firmware Furthemore a praedureis proposedo determie andaccount for the instrumemélatedbackground signdlfom

electronic and optical componemtscessary fousingattenuated backscatter observations from any CL31 ceilometer.

Recommendations are made for the processirgtefiuated backscatter observed WitlisalaCL31 sensors, including the
estimationof noise which is ngprovidedin the standard CL3a&utput.FakingAfter takingtheseaspectsnto account,
attenuated backscatter profiles from Vaisala CL31 ceilometers anelemttic-provideapable oproviding valuable
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information for a range of applications includifig—exampleatmospheriboundary layer studies, detection of elevated

aerosol layers, and model verification.

Notation

! attenuated backscatter

P signal (derived fronRCS by reveting range correction)

P rangecorrected signal (equal #CS)

! background corrected signal

P’ backgroundsignal

pbs instrumenirelated lackgroundsignal
P cosmetic shift
r range

RCS rangecorrected signal

1. Introduction

Ceilometer lidarsare widely usedto characteris clouds (lllingworth et al., 2007)-providing—reliable—estimates—of
Sophisticatedcloud base heighiletectionis found to provide reliable estimateawith the—ability-tedetectmultiple cloud
layers identified (Martucci et al., 2010)They-wereAlthough originally developed as Ocloud base recordérsQheir
attenuated backscatter profileanalsoprovideinformationon rainfall{Regers-etal—199{Rogers et al., 199/formation
and clearance of foHaeffelin ¢ al., 2010) drizzle properties (when combihevith cloud radarOOConnor et al., 200&0d

for the studyof aerosolsincluding elevated layersf Saharardust(Knippertz and Stuut, 2014biomass burningMielonen
et al., 2013)r volcanic askMNemue-etal—20443.9.Marzano et al., 2014; Nemuc et al., 2014; Wiegner et al., 2ahd)
particles dispersed withirin the atmospheric boundary lay@rsaknakis et al., 2011Ysing aerosols as a texg boundary

layer dynamics, including mixing height and the formation of residual lagars be inferred from ceilometer attenuated

backscatter observationis.g. MYnkel et al., 2007; Stachlewska et al., 2012; Selvaratnam et al., 2&1fley can operate

automatically for longeriods without maintenance or human intervention even in extreme clifBadeswich et al., 2012)

they are widely deployed operationally byational meteorological serviséNMS, e.g. www.dwd.de/ceilomap) and loag

term research campaigns (edgh¥rkel-et-al—2006)nicromet.reading.ac.jk

Although ceilometerareregarded as the most baaistomaticidasidars (Emeis, 2010)Wiegneretal{2014encludethat

hay n ha aed to deterta lo opandexteno arnso ersnd-tode e tho arosol h a ne an the

instrumentis-carefullycalibrated—Such-obsationghey detectthe location and extent of aerosol layensd toderive the
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aerosol backscatter coefficiermgrovided signato-noise ratio §NR) is sufficientand a careful calibrabn is applied(e.g.

Jenoptik CHM15K Heese et al., 2010; Wiegner et al., 201@pservationsrom ceilometersare highly valuable for the

evaluation ofnumerical weather prediction (NWP) and-qurality modelsEmeis-et-al201dandareincreasinghy-useth
ferecastverification—Severatnational-meteorologicatervices(NMS)(Emeis et al., 2011band are increasingly usedn

forecastverification. SeveralNMS and research centres are currently evaluating the potential of using ceilometer profil

observations for data assiation (lllingworth et al., 2015)

This wide range of applications requires careful quality control of the observed attenuated backscatter teliaideidata

for analysis The European COSAction TOPROF (http://www.toprof.imaa.cnr.itWorks in close collaboration with-E

Profile (http://www.eumetnet.eu/profile) to develop protocols for quality control and quality assurdifltegworth et al.,

2015)of observations fronautomatic lidars and ceilometgSLC). The E-Profile programmef the Network of European

Meteorological ServicesEUMETNET) ains to facilitate the exchange of observatd data by harmonising th&LC

networks across EuropeAs ceilometers arenanufactured by seval companiesthe sensor optics, hardware components
and software algorithms may differ significantly.sbiissions in the TOPROF commurtitgverevealed the importance of a

detailed understanding of instrument specificsdentify the necessary processing stepst S

interpretation and harmonisation of the final data produeds. example the extensive CeiLinEx201%nter-comparison

campaign(www.ceilinex2015.de) waslevisedby TOPROF members to evaluate attenuated backscatter and cloud bas

height products from a range of ceilometer models from several manufacturers (including Lufft/J&sppkell Sci., and

Vaisala).This study addresses the commonly deployed Vaisala CL31 ceilontedglisr Vaisala ceilometer modelsclude
LD40 and CT25Kthe CL51is the most recent model

Emeis et al(2011a)reportthatattenuated backscatter from Vaisala CL31 ceilometersaysstructures in the atmospheric

boundary layer (ABLYXonsistent with temperature and humidity profiles observed by radiosondas@iaRASS system.

Initial evaluation of CL31 attenuated backscatter observations for quantitative aerosol giSalgsistrSm et al., 2009)

suggests accuracy might be sufficienthe ranges near the instrument if certain systematic artefacts found in the profile

can be removed or accounted fdvicKendry et al.(2009) suggestthat under cleasky condtions, the CL31has the

capabilityto @etectdetailed aerosol layer structure (such as fire or dust plumes) in the lower troposipdieis€onsistent

with the aerosol structure detected doy aerosol research lidar (CORALNgBC). However, omparing aVaisala LD40

and two CL31 ceilometer&meis et al(2009)show that attenuatduhckscatter may vary distinctly betwedre@sesensors

with clear implications for their representation of ABL structures. As these differences are manifested in verticalsstructt

rather than sa simple offset they carot be explained by a lack absoute calibrationEmeis et al(2009)state Ointernally

generated artefacts frorhe instrumentOs software® could play a role, hotheyaefrained from providing further details.
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While softwarerelated artefacts mightontributeto the differencesthe discrepancy between the attenuated backscatter

profiles observed by the two CL3Erssors testedEmeis et al., 2009night also be explained by the hardweaetated

(electronicor optica) background signalRecent work on a Halo Doppler lidar suggests sumtkground signafeatures

could be corrected for during pgstocessindManninen et al., 2016)

Incomplete optical overlap can be corrected for, however uncertainties may remain. Recent research shom@dptheta

the overlap function of a Lufft CHM15K is slightly temperature depenf¢iéatvo et al., 2016)Due to the ceaxial beam
design, the full optical overlap for the CL31 is reached at lamges(MYnkel et al., 2009hich can be beneficial when

studyingmeteorologicabrocesses in the lowest part of the atmosphere, such as fog, haze oisammitged at the earthOs

surface. For example, in comparison to a LD40 which reaches complete overlap onlyrattB@CCL31 has an advantage

in detecting low, stable laye(&meis et al., 2009

Although Vaisala suggestsahthe attenuated backscatpeofile is reliable down to the first range gafek—! et al. (2014)

document a distinct local minimum in CL31 attenuatadKscatter observations at thierange gate persisting throughout
their whole observational campaign. As othiease foundartefacts in CL31 profiles below 7 (e.g.Martucci et al. 2010;

Tsaknakis et al. 2011these lowestangesare often excluded during processi®undstrSm et al(2009) evaluate the

applicability of CL31 observations for quantitative aerosol measurements and cotheltithe atefacts in the range gates

near the instrumerdre a major source of uncertaintyan der Kamp(2008) smootls out systematiartefactsby strong

vertical averaginghowever this removes the possibility of identifying anyratspheric featureslose to the surface

Various techniques haveeen developed to infer the mixing height from the shape of the attenuated backscatter profil

from ceilometerdEmeis et al., 2008; Haeffelin et al., 201 hile detection algorithms vary, all methods exploé fact

that aerosol concentrations (and atmospheric moisture if boundary layer clouds are absent) are typically significantly hir

in the ABL compared to the free atmosphere above. This causes a distinct decrease in attenuated backscatter at the bo

layer top, providedhatthe signalto-noise ratio §NR) is sufficienty largeup to this height.
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A series of studies have successfully used CL31 observations to detect mixing(dgighitYnkel et al., 2007yan der

Kamp and McKendry, 2010Eresmaa et al., 201Bok—! et al., 2014; Tang et al., 20I8)en reporting an increased

performance under convective conditions that entheebackscattering aerosols are whkdipersedHowever,Eresmaa et

al., (2012)reportthat fitting an idealised profildo the observed attenuated backscatter from a @h& be challenging

where noise levels are highAs the CL31operates with a very loywowered laserits noise levels may be higher than that
found for other ALC systemée.qg. cf. a Jenoptik CHM15K Haeffelin et al., 2012)Madonna et al(2015) evaluate the
profiling ability of severalALC from different manufacturers (i.e. a Jenoptik CHM15K, a Vaisala CT25K and a Campbell

CS13%s) against a MUSA advanced Raman lidar during riighg¢. They conclude that the attenuated backscatter coefficient

generally is in good agreement with the reference measurement for the CHM15K while the CS135s shows good agree

only for small values ahthe CT25K tends to underestimate, which may be related to the overallSlgRerf the latter two

sensorslf noise levels are too high within the ABL, as reported e.gHagffelin et al(2012)for a case study of Vaisala

CL31 ceilometer at the SIRTA site near Paris, the signal might not be sufficient to detect the top of tlde ARilj.et al.

(2006) apply anSNR threshold to restrict observations from a Vaisala LD40 ceilometer to be used for mixing heigt

detection. Such fiiring based oSNR diagnostics presents a useful tool to differentiate measurements containing significar

atmospheric signal from observations dominated by instrunmséandatmosphericoiseinduced by solar radiation

Neither theSNR nor the noisenherent in each profile is provided in the outputAdiC. Xie and Zhou(2005) propose a

method forSNR calculationsfor lidar observations whereby the signal profile is approximated by a linear fit to the readily

averaged profile along set range barsl assigning the deviations from that fit to the noiderkowicz et al.(2008)apply

this methal to observations of ¥aisala CT25Kaveraged over 208 TheseSNR values indicate the observations are only

reliable within the ABL (absence of cloudahd itis statedthat anSNR =10 marks Oa limiting value of detection®

(Markowicz et al., 2008)Assuming there are no temporal variations he atmospher@robed by several consecutive

observations (e.g. over a few minutethle standard deviation at each range gate could be used as a noise eétihsate

respective averagig high-temporal resolution measurements are recofdéel and Zhou, 2005)Assuming the noise is

rangeinvariant before the range correcti@nnoise estimate for the whole profile coulddstimated based on sdrvations

where the signal contribution is negligible, e.qg. based on the topmost range gates under the absencéoofhighd

aerosol layersHeese et al(2010)use to the highest range gates to calcudateisevalue for eactprofile for a Jenoptik

CHM15K assuming the signal noise follows Poisson statistiggpasally assumed fophoton counting detector¥aisala

sensors opate with an avalanche photo diode, so that the noise cannot be interpreted as a countifedi¥@rincreases

significantly when higkresolution observations are averaged over certain timmmarahge windows. Using a Gaussian
smoothing method on oésrations of a Jenoptik CHM15KStachlewska et al(2012) find that the SNR significantly

increases ifthe width of range windows is increased linearlyowéver,they remark that this magesult in extensive
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computing timeln addition, excessivellarge smoothing windows magduce the detectability of sharp featufidaeffelin

etal., 2012)

Despite the evidence that attenuated backscatter profiles are a complex data product that might have to be care

evaluated before being used to draw conclusions on the prabedmtere, no guidelines are available to ensure systematic

quality control and quality assurance (QAQOhis study documentsthe important processing steps ttsdtould be

considered whennalysng attenuatedackscatter profiles from Vaisala CL8&Hemeters Observéiions fromtwethreeALC
networks Gect.2) areused to illustrate relevadata processing aspecetsuped-inteiy-those-addressing-the-whele-vertical
sretle—eitheebserredsigretod—(Sect. 3andbib—thesespeciietothelowestrahgegatefdet/):). Depending on the
firmware version, e CL31 instrumentnternal processingnayintroduce certairrtefacts that shoulde accounted for the
attenuatedbackscatteis required foranalysis. It is shown how the signal strength can be used for quality assuentet)

and findings are summarisedthreform of recommendations for the pressing of CL3rofile observationgSect.5).

2. Instrument description

The Vaisala CL3Z eilometertransmits a very short pulse# 110 ns(correspondingo an effective pulse lengthf about
16.5m, e.g.Weitkamp, 2005) The receivelusesan avalanche photo diode (APD) detedimprocessecordthe returned
signal. The instrumenbversamplesthe backscattered signal at a temporal rate which corresponds to the range resoluti
setting The reportd ranger (i.e. distance from the instrument)risnge tcthe centre of a range gatesw-3 MHz Gaussian
low-pass filtering by the instrumeaktends and shapes the pulse respeadéatdifferentDifferent vertical resolutions can

be achievedlepending on the sample raff@r examplea sample rate of 18Hz is requiredto achieve a range resolution of
10m, where thfirst observatiormeportedat 10m is backscatteresignalfor 5-15 m fromthe ceilometerEvery 2 s, ¥ laser
pulses are emittewith a frequency of 18Hz which takes about 1.64 s. After this period there is an idle time of 0.36 s usec
to perform the cloud base detection algorithm before the setxof 2* laserpulses is emitted.After a certain number of
gates have been sampléde firmware slightly changeoperation modehus,regions of increased noise are introduced into
the backscatter pritdés attwo ranges ~ 4940m and~ 7000m. Samples collected during thesdntervals are averaged over
certain internal interval® create theawreportedsignal— at arate defined by the reporting intensslected by the us¢2 B

30s). The internal averaging interval is specific to the firmwésee below)

The spectral wavelength of the laser diode used in the Vaisala CL31 is1905m at 88K, as stated by thtaser
manufacturer. Vaisalfinds the uncertainty of the nominal centre wavelertgtbewell below 10nm. Typical spectral width

(Full Width at Half Maximum, FWHM) is é#m. Lasers produced from the same wafer agree in terms of the centre
wavelength, howeer, the exact centre wavelength is unknown to the ds@ra specific laser the centre wavelength is

slightly temperaturelependent (0.8BmK™). The CL31 systerheatemearthe laser transmitteservesto stabilise the laser
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temperaturan cold environnents. Further, bothwindow transmission and laser pulse energy ltave animpact on the

attenuated backscattsignal. The laserheat sink temperaturédenoted in the CL31 output as theer temperature),

window transmission and laser pulse energy thezefore monitored and reported continuously teBus informathn (i.e.
diagnostics warnings and alarmss includedin the data messagehich helps tdadentify whethermaintenance is required

(e.g. window needs cleaning, transmiti®failing). In addition to the detected cloud base height, the CL31 can be set to

report a profile of rangeorrected Oattenuated backscatter®. However, as these values lack absolute calibration (see

4.1), observations arbere referred to athe Oreportedangecorrected sign&(RCS, for details on range correction see
Sect.3.2).

The detector of the CL3%eillemeterresponds tahe backscattering of thiaser pulsesackseattexd-of from molecules,

aerosols, rain drops and both liquid and @toud particles. It also responds to noise originating from both external (e.g.

daytime solar radiation) and internal (e.g. electronic) soufides.hardwareelated noise is larger than tRayleigh signal
associated with clear air so that the lattetos small to be distinguished. Vaisala states that the variance of the electroni

noise signal is rangmdependentSelar-insslatiohe backgroundight from solar radiationincreases the current through

the APD, but as the amplifiers are ABupled, therelatively slowly varying solar signal (almost DC) does not get to the
A/D converter{the (The AC-coupling time constant isms), i.e. the ACcoupling works as a higpass filter with 15Hz

corner {3 dB) frequency) This filtering results in avariable zerebiaslevel (i.e noise has negative and positive values)
the-form-of a-veoltage-offsdhat accounts for temporal variations in theseatmospheridackground signaWhile the AC

coupling removes the low frequensignal fromvarying solar radiation, the latter still increases signal naiset (roise m

APD due to DC current). For short data acquisition intervals, backscatter values can be belole@enaidnoise is also a
function of system properties (e.g. detector temperattapsmitter lens are&regorio et al., 200/andeHey, 2014)and
can therefore be alygzed by the manufacturer prior to fied@ployment. Heaterschievgrovidepartialthermal stabilisation
of thelaser and detector systeéhermal-stabilisatioin cool or cold conditions.

The Vaisala CL31 firmware hashangeteen modified over time alonwith certain developmenisa the hadware, i.e. the

receiver (CLR)and engine board (CLEWhere the internal processing takes platieeseupdateshave resulted in the
creation ofa range of firmware versions. For CLE311 + CLR311, the firmware versions 1.xx are used, while sensors w
CLE321 + CLR321 run firmware versions 2.xx. Changing the ceilometer transmitter Clefagjen is not connected to a
change in firmwareThe internal averaging interval differs slightly with firmware vers{dmble 1). In Vaisala CL31
firmware versions beloW.72 and versions 2.01, and 2.02¢ thternal averaging interval is set to 4€or range gates
below2400m if the reporting interval is greater thars.8For reporting intervals betweenEB3 s, the internal averaging
interval s set to & below 1800n and 16 between 18082400m, respectively. For reporting intervals below 5 s internal
averaging below 1200 is 4 s; only for the minimumeporting interval of 3, internal averaging is set ts2delow 600m.

Above 2400m, the internal averaging is 30for all reporting intervaldn firmware 1.72 and 2.03, the internal averaging
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interval is 30s for theentire profile and does not change with reporting interf@dble 1). If a reporting interval iselected
that is shorter than the internal averaging interval, consecutive profiles overlap in time amsher@ot completely

independent.

) are used in this study to illuate aspects of the data acquisition and processing of Vaisala Th&1L.ondon Urban

Micromet Observatory (LUMO micrometreading.ac.uk is a measurement network collecting observations of many

atmospheric fields to investigate climate conditions withil anound Greater London, UKfor interactive mapsee

http://micrometreading.ac.uk/micromet/LUMA/Networkiiml). The Met Office @erates an ALC network

(http://Iwww.metoffice.gov.uk/public/lidarnet/Ichretwork.htm) across the UK with different manufactureimodels

including Vaisala CL31A CL31 is operated bWeteo France at the SIRTA site at Palaiseau, Frafoceatmospheric

research activitiegHaeffelin et al., 2005http://www.sirtae.fr) Four sensorgrom the LUMO network in central Londgn

one Met Officesensor located 60 km west of centtaindon and the Meteo Frank®iRTA sensorreused here.

Long-term observations are available from four CL31 ceilometers with different generations of hardwarariansl v
firmware versionsOver time the LUMO network firmware versions have changed fromfirst LUMO sensor deployed in
2006 with version 1.5 Table2). Sensors A and B are the old hardware generationthé#LE311board as is the Met
Office sensor W, while LUMO sensors C andaDdthe SIRTA sensor Bave engine boards CLE321. For both sensor
and B, the transmittdras beerupgradedrom CLT311 to CLT321 during their operatiomnd for sensor S the transmitter

CLT321 wasreplaced by a spare part of the same generafithile the LUMO sensors are set to acquire data every 15

with a vertical resolution of 16, data from theéViet Office ceilometer hae a resolution of 3@ and 20m., and the SIRTA

ceilometer captures dataezxy 2 s with a range resolution 6fm. Analyss presented here usk®ck averagesver 30 s and

15 mof the SIRTA ceilometer data.
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3. Prefile-Corrections

3.1. Background correction

Thebackgrount*—The backscattered signal detectedamnyALC generallyconsists of actual signal contuitions from

atmospheric attenuation, the atmosphéackground signadssociated with scattered solar radiation and the instrument

relatedbackground signalCao et al., 2013Here, Obackground signal® is used to describe systematic contributions fro

solar radiation or instrumegbmponents (including hardware and softwalldde CL31 measurement design accounts for

the temporal noise bias induced by varyingolar radiationby introducing a variable zefbiaslevel (Sect2). The

atmospheridackground signadtill contributes to the noise in the profil®n average, the rangmrrected signal reported

(RCS, labelled fange and sensitivity normalisedteatuated backscattérin CL31 output) is inherently corrected for the

impact of atmospheribackground signdl'# 11! and only theinstrumenirelatedbackground signa?*# 11! need to be

accounted for to derive tHsckgrounecorrected sigal . Given thatthe timedependence of the data acquisition is linked

to the spatial domairthe instrumentrelatedbackground signafay vary with rangevhile stabilisation procedures (e.g.

heaters) aim to redudts temporal variability Here, & temporal variations due to the solaackgroundight are removed,

theremainingtemporal variations are considered to represent noise both from hardware and atmbapkegraund signal

The instrumendrelated background signa?"” (1! can comhie effectsefassociated witithe electronic neiser optical

componentsaand those associated with intermpaibcessingdy the instruments-®sme VandeHey (2014) discuss effects

related to electronic noisedluding impulse response for a Campbell CS135s, a system very similarvaisada CL31A

specific processing procedure implemented in some Gitmvare versionsstighiywas found tcalter theparthy-profile of
the backgrounecerrectedsignal-Fersemefirmware—versiorsystematically and is here treatseiparatelyfrom! " 111,
This processinghifts the signats—shiftedartificially so thatthe backgroundieisesignalof the respective daia biased and

is no longer centred on zefe.g.fe+data collected with version 1.7dere-arbavemore negative than positive valjieshis
procedurds appliedin-the-processintp improvethedetection of cloud badeeightas it amplifieshe-differenedifferences
between the signal backscattered from cloud dropletsaamaks with low concentration @tmosphericscattererswhere

observations are dominated by noikreasing this differencelsefacilitates visual interpretation of clouds based on the
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backscattered signal. Hereafter, this bias is referred to as OcosmeticshiftOThus,to derive theentirely background
corrected signal from CL13output the completebackgroundsignal! ' ; composed ofangedepenant, instrument-related

background-—signal! "# Il andthe cosmetic shift ' (! !, needto be accounted for:

IR R R (DN (D N IO Y RN () (1)

For data collected with firmware 1.72 or 2.03, no cosmetic shift is incorporated X! 0) so that the complete
background correctio is asseciated—witlepresented bithe rangedependentelectronic instrumentrelated background

signal (“=P" (1) ! L5117 '(1)). The impact offirmwareversion—on-theartly-backgroundserrected signal withand
cosmetic shifbn thereportedsignalis illustrated using observations from different cleky days (no elated dust, aerosol

layers or cirrus)recorded—witfrom CL31 sensorsisiagunning a range offirmware versions Fig. 1a). Under such
conditionsit-is—assumed-thahe only source of atmospherlc signal above&haesahem—bewqdaﬁqay%lﬁu is very

weak molecularand aerososkcattering-Mele

ion),

In practice, molecular

scattering at the instrument Wavelength is very weak, typically below the sensitivity of the instrmmiémat-the profile-is

e(Sect.2), so that profils consist only of the@veragedotal background

signaland the noiseAs the atmsphericbackground signabnly contributeso thenoisg no systematic differences in the

shape of the observed profiles would be expeatetbbvious departures frofiteanicipated-shape-in-the-profilearocan
be attributed-te-thassociated witldataacquisition androcessing, i.e. instrumentelatedbadground signabnd potential

cosmetic shift

A suitable methodo identify shapediscrepancies the profile shapés to create signalange histogramd=(g. 1a) using 24

hourd (or more) of data. The most obvious effect revealed by ahger histgramsis a stegchange in the width of the
distributions at 2400 m evident for alimware versions apart from 1.72 an@.03. Thisstepchangeis introduced by the
averaging of the sampled signal tthis applied internally by the instrumentOsnivare Gect. 2, Table 1). The
decreasedlecreasein averagingtime for range gates-<2400- m performedfor earlier firmware icreases the signal noise
(seeSect.4.2). Data acquired with versioh72 or2.03 are more consisteatrosstheall range gatess the whole profile is

treated equally with an internal averaging interval 0630

The range histogramg-ig. 1a) show the impact of thimcomplete background correction, igat-electrenimstrument
relatedbackground ignal and cosmetic shiftare not(enweiya—accounted forlhe—eem@ete—baekgmquepequ—eﬁhe

causngBoth causa systematic pattern in the observed profilésstrating therangedepenénce of thebackground signal

The cosmetic shift is pacularly strong for version 1.7Io capture botlbackgrounceffects, profiles are analysed during
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times when atmospheric variations are expected to be small and instrument conditions a(Eigt@)le\verager " p-
profiles are extractednd averaged houriwhen noise induced by solarsslatierradiationis absen{(feurheurgl h around

midnigh?, whencloud cover is low (40% of the hour), no fog is present, the windoansmission is reasonable §8% on
average) laser pulse energy is high 8% of nomiml energy), andudficient data are available 0% of the hous; data

gaps may occur due to maintenance or problems with data acquisition such as pogw@nlyirange gates 2400m are

analysed to avoid the impact of changingernalaveraging interals (Sect.2) at this criticalrange(Fig. 1a) and to minimise
the signal from theéABL (unlikely to extend abov2400 mover London around midnightMedian vertical profiles (with
inter-quartile ranggIQR) shading) are displayed for monon setup conditionéFig. 2, en-theright), i.e. grouped byhe

combinations of sensor, firmware and transmitter (CLT), respectiZelyine board and receiver were not changed for any

of the sensors ding their operation.

Thenight-time profile climatologyef-righttimeprofiles(Fig. 2) revealsa smalltemporal variabilitywith a seasonal cycle

(amplitude~ 50%) that indicates a temperature dependence of thectroniinstrumenirelatedbackgroundsignal Several

features appear distinct in the spatial dom@ig. 2) at certain range gates. For all sensors and firmware versions, a
discontinuity is evide jJust belowbelow5000m andat around7000m. Theseregions ofincreased noisare
introduced by the data storage procedure (Rpctiretherpattern-observeiianging hardware components affects the

instrumenirelatedbackground signagéven if the same model is swapped in. For example, exchanging the transmitter ¢

sensor S by part of the exact same model (CLT321 exchanged in SeptemberFi.12) resulted in a clear increase of

the background signabelow about 4006n. As it cannot be guaranteed that the new transmitter has the exact samr

characegristics as the one replaced (S&gt.a slight change in wavelength might explain this shift.

For sensor BFig. 2b), the change in transmitter from CLT31d be-CLT321 also altered thprofile of the background

signal mainly by introducing systematierithpatternalong therangeis-a A wavelike structureappearsuperimposed over

the random noise for ceilometervBienoperating with transmitter CLT32FiQ. 2b)}-andb). A smilar effect 5 detected in

observations fronceilometer C in generaF{g. 2¢).c) and to some extent in ceilometer S after the transmitter was changec

(Fig. 2¢). Such Oripple@atterns are introduced by a physi€alingingO-of the deteeftect which overlays a vertically
alternating positive and negative bias on top of the signal noise. While thistyypevbiastends to be similar for sucesive

profiles (regions with positive and negative amplitude overliap¥ not entirely constant oveiong-time-periodsie-the
mae I=A A a m \/ N via == .. ) a¥a¥al v- . . Aron .l- - HonN a 1 .. A.A - raged
Hesourseof senserB-ig—2b)

operating-with-firmware-1-6{rumberofprofiles N-=222)day because it is slightly affected by attenuation by clands
j j j tragkireABL -particles.As seenfrom-the

presented-comparisgmown, this firginrgripple is sensoispecific (e.ga-higher frequencys-detected fosensoB compared
to-sensdhanC, Fig. 2b, c). Whileringingripple may occur for eilometers with botlthe CLE311+ CLR311(Fig. 2b) and

11



CLE321 + CLR321 (Fig. 2c, € enginebeardsFig—2¢c)-oftheceilometersdstedhoard plus receiver combinationsnly

sensors operating a transmitter ofaypLT321were found tchavethe ringingripple effect: (of thosetested. The firmware

version does not affectithwavetype bias as it is solely a hardwasdated- (electronicand/or opticalcontribution to the
background-—signal! "# (r). At the time of publication of this paper, Vaisala could not fully explainrifyae effect. A

possible correctiotior this ripple effect could be based on its senspecific frequency (as suggested by Frank Wagner,

DWD, personal communitian, 2015), but is not addressed here.

Assumingthe actual informatioicontent related to atmospheric backscatter isdowe the ABLin the selectedight-time
profiles (i.e. above-the-ABLthaignal contribution is smaltempared-te-the. noise in the absence of cloudd)e median

climatology grouped by firmwarplus transmitter configuratior{Fig. 2, right) describs the systematicrangedependent
eleetronic-backgroundplussignal composed of instrumemelated background signabnd potential cosmetic shift(i.e.

LTty r et Although the range of values is large, IQR and median prdfées rather consistent
statistics-the shape of thdackgroundsignal profile dependswainhyron the-both sensoeindividual hardware andirmware

used. Thisbecemers paricularly evident when comparingie-median nighttime climatology profiles for the-various

configurations directlyKig. 3).

The profiles for each sensor by firmware vers{Big. 3a) show that thecompletebadkground signaimay be similar for

sensors with the same generatidnhardware (e.q. profiles of A & Both with CLE 311 + CLR311 are similar when

running firmware 1.61 or 1.71; C & D are simildpwever, thiss not necessarily the case (ebgckgroundsignalof S

operating with CLE321 + CLR32dlearly differs from thebackground signadetected for C & D)Furthemore theprofile

of the background signamay be altered byirmware. For sensors analysed heprpfiles of the background signare

ositive (~2-5 410 arbitrary units (a.u.at 2400 m) below7000m for firmware 1.61,generdly decreasing with altitude

range The step change when profilelsange sigis also evident in the climatology of the nighme profiles (time series in

Fig. 2). For all backgroundsignal profilesobserved with firmware 1.713 strong, negative bias t2-14 410" a.u. at

2400 m) associated with the cosmetic shift appliedusesan overall negative background sigmnahich increass (i.e.

absolute vales decrease) slightly with range below about 580Backgroundsignalprofiles from newer hardware (sensors

C and D,Fig. 2¢c, d)canhavea similar shape independent of firmware (i.e. 2.01, 2.02, 2MiR}turnal pofiles of sensor S

(Fig. 2e) show less variability compared the LUMO sensors, which is explained by the fact Hiatk averageq30s;

15m) are analysed here instead of thigh-resolution dataq's; 5m) initially acquired Table 2, Sect.2). Generally, the

combination of individual hardware components and firmware apedars taletermine the background, i.e. while sensors

A and B are in good agreement for data gathevitd versions 1.61 or 1.71, their backgrours/e opposite signsvith

version 1.72.
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The seasonalityevident in the time serie§ig. 2;.c, d left) is related to the lasdreat sinktemperaturevhich is used to

further classify he backgroundprefilessignal of sensors AD into three sulrlasseqFig. 3a—see-legendb, see legend

Profiles are only analysed above 24@0asclimatological measurements within tfgub) urbanABL of London and Paris

areinappropriate; ifong-term measurementre available where ABL aerosol and moisture conaeatow (e.g. mountain

sites), the climatology approachamw provide valuable insights to much lower range gates.

To evaluatewhetheif the nighttime climatologyis a suitablebasisen—whichto determinassesthe backgroundsignal
profile, OdardeurrentOestmeasurements for fourdMO sensorswith recent firmware and hardware configuratiofig(

3bc) are usedunder fullattenuation The ceilometer window is covered by\aisala termination hood to mimic fuit

attepdation clear nighttime situation(i.e. supposediyno signals backscattered to the receiyednly internd contributions

(e.g. the—electronicbackgroundreisssigna) should be—ircontribute tothe recorded signalTo eliminate any-transient
behaviour in the lowest range gatestshownthe hoa measuremesntrereare takenfor 30 min periods. Prefiled _ater tests

indicateobservations at range50 m mayrequireabout 1h to settleto a characteristic valug-ig. 4), in agreement with

CeiLinEx CL51 ceilometer termination hood measurents (Frank Wagner, DWD, personal comn2015

www.ceilinexX2015.dé. While variations above this range do not stemweh atemporal drift, itis assumed valudsa the first

four range gates in theitial termination hoogrofilesare significantly overestiated Here, the profile ishereforeset to be

constant belowtte 8" range gatéFig. 3c-e).

Average termination hood profiles are compared to digme climatology profilesfrom the same laser heat sink
temperature classese-selected-for-compariadfor most sensors and firmware, the median riighe climatology agrees
very well with the profile observebly the termination hood measureméig. 3bc). Only for ceilometer A(firmware 1.71)

doesthetermination hood measuremdrave a slightly different shapealbeitwith a similar order of magnitudéhus-eark

currenfAs there are no data available from the climatology approach for ranges below 2400 m, profiles are assumed t

constant up to this range. While this results in an obvious deccgdetween the climatologlerived background and the

termination hood profile¢Fig. 3c), implications of this assumption are greatly reduced after range correction is performe

(Fig. 3d-€). Although wncertainties remain regarding theofiles ofbackgroundsignalbelow a range of 240@, termination

hood reference measurements give confidence that the-tilgat climatology profiles-provide reasenabldackground
prefiles—andmeasurementare not significantly influenced by backscatter from atmospheitices and henceprovide

reasonablesstimates of thévackgroundsignal This finding is extremely useful as it allows fdre backgroundrsise

profilessignal of ceilometersites that were operated in the past or that are difficult to adeesstermination hood

measirements arenfeasible)to be evaluateased on the observed profile data alone.
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Vaisalastatestates (firmware release notéhatno deliberate cosmetic shift is implemented in versions 1.72 and 2.03. Given
the—similarity-of-that backgroundprefitessignalsfrom the earlier release r&ons-the are much closer to zero or even
positive it can be concludethat there is no (or negligible¢osmetic shift in versions 1.56, 1.61, 2.01, and 2s02se
negligibleand thecompletebackground-“signal! ' (1) is only generated-byhe rangedependent electroniomposed of

the instrumenirelatedbackground-—signal! " (1). ©alyOf the versions testednly firmware 1.71profiles are shifted
significantly towards negativealues The long-term estimates ofrstrumenardwareand firmware specific bagkound

{eleetrenisignal! ., |, (instrumenirelatedeffectsaneplus cosmetic shift~ig-2-rightFig. 3a) are usedis-theo determinean
appropriate bacquoumbrrectionp%eﬁleyﬁﬂenwd#epﬂw%#%mra{we
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For firmware with no significant cosmetic shifhetatmospheric contribution to the background correction is negligible so

that a static correction over time can be applied defined by thetimuprofiles

LE  ayr (1 ayr - VLI"H S04 QA1 I"HE0A Q2 1 1 11" .
Ly L O D L LS9 L L E06 8 L L |
L)1 L

B O IREXOIRIFN G} (3)

L

As discussedbackground profiles from sensors C andhBvea smd# temperature dependenckig. 3b), however, the

background signal of these sensors has an overall r&alf smagnitude so that this thermal effect is considered negligible in

the proposed correctiofEq.3). Data with cosmetic shift (i.e. those collected with firmware 1.71) show strong diurnal

variations in thesignal backgroundin response to background solar radiation. This indicates some contribution of the

atmospheric backgrourid retained in observations from this firmware versisrihe dynamic OzebmslevelQ is effectively

different from zerdSect.2). Becausehis isperformedinternally by the firmware the exactontribution of the atmospheric

backgroundsignalis notavailable for posprocessinquse. However, it can bapproximated byhe average signdl*# (1)

across the top ranggates where the contributisrfrom aerosol scatterintp the signalcan be deemedegligible. The

calculation oft "# (1) follows the approach taken testimae the noisefloor ! (1) (i.e. cirrus clouds are masked put

Sect.4.2). Only for dataaffected by the cosmetic shift (ifrmware 1.71) does! "# (1) show significant values with dear

diurnal pattern thatefine thetemporal variations of thbackground while e nighttime background profilegEq. @))

determineits rangedependenceTo ensure the background correctlon (1) remains close tdhe climatology! !.!.; Q.

whensolar radiation is absent a nocturnal aver!qﬁ’e;! (mean! "# (1) of 4 h around midnightalculated for each day to be

correctedl is subtracted
PR e OO (OO0 ). (4)
The derived backgrouncbrrection—(}! " (1) (according to .4 for firmware 1.71 and E@ for other versions tested)

can be applied in the peptocessing t@stimate thentirely backgrounecorrected signdl without effects of cosmetic shift
from the datarecorded(Eg.(1)). This correction reduces the randependence of thebservedsignal sothat the range
histograms of {not-shew! ' (Fig. 1c) are more symmetric around zetimanthose of2“*—(! 11" (i.e. RCS, Fig. 1ab) in

all range gates in the free atmospheére the median profile is close to zero
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All ceilometers tested hereavea nonzero background profilevhich confirms analysis by the Met Offideermination

hood measureents and case study analysjsling a negative background for other CL31 sensors in their net{iakiana

Adam, Met Office, personal comn20142015. This creates additional challenges when derivingagm®solbackscatter

coefficient from such measements(M. Adam, Met Office, personal comm 2015). For firmware versios without (or
negligible) cosmetic shiftorwhere-cosmetic-shift-isnegligihlthe backgrounerefilesignal consistssolely of the range
dependentelectronic backgrounihstrumentrelated contributions which ismay be small (on average 45410™| a.u.).
Implicationsof these instrument specific variationgght be limitedfor observations within clouds or in teBL, where
backscatter values tend to be large and mostly positigghit-be-limited. However the pesitive-electrenimstrumenirelated

backgroundef-senserswith-elderhardware {CLE31Ejgnal can reach significant valuethat maydominate any signal
differences expected at the top of thBL -at-timesand-he The cosmetic shifin version 1.71 clearly affectsbservations

within the ABL (Sect.4.2). Note that the cosmetic shifand electroniénstrumenirelated backgound signal should be

carefully evaluated beforesing noise for quality control purposéseincluding absolute calibration afiVR calculations
(Sect.4).

3.2.  Range correction

For a given concentration @ftmospheric scatterers ¢cld, aerosol, moleculgshe strength of the backscattered signal

returned to the ceilometer telescope and detector decreases by the square of the Thagefore, to relate scattering

coefficients at different ranges, thew signal " or thebackgrounceorrected-sigal Csignal! is multiplied by! 2 at each

range gate to obtain the rangerrected signal:

COy L Loy 1y ()t (5)

The signalP is determined from the raegorrected signateportedby the CL31 (there terme@®angeand sensitivity

normalised attenuated backscaftén@reverting Eq(5). Vaisala instruments have an optietierdor the range correction

isto beappliedonly to thesignal inthe lower part of the profile up to a set rahge where it is implicitly assumed that most
of the data at further ranges consists of noise (settigis@xe profile noise_h2 off®). If no clouds are present in the profile,

theraw signal is multiplied by a constant, heighvariant scale factdr, , above!,, (CL31:!,,=2400 mand,, =!/, =

2400). The partly range corrected sigﬁiiregorted!"# has two segments:

[ P

e RN TT =t y {! () m ! (6)

E VT2 SR W ESTTITIN moC) o1

When clouds are detected, the cloud signal is rarggeectedusing Eq. (5), for range gates where cloud is determined to
exist. To create a fully rangmrrected signarom such observatiorfer the whole vertichprofile (according to Eq5), i.e.
as if run with the setting\dssage profile noise_h2 onQ) in the absence of clouds, the scale factor needs to be reversed a

the range correction applied to the observations ahave
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Still, this correction may only be applied where no clouds are present. Hence attenuated backscatteo b sdxteatied

with the settingWessage profile noise h2 off© are of limited use (M Adam, Met Office, personal comm 2014;

www.ceilinex20.5.dg. For ceilometers operatingith Qfessage profile noise h2 onO,all firmware applies the range

correction througbut the entire profile and no constant scale factor is incorporated in this processingestep.it is

recommended to operate with teisttingturned on

~The rangehistograms
of the rangecorrected signalRig. 1b, c) illustrate the increase isignal variabilitywith range After applying the full range
correction Eq.(7)) to observations from a CL31 operated Willfessage profile noise_h2 off O(rightmost panel irFig. 1),
the variability of thebackground-correctesignal is heighinvariant above th&BL (Fig. 1a) while the expected increase is
found in the range corrected sign&lig. 1€}-—b, c), i.e. it has the same signature as if it was edrwith the setting

switched on.

4—Low-levelcorrections

3.3. Ogptical overlap

The receiver field of view reaches complete optical overlap with the emitted laser beam at a certain distance above

instrument This overlap depends on instrument desigwerlap correction functions gde applied to partly account for this

effect with dimensionless multiplication factodetermined empiricallye.
may either be performed by firmware or during pasicessingUncertainty remains for observatioas the closest range

gateg(e.g VandeHey, 2014 Hervo et al., 2016)

Applying an optical overlap correctidn!!'! to thesignal, yields the overlaporrected signal:

IR '”'/,() (8)

Vaisala ceilometerhave asinglelens, coaxial beam setyMYnkel et al., 2009)For the CL31, complete optical overlap is

reached at about # from the instrumen{Fig. 5) andan overlap correction is performed lkge firmware (i.e.! (1) !

1" (1)). No other commercially available ceilometer offers complete overlap that close to the instaigala overlap

functions are verified both by ray tiag simulations and laboratory measurements.
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3.4. Near-range correction

Although Vaisala suggestsahthe attenuated backscatpeofile is reliable down to the first range gaBmk—! et al. (2014)

document a distinct local minimum in CL31 attenuatadkscatter observations at therdngegate persisting throughout

their whole observational campaig#

psmthershave foundartefacts in CL31 profiles below
70m (e.g-Martucci et al. 2010; Tsaknakis et al. 201i¢se lowest layers are often excluded during processitmpking

forAs noted van der Kamp(2008) smootted out systematic features by strong vertical averadind,this removes the

possibility of identifying any atmospheric features close t® s$hirface Without correction, these features may cause

detection ofsignificant gradients wheexamining profilesto diagnosemixing layer—heighieight or top of the ABL
including-thesdowestlaye ould-result-in-false-detection-of-internal-beundary-lapatefacts in thdoewest-84irst 70 m

could be related to the incomplete optical overlap (Sgdiut are more likely associated witheav-tevehardwarerelated

perturbation anch correction introduced by Vaisala to prevent unrealistically high values in the-naegewhen the

window is obstruted-and-a-hardwareclated-perturbatiofSectd-2-.
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Given the primaryunction of cloudbase heightletection VaisaladesignedCL31 firmwarets-identify-and-addreasldresss
effects causing extremely high backscatter valmetside of cloudsUnder severe window obstructiofe.g. leaf onthe
window)), valuesferin the first range gateseuldcanbe unrealistically highA correction isapplied torestrictthe backscatter
profile in thelowestrangesclosest to the instrumerAt times, this correction introduces extremely small vahtesnges<
50m thatare clearlyoffset from the observations above this height.addiion to the—artefacthis artefadc from the

obstruction correctigrfor some sensoyrbackscatter values in the range of@Dm areslightly offsetby a hardwareelated
pertubation Both the-artefacts from the obstruction correction atig-hardwarerelatedperturbatieperturbatios do not
impact thecloud detection-ef—¢louds vertical visibility or boundary layer structurésbovd> 80m). Only—i—internal
beundary-tayers-are-to-be-analysed-béliasvonly for attenuated backscatteloser tharB0 m-is-therimpactrequiredthat

these artefactsieedsto be accounted fofThe issuesre not firmwarespecific apart fromversions 1.72 and 2.03 in which

the artefacts ofobstructioncorrectionand hardwarerelated pertubatiopertubation have beenmostly removed Henee,
thesd heselow-level artefacts are expected todmmsistent in timevhen-analysing-datfiom older firmware

To evaluate the effect of the obstructicorrectionandhardwarerelatedperturbation profiles of thesverlagangecorreced
reportedsignalin the lowestt0090 m are normalised by the value at X0Q~" (R CS(n)/~"—(RCS(10), with n = range gaie
Analysis here using LUMO sensors 4D with range resolutioof 10 m, Table2). Sekectingdaytime profiles (11-16 UTC}

median profiledor selected conditiond [ <, RCS <200 " 10® a.u-. for range <400 m noteno absolute calibratiors

applied)in-the-lowest-400-naverayear {2013 Fig-5a-c)shewthashows the normalised profilebavea consistent shape
acrosghe fourLUMO CL31 sensorgFig. 6a). AThe median mwfile hasa small reduction in backscatterdetecte@at 80m

(8" gate), a distinct peak at 50 (5" gate) and rather similar values in the lowest four gatetO@). The atefactsare of
smallermagnitude inobservationgrom sensor B{Fable2).. The ratio-efthenormalisedvaluesacrosin the lowesfirst four

range gatess-the-valuecbserved-atthe 10#ange-gateappearhave two different regimesihie: while for most profiles

the normalised overlapand rangecorrected signal ranges between 1.0 and Eig. 6b), a small fraction of samples

marked by censistenthavelower valueg— 1L LI LRCS(2)/RCS(10) < 0.8; Fig. 6¢). This effect is likely explained
as an artefact of the obstruction correction while the deviations rat &@d 80m are associated with the hardwaetated

perturbation The observed rangerovides uncertaintyinformation for thedetection of théewlevehearrangeartefactsthe
ratioreaches values of GB%peakat the 5" range gatewdndicates an overestimation of about3@%6 while systematic

differences areommonly <20% for the remaining range gates below t0@-ew-levelFor dry and welmixed conditions,

profiles observed with ifmware 1.72 or2.03 §ig. 6d) shew-the-artefactof obstruction correction and hardwaedated

perturbationwvereare removed with teseupdate.

climatological profileqFig. 6)-
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at-differentrange-gatesare-ustbe-2013-madian-dalyprofibs(), anearrange correction is proposed to reduce the impact

of the obstruction correction and hardwagtated perturbation. Only profiles that roughly match the general shape of the

climatology are corrected i.e. if strong vertical gradienis the signalare observed €.g. descending fog) theearrange

correctionis inapplicable However theseconditionsare usually small compared to the physical processes influencing the

attenuatedbackscatteacross therofile.

Given all sensors testeldave a distinct gak at a certain range ga{fig. 6a-e)y-were—used-to—establidimearrelatios
deseritihg-any-observationin-the 60" range-gate-as-a-functiaf the ebservation-in-thé " range-gat¢Table3)-Generally,
the-first-fourgatehaveheightinvariant factors-sthat thevalues-at the "L 2" and 4" gatecanbeexpressed-as-a-function
the-normalised-value-at th& Bange gate—These correctionhis peak is used to indicate if a correction should be applied.

The inverse approactould correct observationwith a strong local minimum at thé"4ange gate rather than a pesk

reportel by Sok—! et al. (2014)he aimis to apply the nearange correctiomnly to profiles with a pronounced peak value

that appears physically unreasonabliest, the range gatavith the peak isdentified fromthe climatology (¥ range gate for

LUMO sensors)Second, e peak strengtis defined & the ratio ofthe rangecorrectedsignalreportedat this range gate to

that reportedat the adjacent gates (i.! and 6" for LUMO sensors)If both these peaktrengthindicators of a given profile

areat least 25% as strong as the peaiengthindicatorsof the climatology profile, the valuesf this profilein the near

range (< 100n) are divided by thenedianclimatology profile (Fig. 6b). Profiles affected by the obstruction correction, i.e.

with clearly offsetvalues in the first four range gatese treated sepdarly. If the first peakstrength indicator (i.e. the one

below the peak) is at least 50% as strong as the respective indicator of the climatology of thisHiggBogdrd the value

at the range gate of thesgk is greater than the values in the two range gates atiwveespectivanedianclimatology

profile is used for the correctiqifig. 6¢).

Correctionfunctions can help to reduce the presiag artefactiue tothe obstructioncorrectionand the hardwareelated

offset {as demonstrated for several case stutkig. 7); LUMO ceilometers AD, seeTable 2). Observatios taken with

firmware versons < 1.72 (for systems running with engine boglugs receiver combinatioBLE311+ CLR311) or <2.03

(CLE321+ CLR321]) haveclearnearrange effectsKig. 6a-c) evident in data recorde&ig. 7i, iii, v). Two examples are

clearly affected by the obstruction correctid¥ig( 7iii, ceilometer C and Dyith values in the lowest four range gates

negatively offsetAfter the nearrange correction is appliedis effect is reducednal the artificial peaks at thé'Bange gate

are mostly removedFig. 7ii, iv, vi). Although ©®me residual effects may remain, extreme vertical gradients encounterec

within the lowest 100n of the original range corrected &gmﬁsewedegortedby the CL31 ceilometers are mostly

removed.A
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Vaisala introduced a correction for the neange artefactshat proves efficient in dry conditiong=i{g. 6d), however,if

attenuation isncreased due to hygroscopic growthe peak at the'5range gate is still eviderih the normalisedRCS

profile (Fig. 7vii). Applying the neafrange correction proposed for observations from earlier firmware version (as used fc

Fig. 7ii, iv, vi), the artefacts could still be removersld. 7viii, ceilometer A and B), however, it could also result in an over

correction Fig. 7viii, ceilometer C and D)Note that this approach can only tested on sensors for which a historic dataset

of measurements with older firmware versions is available to calculate the respective correction Bigfi@sGiven the

nearrange correction introduced by Vaisala in versiori2land 2.03 is not sufficient in moist conditions with gradients

along the profile Fig. 7vii) it was proposed to Vaisala temove their correction again so that the freaaige correction can

be appliedduring posiprocessing.

5.4. Absolute backscatter and quality assurance
5.44.1. Absolute calibration

The rangecorrectedattenuated backscattér !!' describes theangecorrected-entirely and backgrounecorrectedand
overlapeorrectecsignal calibrated by the lidar constant

L ES e P (9)

T €9)

The lidar constant is a function of the rang@dependent parameters of the lidar equation, including the speed ofHight,

area of the receiver telescopiestemporal length of a laser pulse, a system efficiency termtremnghean laser powegver

pulse (Weitkamp, 2005) It depends ofihe instrument receiver design and its laser. When the instrument is new, systen
efficiency and laser power are high. At this stage,lithar constant for internal calibration is determined by a fadiased

test { ! !nug000 ). Evenwith regularcleaning and maintenance, the performance of a sensor stamgdime (e.g. aging

of the laser, change® window transmissivity). To account for such possible variations in laser output and detectc
capabilty over time, the ceilometer firmware mongothe laser output energy and deterrsirge relative calibration

correction factok g0 !!'! Which is atime-specific lidar constant applied internally:

I (10

Dragoere: (1)1 Drusoesr ! rwgorre (1))
Over time, this internal checking of the instrument performance potentially provides a continuous relative calBivation.

thatthe signal output by the ceilometer already has the internal calibegified, it is labelled Oattenuated backscatter® by
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the manufacturer. However, it has been shownttteinternal calibration factor.,ge.s: does not alwayauly represent the
actual lidar constar(e.g. ©OCeonneret-al20@OConnor et ak004)and thatan absolute calibration shidl be performed
in sufficiently known atmospheric conditionssiven the background noise of the CL31 sensiwminates over the

molecular backscatte¢Sect.2), the stratocumulus cloudtechnique (OOConnor et al., 2004 the most appropriate
calibration techniquéor the Vaisala sensar3his agreesith the findings of the TOPROF community (Maxime Hervo,
Meteo Swisspersonalemmunicationomm, 20159. The stratocumulus cloutkchniquerelates the observed signal tihe
knownintegrated attenuatdshckscatter coefficient associated with thigkiid clouds. Ths absolute calibration techniqig

applied externally, i.e. as part of the ppsbcessing

~L
T | ! lsgose |
P (L%%:gg/l _1..)//!!w$u“\!!!.! el (!#$/&/!!”#$%,,&,!!!)/!!"#3;%&'(!!!!!'; 1D
The absolute calibration coefficientygoe: !!! may be constant in timeugpe: (1) ! ! rugoe - (Hopkin et al., 2016)A

laserat theCL31 operaing wavelength (-905nm) is sensitive to absorption of water vapour in the atmosplvaieh can
have implications for the absolute calibratidharkowicz et al., 2008; Wiegner and Gasteiger, 20A8)the evaluation of

absolute calibration techniques is beyond the scdpbis study, for simplicity theimpact of this external calibratiois

neglected (i.el jugope €-——L-and-hence L —isassumed(!) | 1.

5.24.2. Signal strength and noise

Giventhethatnoise is a critical component of the attenuated backscatter recorded, data with values below a cerin signa
noise ratio §NR) are unlikely to contain sufficient iormation about the ate of the atmosphere. Where higisolution
observations arehtained, rolling spatialalongrange) and temporal averagimgreaseghe signalcontributionrelative to

the noise For every range gateand time step, the smoothedigrahttenuated backscattis the average over a temporal

window of fixed size 2w, + 1 (withw, time steps) and a range window of fixed size»2+ 1:

r 1 I TN R ETIENP (NIRRT
I A O TR N R IR A AR vamaaI{RE D NS N(IDN

T

To-evaluate-th®ptimal window length depends drardwarecharacteristics (i.e. noidevels) resolution settings for raw

dataacquisitionand the applicatianHere window lengtls combining to aotal of about 1000 have been found suitatule
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prepare data for the detection of mixing heigith arelativelylarger temporal averaging winddive. w, = 50;w, = 5 which

equals25.25min and 110n for the LUMO sensors, sé@ble?2) as featuresf the ABL structureshow more variability in

the verticalthan over time Such large window sizes can significantly improve $h&, i.e. signal strength compared to

average background noisBok—! et al. (2014uggest temporal averaging should be shde&r. 5 minaveraging window

prior to mixing heightanalysi3 in the morning transition periogisboundary layer dynamiasay vary at 30 © 60 min time

scales To significantly increaseéSNR, Stachlewska et a[2012 useGaussian smoothing (Jenoptik CHM15K ceilometer)

with linearly increasing range windewidths, however, this iscan result inextensive computing timeBLview (VaisalaOs

boundary layer detectiogspftware, e.g. used byang et al., 2016)asrangevariant smoothing windows

Thequality of recerdedangecorrectedattenuated backscattércan becemparedvaluatel by comparsonto thenoise floor.

WhenThe latter represents variations associated with eleictrand optical noise and noise introduced by the solar

background lightlf no high cirrus clouds are presentisiasumedthe signalbbserved-dtom the very highest range gates
contains only noise (i.¢he atmospheric signatontributionis negligible). In this case, the noise fldorcan be defined as
themean! !plusstandarcieviation!, of thebackgroundeorrectecattenuated backscatterorsignall-! (i.e. before range
correctior) across a certaisrenumberof gatesfrom the top of the profileStatisticsare appliechcrosghesegatesat the top
of the prdile andmoving temporal window&s in Eq(12)):

NOIRINOININO! (13

Here, thetophighest300m of the profile Y = 30 at 10m resolution) are used to determine the noise floor to ensure
sufficient representation of the rangariability. Similar resultsweuld—bare obtained with slightly more range gates
included—however—given—theThe discontinuity and increased noise levels around #0&ect.3.1);) makes it is—+ot
advisablenadvisableto include more thathe-tep600m in-the-caleulation-db calculae the noise floorThemean! across

the top range gates is usually small and fluctuates around zero. However, if the background céarrectigrerformed
(Sect.3.1) is not performedt can have a slight offset from zero and even a diurnal pattern for data acqitirdoinmvare
version 1.71 which performs the cosmetic shift basethe dynamic zerbiaslevel (Sect2). Calculated from the entirely
background-corrected signal or attenuated backscatter (se€1Et)), the noise floorF is nearly equal to the standard

deviation! , across the top range gates

To ensurehatprofiles used for the calculation bfdo not contain any cirrus clouds, whiehuld-cause-a-physical-signah
provide significant backscattevenin-the-higlestrange-gateat thetepfurthest rangesf the profile, the Orelative varianceO

For each time and range- (at the top of the profilethe relative variancis the ratio othe standard deviatioh, "!/! -!to the

mean! I"!/1! - with statistics aplied over moving windowsgas in Eq(12)), alongrange and time (here, w w;, = 3 were
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!
") (%) ! (14)
If 1" 11111 s sufficiently small, then the backscatiginterpreted as a true signal backscattered by atmospheric constituent
of interest (e.gcirrus clouds) Such backscatter values should not be incorporatedtlie calculation of the noise floor
(Eq.(13)). Rather! shouldbe estimatedor observationsvhen! ! exceed a threshold T, L LULl T 0™ 1 11 A
threshold of T = 1 indicateshatthe variability exceeds the mean signal and can bd tes mask strong backscatter from
clouds. Times witha small number of gatdgeg. layerless—than< 100m) available for calculation ahe noise floor(i.e.
when manyof thetop range gatesrecevered-bavecirrus) can be interpolated linearly time. A day with cirrus in the top
gates Fig. 8) illustrates how the threshold jican be applied to convert tiRé field (Fig. 8a) into a maskemevingo remowe
the cirrus signal from the attenuated backscgEgy. 8b). Based on the attenuated barter with clouds masked olFig.
8c), the noise floot is calculated over the course of the @gig. 8d) and the area missing due to fhresence o€irrus is

interpolated linearly over the time period where the attenuated backscatteehasdsked out

TheSNR is calculated from smoothedonrangecorrectedattenuated backscattdfd. (12)) and te noise floor :;

_— 1t
g I e (15)

11

Notethatin clean airwith low aerosol conterthe dominait scatterings deminated-bymolecularseatteringwhich is below

the sensitivity of &L31 ceilometer (Sec®). Furthermore, thick liquid cloudsave the ability to (almost) fully attenuate the

ceilometer signal sthat any returns from above such a cloud layer (or even within it) correspond to noise rather than
reabtmospheriscattering frometmespherigarticlesor moleculesHence, at certain heights thddrmation content of the
signal may be limitedTo evaluate where thsignal contribution is clearly distinguishable from the noelchOg-test
(Welch, 1947)is performedcompaing the distributions of ﬁ' r¢ 1 @nd F, assuming they are botsrmatnormaly
distributed As JA—WI s Wasfound to deviate from normality below a range of about B0@velcrOthe t-test was only

runperformedfor higherranges.A p-value <0.01 waschosento—aceepifindividualiyfor-eachrangegateand-time-step
combinatienasacceping that™ ! ...c | significantly exceeslthe noise floor at the respective time stepd range gate

The acceptance level calculatied eachSNR bin (Fig. 9) reveals a clear divide between observationk Wigh information
content and thoswith a magnitudecomparable tahe noise floor(or lower) For the LUMALUMO sensors Table 2)
acceptance levels of 50%00% correspond t&NR values of 0.090.20, which indicates the range ofdlshold values that
can be selected depending #@mwhethera more relaxed or conservative filtering is desirétiese low values can be
explained by the fact that most observations with no significant signal contribution become or remain negative after

smoohing (Eq.(12)) has beempplied
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The impact of averaging, background correction and noise filteringbservations taken by different sensors and firmware

versionsis illustratedfertwebased on threecase study daysith-—clearsky-—eonditions(Fig. 10rows1-and-2)-andeme
boundary-tayerecloudgresent): 24 July 2012vith clearsky conditionscomparingsensorA running with firmware version

1.61(row 1) andto sensolC with firmware2.02(row 2), 22 June 201%ith some boundary layer clougsesenttomparing

sensor B with 1.71row 3) and sensor C with firmware 2.02 (ro#), and 29 June 2015 with a few isolated mediamnd

high-level cloudsshowing observations from sensor S with 2(@dw 5). The rangecorrectedattenuated backscatter
reported Fig. 10—+ews-3) is quie noisy inall sensorobservationsand 4),—respectivelyFhe-the evolution of theABL

ibpsthe signal

contribution clearly increases so that aerosol layers can be identified visdaleverthe contrast between ABL and the

clear air above varies greatly with sensor and firmware ver$iMmle the ABL reveals distinct attenuated backscatter

signatures for data from sensor C with firmware 2.02 (rows 2 and 4), the values in the fosphieop are elevated for

sensors A (row 1) and S (row 5). This is explained by the diffgpesfiles of backgroundsignal inherent in these

observationsKig. 3a): sensor C has a small and slightly negative backgrsigndlwhich barelyaffects observations above

the ABL while both sensor A (firmware 1.61) and sensor S (2.01) have a positive backgigonadeading to an

overestimation of signal below about 5000 Even more severe is the impact of the cosmetic shift inherefiservations

from sensor BX.71;row 3), which reduces the sigr&ignificantly even within the ABL For the example shown, average

values become negative below the boundary layer clouds so that no mixing height detection algorithm would be abl

derive relevant statistics

The described artefacts can mosiig accounted foby the proposetiackground correction (E1)-(4); Fig. 10c). While it

can help to improve the coast at the boundary layer top for sensors A (row 1) and S (rave&) revert the cosmetic shift

in data from sensor B (row.3n the latter casehe background correction can increase data availabtlishould be noted

that the systematidgpple effect (sensors B and C; see S&c1) becomes apparent after the background correction. Although

theripple is somewhat coherent and not truly randaffiected areas above the ABL can still be successfully masked by the

SNR filter (Fig. 10d). For all sensorghis statistical threshold helps to distinguish data with significant information content

25



(compareFig. 10c, d) so that quality can be assured for later applications (eiging height detection)Still, some

significant noise may remain near the ABL top tiog older generation ohardware running with firmware 1.xx (row 1 and

3). It can be concluded thaaté qualityof sensorsof the recent hardware generation, i.e sthoperating firmwareersions

2.xx (here sensors C and &% clearly superior to older generatigasnsors A and B)

6.5. Summary

Ceilometers are valuable instrumentith which to studynot only clouds, but also the ABL and elevated layers of aerosols.

Vaisala CL31 sensors provide good quality attenuated backsgettels-not-abselutely-calibrated -heitdsreferred While

their cloud base height product might be read#gful to asOraw-signalO)—Heowever-to-usedahaderstandhe profiles of
attenuated backscatitire user needs to be awarethoé instrumenmodeDspecifichardware and fimware.-The following

sections summarisaspectsreuseful to consider in pogirocessing of£L.31 ceilometer attenuated backscatter profiles

By taking into account these instrumesptecific apectsof the CL31 profile observations, data quality and avditglgan

be improved If data are collectedccording to best practice, mcommendedboveandissues are being corrected for in the

postprocessinge.q. applying the proposed methods) and sensors are carefully calilbnetethe attenuated backscatte

observationsnight proveusedul for NWP modelverificationand evaluation, and potentially even for data assimilation.

5.1. Instrument-specific characteristics and issues

* Initial; internal averaging ahe sampled ceilometer signal is applied owee-selected the intervalghat depend othe
range andhe userdefined reporting intervatrd-therangfor firmware versions < 1.72, 2.01 and 2.@Ata acquired
with firmware 1.72 or2.03 are more consistent than earlier versisesauseghe whole profile(at all range gatedy
treated equally with an internal averaging interval 0§30

* If the user-defined reporting interval is shorter than3@consecutive profiles partly overlap in time and are hence not
completely independent.

* When averaging several profiles, a discontinu#tyevident at arountoth 4940m and 7000m for all sensors and
firmware versions. These regions of increased noise are introduced by the data storage procedure of the/fichware
slightly changes its operating modéer a certain number of gates haheen collected. Care should be taken when
looking at gradientsr statisticsnear these heights.

» Depending on firmware version, a Ocosmetic shiftO is applied to the attenuated backscatter profilessAdnigdshét
reversedeforeusng any part ofthe entireprofile for analysis#heOf the firmware testedhe cosmetic shift appears to

be negligible for all versionsxcept forersienl.71in which a strong negative shift appliedto the observations.
* In addition, a range@lependentiectronic instrumenirelatedbackgroundsignal is inherent in theecerdedsignal and
this—altesreported, alteringthe profiles systematically. The backgroufidectronie—noissignal values(instrument
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related backgroundignal plus potential cosmetic shiftjalues—aremesthtend to be either predominanipositive fer
olderCL31 cellometergengine board-CLE31)and-shightly predominantlynegativefer newer-hardware (CLE321)

bethn ranges belw 6000m and toswitch sign between about 60BG000m.

Both the rangelependentlectroriinstrumenirelated backgroundsignal and the osmetic shift appliednay cause

issues for studying th&BL becausesignal differences expectedtae ABL top may be oblitera¢d or the signal reduced

too strongly for successful mixing height detection.

Molecular scattering at the instrument wavelength is very weak, typically below the sensitivity of the instsanient

The CL31 measurement design accounts for temporal variaticswar radiation by introducing a variable zfias

level so thathe atmospheric backgroursignal is inherently accounted for in the signal reported. However, solar

radiation still contributes to thmndomnoise.

In the absence of cloud, rain or wded aerosol layershe recorded signaihcludesthe instrumentelated background

signalplus potential cosmetic shift and noise associated with both the instrument (electronics and optics) and the s

background radiationinstrumenirelatedbackgroud signaland cosmetic shifshouldbe carefully evaluated before

using noise for quality control purposes.

For some instruments)ringingO0ippleQeffectis detected that superimposes a wayge structure over the random
noise. For the sensors evaluatethjst was foundin two generations of the engine boartlis receiver(CLE311 +
CLR311and CLE321+ CLR321), but only for transmitter type CLT321. Temporal rolling averages may enhance this
ringingripple effect at short time scales-usually used for smoothing raw attereditbackscatter observations (i.e.
minutes tohourste-weeks—\When-averaging-on-longer-time-scales-of several-mofthitherinvestigation indicates
thatthewaves%etu%e—may—be—remeved—maple shows some response the averaging—TFhis-is-becauserange-gates of

imevel of attenuation in the ABL

Vaisala instruments hawe-optiomla setting (@essage profile noise_h2 offO) that restricts the rangarectionto the
signalin the lower part of the profile up to a set, critical range. It is implicitly assumed that most data at ranges beyc
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this critical height contain only noise. If no clouds are present in the profile, then the signal is simplijechddiipa
constant, heighinvariant scale factor. Where clouds are detected, the signal is actuallycaangeted as usual, but
only for range gates where cloud is determined to ekistreate-afullyrangeorrected-signal-fothe-whele-vertical

e

s Ol the abennes ot elonde the senle focior pecde o be covesesd o ray

Several artefacts may be found in the lowest range gates cldeeitstrument. The eaxial beam design of the CL31
ceilometer allows: complete overlap to be reached atn70Below this range, an overlap correction is applied internally
by the sensor.

In addition to the overlap correctioviaisala appliesr@othercorrection to observations from the firgw range gateto

avoid exceptionally high readings when the ceilometerOs view is obstructes/ @ lgavded on the window). At
times, thisthe obstruction correction introduces extremely small values at ranges sm5that appar unrealistically
offset from the observations above this height-seme-sensegttenuatedbackscatter valuesremay alsobe slightly
offset in the range of 580m which can be explained by a hardwestated perturbationthe-artefacts—related-to

on—correction—and-hardware pe batime ounted—for in—versiss nd2 03 but d omearlie

Although CL31 output is labelled as attenuateahgecorrected backscatter, the absolute calibration might not be
accurate enough for use in meteorological research. The stratocumnuigsid cloud calibration(OOConnor et al.,
2004)can be usetb determine the instrumespecific lidar constant based on external properfiass allows absolute

calibrationto be perforned during posprocessing.Data gathered with instruments that cause a strong electronic

backgroundsignal and/or with firmware that applies the cosmetic shiftr§ion1.71), should be corrected for these

effects before the calibration is applidNbte that absolute calibration is included for completenéss is not addressed

here.

hencise in thdackaround

5.2. Proposed corrections

To create a fully rangeorrected signdirom data gathered with the settiifessage profile noise h2 off&for thewhole

vertical profile (as itthe seting Qessage profile noise h2 on®Ghad been usddn the absence of clouds, the scale factor

needs to be reversed and range correction applidtbtobservations above thetical height.

A climatology of nighitime profilescan beused to determine theackground correction that is requiredaccount for

the instrumenirelated background signal and potential cosmetic shiftA comparison withtermination hood

measurementproves the nocturnal climatology accurately describes the backgmigndl Thus,the two can be

considered equivalent and the background correction can be determined through either termination hood refer:

measuremest(e.g. if profile observations are not available for a long time) or the climatology approach (e.g. i
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historical data or ceilometer siteaccessare difficult). No reliable informationcan be derived from the climatology

techniquebelow about 24060 given the presence of t#BL. However, termination hood profilsfiowthe magnitude

of theinstrumentrelatedbackgroundsignal below this rangererather small after range corregtisothe profilecan be

assumed rang@variant in this region.

The cosmetic shifthas some temporal variatiomhrough theday, indicating some influence of the atmospheric

background is retaineduring internal processingThis effectcan be accounted fan the background correctiomy

including an offset based @veragebservations in the top range gates.

The artefacts related to obstruction correction and hardnelegedperturbationare mostly accounted for in versien

1.72 and2.03,however, small effects remain under situations with considerable attdisatescatterdence, remoal

of this correction in the next firmware update to allow for consistent corrections to be applied dstipgppessing

was recommended to VaisaRata fromearlierversions(and probably later versionsged to be corrected during post

processingf observations from the near range are to be anal\sedrrection procedure has been proposes®d on

climatdogical statistics of welmixed atmospheric profiles.

Quality assurandss the noise in thebackgrounecorrectedsignal is independent of range can be determined using

the topmost range gates in the profihere the contribution of real atmosphes@attering is negligible in the absence
of high cirrus cloudsThe noise floor-is-here taken as the mean plus standard deviatibthe background corrected

signal (before rangeorrection is applied)is calculatedacross movingime windowsin—+range-and-timever those top

rangegateswith the mean generally negligible after background correcRegions containing significant aerosol or

cloud should be exclude Theyareefficiently maskedbased ortheitherelative variance.

To increase thesignal-strengthito-noise ratio §NR), a moving aveageis calculated for the non rangerrected

attenuatecbackscattemcross set windows in range and time. The relation of these smoothed statistibe anide
floor defines thesignatie-neise-ratio-fNR)—TFhe-fattef VR which may be used to mask observationsevehthenoise
exceeds the agal information content of atmospheric signalsuitableSNR threshold to distinguish the signal from the
noise region is estimated basedwelchOs-test.

Data quality an&NR of sensors running with engine boards CLE32teivers CLR32and firmware ersions 2.xx are
elearly superior to those of the old generation (CLE31ALR311).

In response to results presented here and discussions within the TOPROF community, Vaisala released two r¢
firmware versions: 1.72 for sensors running with older generatiodwaae (engine board CLE311 and receiver
CLR311) and 2.03 for sensors running with newer generation hardware (engine board CLE321 and receiver CLR3
Data collected with thesevo firmware versionsare more consistent arghow great improvenent in the aenuated

backscatter profilesvhen compared tothe datafrom older versionsfirmware versions.Additional suggestions are
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communicated to the manufacturer to allow for correction of thenagae artefacts during pestocessing rather than

performing it online.

5.3. Concluding recommendations

Assuming-that the sensorsevaluatedin this study are representatie of CL31 ceilometersin general, the following
conclusions-can-be-dravacommendationaremade

i. Tooperate CL31 sensors with the settidgssage profile noise h2 on.

ii. A reporting intervaltemporal resolutionof at leastl5 sis recommended (despite down to 2 s being possible)

Hiil. It is advised to operate CL31 sensors with engine board CLE321 + receiver CLR321 and firmware versigre2,03.

B L e e e
iv. If only older hardware (CLE311 + CLR311) is availabienware version 1.7Zor later) should be usedFien—+o

beoslerarmd et

fi-v. Theinstrumenirelatedbackgroundsignalshould be carefully evaluated for all sensors and firmware versions. This car

be achieved based amghttime climatology statistics or termination hood measuremedtsrection of the range

depenént backgroundignalmay improve the contrast between the ABL and the clearer air above.
vi. HisterieFor datafrom-CLE311L + CLR31Isensoers—arghthered withfirmware versionl.71, reguirecorrecton—of-the
cosmetic shiftplus—electroniecan be corrected based on a combinatiotbadkgroundfbased-en—termination—-hood

s ormatiesignal profile
estimate andaverage attenuated backscatter actibsprofile top range gatein the very-rearrangabsence of cirrus

clouds

pvii. If information close to the sensqk 100m) is of interestnearrange artefactshould be corrected inidtorical data

collected with firmware versits 1.54, 1.61, 1.7, 2.01 or 2.02This correctiormight generally ot be necessary for data

gathered with firmware 1.72 or 2.08owever,t was found to yield some improvement under moist conditions

patinGiven the very-rearrange{£00m)-simpactof

ahtimprove-the-contrast betweenthe-ABL and th
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vill. Faking-into-aceountthese-instrumaneciic speetstheboth hardware and firmware attenuated backscatter profiles
from Vaisala-CL31 canprovide—valuable—informatiareilometers, any publication of such data should clearly state
relevant details ohardwaregeneration anfirmwareversions usedf any chanqeﬁo Shuchrnsronbeclonddon oo the

dedhe setup{erissues—are
being-corrected-for-in-theere made during the measurement period analxmmhost-processmgeg—applymg—the
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Table 1: Internal aveaging interval applied in different CL31 firmware versions as a function of ranged

reporting interval.

Reporting interval

Firmwareversion = Range [m] 2s 3b4s 5B8s >8s
<1.72,2.01,2.02 r<600 2s 4s 8s 16s
600 & <1200 4s 4s 8s 16s
1200 & <1800 8s 8s 8s 16s
1800 & <2400 16s 16s 16s 16s
r' 2400 30s 30s 30s 30s
1.72 2.03 r>0 30s 30s 30s 30s

Table 2: Vaisala CL31 ceilometer specifications of sensor hardware, firmware, re@téng and resolution

assignedpplied by the userThe term OH20 is discussed in Se2t’Block averages of the recorded data

(2 s, 5m) are used for sensor S.

Sensor | Network Ceilometer Firmware H2 | Resolution
ID Engine Board / Receiver /| version (time, range)
Transmitter
A LUMO CLE311 /CLE311/CLT311 15,162,171 | On | 15s,10m
CLE311 /CLE311/CLT321 1.73,1.72 On | 15s,10m
B LUMO CLE311 /CLE311/CLT311 1.61 On | 15s,10m
CLE311 /CLE311/CLT321 161,171,172 | On | 15s,10m
C LUMO CLE321 /CLE321/CLT321 2.01,2.022.03 [ On | 15s,10m
D LUMO CLE321 /CLE321/CLT321 2.01,2.022.03 [ On | 15s,10m
W Met Office CLE311 /CLE311/CLT311 1.71 Off | 30s,20m
S Meteo France CLE321/CLE21/CLT21 2.01 On (30s,15 nm*

36



© o N »

37



10

Y

0

I
-6

Fig. 1: Range histograms foR4 h of observations on different cleaky days from Vaisala CL31 ceilometers

operating with firmware versions (1.982.03)at-with-). Sensor ID in bracketsé¢eTable2 for settings

c.gH2 settng——=sop-{reselution: —LOprprecotthels Sl e ettng—=
off —reselution—30-s28)- for sensor \W. Rows. range hgtograms in arbitrary units (a) of (a)netrange

corrected—rawsignal P, (b) rangecorrectedFaw—signall.l'uiregorted!"# I 111", and (c) -range
corrected.entirely backgroundcorrected signal! !'!'' (Eq. ). Median profiles (solid lines) are included

in (b) and (c). The H2 settingeseribed-in(Sect. 3.2can—beused-joallows switch--off of the range
correction above 2400 for regions with no clouds present
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Fig. 2: RawsSignal P (derived from reportesignal -~ {neotby revertingrangecesrectedcorrectior) observed with
feur-Vaisala CL31 sensors operating with (a,eb)gineboard CLE311+ receiverCLR311 (A-&, B) and (c,
d, €) CLE321+ CLR321(C-4&, D, 9), respectivelyisee(Table 2) frem(a-d) January 201 kareughMarehd
April 2016and (e) May 201% April 2016for range> 2400m-B-7768m. Observationgfour hours around
midnight, 22-02 UTC) are hourlymears of profiles when clouds detected fox 10% of the hour, no fog,

average widow transmissiorr 80%, laser pulse energy98% and data availability 90%. (left) Top axis

showsfirmware update (version 1.71then 1.72for sensors A & Bversions 2.02then 2.03 for C & D

version 2.01 for andhardwarechangeaipgrade (transmiter CLT311 replaced by CLT32fbr sensors A
and B:; CLT321 replaced by a new CLT321 for senspr(dght) median profiles (with IQR shading) of all

selected observations grouped by firmware version and transmgitteeration with N indicating the

number of profiles

39



10

15

20

25

Range [m]

—— AQ61) ----- B(1.61) C(2.xx)

—— A(LTL) ---- BLT7L) oo D(2.xx)
—— A(L72) - - - B(L72) ---- S(2.01)
! ) ) ) ) HEN T 7 v v ¥ _ g
7000 b 3 B & 8B,
2500 2 vV VU . 8&0
6000 1 A(161/311
5000 2000 A (171311
A (1.71/321
4000 | 1500 A (1721321
B (1.61/311
3000 | 1000 B (1.61/321
L B (1.71/321
2000 500 B (1.72/321
1000 r 3 3 C (2.xx/321
(&) : (b) (c) -1 1(d) ) D (2.xx/321
0 0
120 110 0 5 10'20 110 0 5 10!'20 110 0 5 1016 14 12 0 2 108 104 0 0.4
P 110" [a.u] P 112110 [a.u]

Fig. 3: Long-term median vertical profiles of rangkpendentelectrenic-backgroundplis—cesmetic—shiftfrom

four! ' for Vaisala CL31 sensor@able2). Statistics are based on hourheanprofiles {(> 241057700m)

of nenrangecorrectedraweportedsignal 2 —=with after reverting theangecorrecton ! "#%'¢ ghserved
around midnightJanuary2011-tdlarch-2016(same data abig. 2). Caleulated-separatelyforfirmware

arcion cilomete nsmitte N he nk_tempe e combination ce—legend):

cellometer€eilometersA & B operated with firmware 1.61, 1.71 or 1.72 and transmitter type CLT311 or
CLT321, respectively; ceilometers C & D operated with CLT321 and firmware 2.01, 2.02, and 2.03

ceilometer S operated witfirmware 2.01 and CLT321(a) Median profiles for each sensoalculated

separatel\by firmware versionfor sensors A& B, all are combinedor C & D (2.xx) due to their similarity

(b) as in (a) for sensors A, C, B, D but also separatingdilometer trasmitter CLT and lasenheat sink

temperaturecombinations(see legend)laserheat sinktemperature (as reported by the ceilometer) is used
to subdivide profiles into three class@Gaser < 303, 303 & Tjaser< 308 K, and Taser' 308K3-), (c) as in b)
but for selected profilegsolid lines A & B with 1.71 and 1.72; C & D with 2.03and their respective

background profiles as determined by aBlh termination hood measurement at the same setting and lasel

heat sink temperature class (thick line®)) asin (c) but rangecorrected and (e) as i{d) but zoomed into

the range 83000m. Number of hourlymean profiles N [h] available for each combination of sensor,
firmware, transmitter type CLT and laser temperature is listed in the legend. Profiles aréhetnoo

2 A\ allal m olog nraofle a o)

vertically with a moving average over a window

&B)210m, only for profiles from sensd® a smoothing window 0810m is used.
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Fig. 4—Manufacturer. Logarithm of rangecorrected signaleported"# ! ! 1! ' in thefirst five range gate during

a termination hood measurement of LI@Mensor A with firmware 1.72.
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Fig. 5: Manufacturerdeduced werlap function of Vaisala CL31 ceilometeusing firmware versions 1.71, 1.72,

2.02, or 203 (older versions used an ovap function with 56 to 10% lower overlap valugsthat-ig. The
function, applied in the lowest rege gates above the instrumentderivedfrom laboratorymeasurements
and field observations undehomogeneous atmospheric conditiorBuring the production processhe
applicability of theoverlapfunction is verified for each unit. Due to the stable instrument conditions (e.g.
low internal temperature variations), Vaisala expects no systematic variations of the overlap function. T
error is stated to be below 10%
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Fig. 6: Medianeverlapeerrected-andangecorrected signa!iireported!"# I 111" of the lowestl09 range gates

(10 B 16090 m) normalised by the value ahe 10" range gate for four LUMO sensor§gble 2) with
firmware versions (&) 1.61 (A, B) or 2.01 (C, D) in 2013 and (d) 1.72 (A, B) or 2.030¢in 20152016
respectively. Statistics calculated for all profiles observed betweelr6 LITC with I <RCS <200 " 108

a.u in the lowest 400 m: median (solid line) and interartile rage (shading). Panels (b) and (c) separate

the profiles from panel Ja into (b) profiles with the ratio at the2™3” range gate, i.e.
{f—iealf—i( RCS(3)/RCS(10¥;)| exceeding or equal to 0.8, while (c) shows the profiles with the same ratio

less than 0.8. For (a, d) the total number ofsl&rofiles selected imdicated by sensor A, B, 6 D and in
(b, c) the percentages of the values from the total number of profiles in parese(given-AHprefiles

L L
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(iii)

Range [m]

Fig. 7: Observations from fouvaisala CL31 ceilometers from tHJUMO senseraetwork (Table 2) over the first

y2014range (i, iii, v, vii)

logarithm of theeﬂﬁ-Feerrangecorrected&Hel—erLeH&p—ee#eetesignalf—iregortedRCS [a.u.]and(ii, iv, vi,
viil) as in (, iii, v, vii), but after application of correction fésw-levelnearrangeartefactsassociated with

the obstruction correction and a hardwaetated perturbatiorffseeFig. 6). Sensors were operating with
firmware 1.61 (A,B) and 2.01 (C, D) oi, ii) 10/01/2014 (iii, iv) 1501/ 2014 (v, vi) 06/01/2013 and
Fable3)firmware 1.72 and 2.03 on (vii, viii) 13/03/2018Vhite colours indicate values outside of the

range of values selectédee colour legends). Note that data are hsbhutely calibrated.
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Fig. 8: Teprangegateshservation®bservationsfrom eellometeVaisala CL31 sensob (Table 2) at top range
gates (7410 7700m) with cirrus during the early eveningn 1 February2013 (a) relative varianc®V

(Eq. (14)), (b) entirely-backgroundcorrected signal’, (c) same as (b), but only including observations
with RV > 1, and (d) time series of the noise floBr(Eq.(13)) based on the cleaned signal shown in (c)

with missing values interpolated linearly.

44



100

80

Acceptance [%)]

O 1 1 1 1
-0.5 0.0 0.5 1.0 1.5

SNR

Fig. 9: Acceptance [%Dbased on WelchO4est with a pvalue of 0.01of smoothed, not range corrected attenuated
backscatter (Eq(12)) to be significantly higher than the noise floor (Et4)), binnedby the corresponding
signal-to--noise ratio §NR, Eq.14) for four selected cases (BMobservations; range 3300 m shown for
simplicity) of observations taken with different firmware versions (see legend). The shaded arsahmark

SNR region corresponding to acceptance levels 0D30%.
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(1CL31

observationon 24 July 2012 (row 1 & 2-and-a-day-with-boundary-tayerelouds 22 June2014- (row 3

& 4), and 29 June 2016 (row) from threeCL31lceHemeters{Afour sensorawith firmware +--64-B-with
firmware 171 and-Cwithversionin bracketsA (1.61), B (1.71), C (2.02), and S (20.1)seeTable2}:. (a)
Rangecorrectedattenuated backscatter atcerding-inerval-of15 s without-correctionfor-cosmetie-shift
resolution (row P4) and electronicbackground{see-Se8t1y;30s (row 5) as reportedb) as in (a)with
running average1oiiime stepsltrange-gatgs 25 min, ~ 100 m) applied(Eq. (12)), (c) as in (b) bufer
attenuated-backseatterfrom-entiialgluding correction of instrumesnelatedbackgroundeerrectedsignal
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and potential cosmetic shift (see Se&i), and (d) as in (c) but filtered fa¥NR > T,, with T, = 0.18 (see

discussion orfig. 9). Note: for simplicity the absolute calibration constant is here assumed!tgshg !
I (Sect.4.1) for all sensors. This is not necessarily expected to be a correct assumption in reality b

applied to showthe impact of corrections on the final product, i.e. the attenubsedkscatter.

47



