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Abstract. A standardizedapproach for the definition and reporting of vertical resolutionthe&f ozone and
temperature lidar profiles contributing to the Network for the Detection for Atmospheric Composition Change
(NDACC) databasés proposed. Two standardized definitiothesscribing homogeneously and unequivociitig
impact of vertical filtering are recommended

The first proposeddefinition is based on the width of the response to a Finite Imjypseperturbation. The
response is computed by convolving the filter cogdfits with an impulse function, namely, a Kronecker Delta
function for smoothing filters, and a Heaviside Step function for derivative filters. Once the response has been
computed, theoroposedstandardized definition of vertical resolution is givenDey= dz*Hgwuv, Wheredz is the

| i dar 6s s amp!| Hgwg is the fallwldth atihalfmaximumd(FWHM) of the response, measured in
sampling intervals.

The secondproposeddefinition relaes to digital filtering theoryAfter applying a Laplace Trarsin to a set of
filter coef f i cichmmdtedzinghe éffect of thd filtee onbthe signal inrthe freqogdomainis
computed from which thecut-off frequencyfc, defined as the frequen at which the gain equals 0i5,computed.
Vertical resolutioris thendefined byDz = dz/(2fc). Unlike common practice in the field of spectral analysis, a factor
2fc instead off¢ is usedhereto yield vertical resolutiorvaluesnearlyequal tothe values obtainedith the impulse
response definitiomsing the same filter coefficientg/hen sing either of theproposeddefinitions, unsmoothed
signak yieldthe best possible vertical resolutiba= dz (one sampling bin)

Numerical toolswere developetb support the implementation of thedefinitions acrassall NDACC lidar groups.
Thetools consist of readip-u s e Hfimlou g out i everal pragraninting languagest can be inserted

into anylidar data processing softwaaad calleckach time diltering operation occurs ithedata processg chain
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When data processing impliesiultiple smoothing operationghe filtering information is analytically propagated
through the multiplecalls to the routines in order for thetandardized values ofertical resolution to remain

theoretically and americally exacat the very end of data processing

1 Introduction

As part of the Network forthe Detection of Atmospheric Composition Change (NDACGC website:
http://www.ndsc.ncep.noaa.gdvbver 20groundbased lidar instruments are dedicated to the-teng monitoring

of atmospheric composition and to the validation of sfpecer ne measur ements of Eart h
environmental satellites (e.g., E@%ra, ENVISAT, NPP,the Sentine$). In networks such as NDACC, the
instrumentause a wide spectrum of methodologies and technologies to measure key atmospheric parameters such as
ozone, temperature, water vapor, etc. One ensuing caveat is the difficulty to archive measurement and analysis
information consistetty within such a varied ensemble of passive and active reseotginginstruments Yet the

need for consistent definitions has strengthened as datasets of various origin (e.g., satellite arshgedyimeed

higherquality control and thorah validation before they can be used for lbagn trend studies or l@ssimilated

into global systemsFor exampleyecommendationsvere recently made fdahe use of specifieffective vertical

resolution schemes withithe European Aerosol Research Lidsetwork (EARLINET; larlori et al., 2015) and

efforts were made to produce aerosol ligetrievalswith a prescribed e v e | of standardi zati on
2015) Within the NDACC Lidar Working Group, a few studies have shown the impact on omonentration and

uncertaintyof using different definitions of vertical resolution (e.g., Beyerld &tcDermid, 1999; Godiret al.,

1999), or have estimated the impact of various corrections on temperature (e.g., Leblanc et al., 1998), but little work

was done to facilitate a standardization of the definitions and approaches relating to vertical resolution and
uncertainty budgdah NDACC lidar retrievals

To address these and other lidar retrieval issues a group of lidar experts formed an Intei®jaéicadbcience

Institute Team of Experts in 20Xhttp://www.issibern.ch/aboutissi/mission.hjmlhe objective of this working

group (henceforththe il S S| Teamo) was t o anmgfub recomireendationis donthe use af al | vy
standardized definitions of vertical resolution and standardized definitions and approaches for the treatment of
uncertainty in the NDACC ozone and temperature lidar retrievals. Ultimately, the recommenciatigiled inan

ISSI Team ReportLeblanc et al., 2016awere designetb be implemented consistently by all NDACC ozone and
temperature lidar investigators

The present article is the first dhree companionpapersthat provide a comprehensive description of th
recommendations madaey the ISSI Teanto the NDACC lidar community for the standardization of vertical
resolution and uncertainty. The present arti€lar{ J is exclusively dedicated tthe description of the proposed
standardizedertical resolutionA secondpaper(Part 3 (Leblanc et al., 2016 reviews the proposestandardized
definitions andapproacksfor the ozone differential absorption lidars uncertainty budflee last paper (Part 3)
(Leblanc et al., 2016k reviews the proposed standardizisdinitions and approaches for the NDACC temperature
lidars uncertainty budgebDetails that appear beyond the scope of the present three companion papers may be found
in the ISSI Team Reportéblanc et al., 20163
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Thoughthe ISSI Teanfocushas beeron the retrieval of ozone by the differential absorption techn{iyle&gie et

al., 1977) and temperature by the density integration techn{¢laechecorne and Chanin, 1980; Ansov et al.,
1983) most recommendations maufethe present andwo companionpagerscan befollowed for the retrieval of
other NDACC lidar species such as water vapor (Raman and differential absorption techniques), temperature
(rotational Raman techniquednd aerosol backscatter rat@ne exception is when using an Optimal Estinmatio
Method (OEM) for the retrieval of temperatuoe water vapor mixing rati@s recently proposed by Sica and
Haefele (20152019, for which vertical resolution isnplicitly determined fronthe full-width at halfmaximumof
the OEM6s averaging kernels

Vertical resolution, as providad thelidar data files is an indicator of the amount of vertical filtering applied to the
lidar signals or to theneasuredspecies profilesThis filtering is applied in order to reduce high frequency noise
typically prodiced at the signal detection levél higher vertical resolution means that the instruments is able to
detect features of small vertical extent, wiallwer vertical resolution implies a reduced ability to detect features
of small vertical scal€Typically, vertical resolution is provided ia unit of vertical lengtiie.g, meter) Becausdhe

lidar signatto-noise ratiostrongly varies with altitude, the amount of filterirtgpically applied also varies with
altitude, with more filteringapplied at highealtitude rangesinless specific geophysical processes are investigated
(e.q., gravity waves, stratospheric intrusions)

Here the wordiltering is preferred to the woremoothingbecause it is more general and applies to both smoothing
and differentiation processes, the former process being relevant to both temperature atidaszetrievals, and

the latter process being relevant to the ozone differential absorption techirogquatimize the useful range of lidar
measurementsmost lidarsignals or profilesare digitally filtered at some point in the retrieyabcess Over the
years, NDACC lidar investigatoitsave provided temperature and ozone profiles using a wide rangeedfcal
resolution schemeand values where he definition of vertical resolution appears to differ significantly. The
objective of thepresent work is not to recommend a specific vertical resolution scheme, but insteadréothat

the definition usedby the data providerto describeéheir scheme is reported and interpreted consistently across the
entirenetwork. Theapproaches antcommendationi this article were designed so that they can be implemented
consistently by all NDACC lidar investigatoand beyond (e.g., the Tropospheric Ozone Lidar Network, TQLNet
website: http://www-air.larc.nasa.gov/missions/TOLNetlr the GCOS Reference Upper Air Network, GRUAN

website: http://www.dwd.de/EN/research/international programme/gruan/homé.hivé therefore recommend

two well-known definitions, one definition based on the fullidth at halfmaximum (FWHM) of a finite impulse
response, and the other definition based on theftdtequency of digital filters. These definitions all@awclear
mapping of the amount of filterg applied to the lidar signal species profilavith the values of vertical resolution
acually reported in the data files

Section2 summarizes the basics of digital signal filtering, and provédésyexampls of how vertical resolution

can be expressed in termsiwfpulse response ardigital filter cut-off frequency.Section3 reviewsa number of
vertical resolution definitionsised by the NDACC ozone and temperature lidar community. The results from
sections2 and 3are used irsection4 to recommendind detailtwo practical, welknown definitions of vertical

resolution that can be easily linked to the underlying filtering proceSbesaumerical values of vertical resolution
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computedusingthese two definitions are comparked several types of digital filter&or the sake of completeness,

a sipplemento the present manuscriptovides additional characteristics of several commem$ged smothing and

derivative filters.

Numerical toolswere developedby the ISSI Teanto facilitate the implementation of the proposed standardized
definitions. The tools consist of subroutines writtenfdor sdentific programminglanguages (IDL, MATLAB,
FORTRAN and Bithon) which can be inserted i n (tsditeareliniodderrto i nvest
compute the numerical valuestht standardizedertical resolution. The plutp routines are available ap request

to the corresponding author

2 Brief review of signal filtering theory

In this section wériefly review the matheatical background that allows us to link vertical resolution to the lidar
signal (or profile) filtering processSignal filtering for lidar data processing consists of either smoothing,
differentiating or smoothing and differentiating at the same timed&smribe the filtering process a sigriais
defined in its general sensee., it can be either a raw lidar signal from a single detection channel, or the ratio of the
corrected signals from two detectichannels, or an unsmoothedoneprofile, temperéure profile, calibrated or
uncalibrated water vapor profile, efiche only commomequirements that thesignalis formed ofa finite number of
equallyspaced sampléan the vertical dimensio®(k) with k=[1,nk]. The constant intervddetween two samplegz

= z(k+1)-z(K) for all k, is thesampling width or sampling resolutionand corresponds to the smallest vertical interval
that can beesolvedby the lidar instrument

The signal filtering process atn altitude z(k) consists of convolving a set oN21 coefficientsc, with the signalS
over the intervabDz = 2N of boundarieg(k-N) andz(k+N) (e.g., Hamming, 1989)

S, ()= A c,S(k+n) 0

n=-N
where$ is the signal after filteringThe transformation associated with this process is known as-eeoarsive
digital filter and is the simplest kind of digital filters. The elements of the vegi@recthe coefficients of the filter.

A simple example of this type of filter is the anithtic average, for which all coefficients take the same \&lae
1/(2N+1). Severalotherfilter names exist for thiparticular examplefor exampleboxcar smoothing filter, boxcar
function, or fismoothing by [RI+1]s0 (Hamming, 1989)

The numbeiof filter coefficients andhe values of theseoefficients determine the actual effect of the filter on the
signal. Three critical aspects the effect of the filter on the signate 1) the amount of noise reductidne to
filtering, 2) thenature anddegree ofsymmetry/asymmetrypf the coefficients around the central value which
determine wh et her t he f itol smeoth6sum, ifferentiaté, @minteipaland 3) whethetthe
magnitude ofspecificnoise frequencieare beingamplified or redwced after filtering In the particular case of an
unfiltered signal comprised of independent samples and asstinasihthe variance of the noise for thefiltered
signalis constantthroughthe filtering interval considerefs’(kd = s? for all kdin the interval k-N,k+N]), we

obtaina simple relationhat estimatethevariance of the output signal:
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This relation reveals the importance of thiem of the squareecoefficients to determine the amount of noise
reduction.However, it does not providenyinformationon the ability of the filter to distinguish what is noise and
what is actual sigal. To illustrate thigroblem Fig. 1 shows an example afnoisy signal before and after filtering
processed usintyo different filters.We start from anodeled signal represented by tireen dastdot curve.To

this ideal signal, we add random noigkeoseamplitudeis distributed following Poisson statisti¢signal detection
noise). Thenoisyfiunf i | t e r egtdsentsdn this figlireby &darkgrey dotted curveThe signalis then
processedising two different filters, i.e., two different sets of coefficients. The blue curve shows the filtered signal
usingleast squares linear fittingdentical toboxcar aveage, labeled S-1), while thered curve shows the filtered
signalthis timeusing least squasditting with a polynomial of degree @ S-2). The number of terms used bgth
filtersis the same (2+1=11).The values of ta coefficients, andotthe number otoefficients,areresponsible for

the observegherformance trade off, here the trad# between a smoother signal and a noisier signal where the dip
in the measurements is better reproduced

In the real world, weypically do not know the xact nature or dhavior of themeasuredsignal. Consider the
example inFig. 1, if the definition used to report vertical resolution in the data filasbased on the number of
points used by the filter, we would not be able to attribute the differebsesved between the blue and red curves

to a difference in the filtering procedure. We therefoeed tofind some analytical way toharacterize apecific

filter if we want to understanits exact effect on the signaind properly interpret features obsved on the
smoothed signaWe will seethereafterthat it is indeed possibl® determine the resolution of the filter by either
quantifying the response of a controlled impulse in the physical domaiby arsing a frequency approaed

studying therfequencyresponse ahefilter.

2.1Classical approach: Unit impulse response and unit stegsponse

The impact of a specific filter on the signehn be characterized by computing thrét impulse response in the
physical domainysuallycalledthe timedomain in time series analysighis can be done by usirgwellknown,
controlled inputsignal, e.g., an impulsandby studyng its response after being convolved by the filter coefficients.
Considering a finite impulse resporisequivalent to consiting the output signal oyt formed by the convolution

of animpulselyp with a finite number of coefficients,.c

N
lour(K) = @ €l e (k+1) €)
n=-N
For smoothing nonderivative filters, thisimpulseis the discrete Kronecker delta functiafy (also cdled unit

impulse function), which takes a value of 1 at coordikakg and O elsewhere:
do(k)=1  for k =k,
do(K)=0 forallk, k, 4
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Using our smoothinginterval of 2N+1 pointscentered at altitude(k), the input impulse for which the response is
needed will have a value of 1 at the central p@int O at all other points

[ np(k+n)=1 forn=0

| o (K+n)=0 for 0<|n/¢ N (5)

For derivative filtersjt is more adequate to calculdtes response of a discrete Heaviside step fundtiofalso

called unit step functionyvhich takes a value of O for all strictly negative valuek, @nd a value of 1 elsewhere
H(k) =0 k<0
Ho(k) =1 k2 0 (6)

Again usingan interval of Rl+1 pointscenerad atz(k), the input step for which the response is needed will have a

value of 0 for all samples below the central pa{k}, and a value of 1 for the central point and all samples a@bove

lnp(k+n)=0 -N¢n<O

| o(k+0) =1 0¢neN (7

Though we consided an impulse (delta function) for smoothing filters and a step fun¢tieaviside stepfor the
derivative filters, for brevity we wilhereaftercall bothtypes of response afimpulse responge For each altitude
location considered, the impulse response consists of a wettselength is at least as large as twice the number

of filter coefficients used to smooth the signal at this locafidre magnitude of thempulseresponsdypically
maximizes at the central poinfk) of the filtering intervaland then decreases apart frthnis central value to a value

of 0 for pointsoutsidethe smoothing intervalnlike the number ofoefficientsused by the filter, the width of the
response (measurea number of bins) provides a quantitative measure of the actual smoothing impact of the filter
on the signat this locationThe impulse response of a boxcar average is showigir? for severafilter widths
Additional examples ofimpulseresponsdor several smoothing and derivative filtene providedthroughout this
article andin the Supplementater in this paper, we will linkertical resolutioras it is often reported in lidatata

files to the impulse response width, and more precigeitg full-width-athalf-maximum (FWHM).

2.2The frequency approach: Transfer function and gain

As in many signal processirgpplicationsthe frequency approacipplied to lidar signal filtering or lideretrieved
profile filtering is convenient mathematt framework . It is a more abstract, but very powerful tool allowing us to
understand many hidden features of the smoothing and differentiation proéessesinct, yet cleadiscussiorof
therequired mathematical backgrouisdorovidedby Hamming 989). Here we will provide a briefeview of this
backgroundelevant to our applications

1) Aliasing Any signal consisting of a finite number of equadfyaced samples in the physical domaiansliased
representation of aine andcosine function of frequency. Using the usual trigonometry formulae and the Euler

identity, we carthereforeexpressa singlefrequencysignalwith unity amplituden complexform:

S(k) =e"™ 6)
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In the case of lidarthesignal (or the ozone or temperatupeofile) is afunction of altitude rangeThe discretized
independent variable is tivertical sampling birk. The angular frequenay (unit: radianbin™) is thenconnectedo

the frequency (unit: bin™®) andverticalwavelength_ (unit: bin) by the relations

W:Zﬁ :T

2) Eigenfunctions and eigenvalues of a linear systexny vector x of length M can beformed by linear

©)

combination oM linearly independenbfthogoral) eigenvectors;:
M
X=a ax (10
i=1
Furthermore, angonzeroand norunity matrix A of dimensionM by M multiplied by this vectorcan be expressed
asthesum of the products of its elements by teeresponding eigenvalués
M M
Ax =g aAx; =q a/lX (11
i=1 i=1
3) Invariance under translatianThe property of ivarianceunder translationfor the sine and cosintinctions
implies a direct relation between the signal expressed in its complex form and the eigé(mplice a given

translation
Sk +n) =" =" =/ () S(K) (12)
Using the abovemathematical backgroundhe filtered signal § presentedin its classical formas a linear

combination of the input sigh&8l(Eq. (1)) canbe rewritten in its frequencapproach form

S, (k) =™ 3§ c,e" =/ (We™ =/ (MS(K) a3

n=-N
The eigenvalué () is independent df, andis called theransferfunction which can be computed the frequency

domainovera full cycle Fp,p], or overhalf a cycle [Op] without losing informatior(symmetry of translation)

N .
/W=gce”™ 0¢wep radanbin® (14)

n=- N

We can express the transfer function maweavenierly as afunction of the frequencly

N
H(f)= §ce™™ 0¢f ¢05bint (15)

n=- N
Themaximumvaluef = 0.5bin™ is theNyquist frequency, which correspondsLte? bing and which expresses the
fact that the lidar instrument is unableetactlyreproduceany feature of vertical wavelength smaller than twice the
sampling resolutiof2d). The transformation described k.
(15) can easily be recognized as a wealbwn discreteLaplace Transformappliedto thefilter coefficients
For a typical smoothing filter the cefficientshaveeven symmetry, i.eg, = c,, for all values ofn. The complex
transfer function cathenbe reduced to its real paithe gain of the filteG, which is the ratio of the actuahnsfer

function H(f) to the ideal transfer functidiff) canthenbewritten:
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G(f)_m_T:co+za c, cos@mf) 0¢ f ¢ 0.5 bin® (16)
n=1

For a derivative filterthe 2N+1 coefficients have odd symmetry, i.e,= -c,, for all values ofn andcy= 0. The
complextransfer functioris thenreduced to its imaginagomponert

N
H(f)=2ig c,sin@mf) a7

n=1

With the complex notation d&q. (8), the idealerticalderivative of the signatan be written

S, (K) =ine'™* = 2i e (18)
The gain of the filterthentakes the form:
H(f) 1N . .
G(f)=———==—8g ¢, sin@2mf) 0¢ f ¢ 0.5 bint (19
zzlljf /Jf n=1

Referring back tdg. (1), the gain provides a quantitative measure of the actual smoothing impact of the filter on
the signal at a particular locatiatk) and for a given spectral componént

Examples of gain for several smoothing and derivative filters are shokig.i (right) , andthroughout the rest of

this articleas well agn the Supplementiust like for the impulse response, later in this paper we will link vertical
resolution as its often reported in lidadata filesto thecut-off frequency ofdigital filters, which is computed from

the gain (sesections 3 and %

2.3Example 1: Least squares fitting ancboxcar average

Leastsquares fitting is a wektstablished numerical technique used for many applications ssanatsmoothing,
differentiation, interpolation, etc.. Thelationbetween th@umber and values of tHigter coefficientsandthe type

of polynomial usedo fit the signal can be found manytext books anghublications(e.g., Birgeand Weinberg
1947; Savitsky and Golay, 1968teinier et al., 1972In this paragraph we show thigastsquares fitting with a
straight line,andboxcar averagingarethe same filter. We start with the simple case of fitting five points with a
straight line. We therefore look for the minimization of the following function:

F(ao.8) = & [S(k+n)- (8 +an)] (20)

n=-2
This minimization is done by differentiatirigwith respect t@ach coefficieng, anda; and finding the root of each

corresponding equation:

T5a,+08, = 3 S(k+n)
i 2 (21)
1{0,3\0 +10a, = § nS(Kk +n)

n=-2

The value of the signal after filterir§yis the midpoint value of thditting function ay+a;n which corresponds to the

value ofay (n=0):
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n -2

Identifying this equation to the genekg. (1), wededucehe five coefficients of the filter:
c, == -2¢n¢2 (23

We recognizethis result aghe coefficients of a5-point boxcar averagés-pts running averade The impulse
response of this filtetakes a value of 1 for alj|comprised between 0 ahiland a value of O elsewhere ($ég. 2
left plot). Not surprisingly, all impulse response curves maximize atdnéal point (=0), and their fullwidth at
half-maximum (FWHM) increases with the number of filter coefficients used.

Now switching to the frequency domasand usingEq. (14), the transfer functior (1) can be writterin complex

form:
1 - 2iw -iw iw 2iw
/(W):g[e +e'""+1+e" +e (29)

The gain of the filter cabe expressed as a functionfrefiquencyf:

G(f)—H(f):é+Za cos@mnf) (25)
1
which simplifies to:
1]
G(1) = H(f) = )8 29
5 e |n(pf )
We can generalize the above equation by fittiNg 2points with a straight lineandwe find:
1

cC, = -N¢nc¢N 2

TO2N+1 @0
/(VV) — 2N 1[e NIW+e (N-Diw +...+e iw +1+eIW +. +e(N Diw +eNIW (28)

Or in function of frequency

_ 1 N cos@mf)
G =R =172 N @

which simplifies to

1 eésin((2N +1pf )o
2N+1&  sin@f)

The gain functionsfor 3-point through 25point boxcar averagfiters areplottedon the righthand side ofig. 2.

G(f)=H(f)= (30)

Thegain provides a more complete description of the smoothing ability of the filters bedapsavides a measure
of noise attenuation asfunction of frequencyAll curves show gain close to 1dr frequency values near 0 (lew
pass filtes), but they alsoshowlargeripplesat larger frequenciewhenwe approachhe Nyquist frequencyThe

frequencyf, of the firstzerocrossing(zeragain) is determined by the number of points used:
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fo =
2N +1
Theripplesobserved on the rightand side plobf Fig.2( t he Gi bbs phenomenon) ar e

(39

objective is to remove the highest frequenciesnfithe signalwhich is the case for the lidar signal impacted by
detection noiseThe Gibbsripples are predicted by the Fourier thedmgcause thee digital filters havea finite
number of coefficientshe equivalentin the physical domairof truncatedFourier seriesn the frequency domain
The strength of the frequency approach is to use the Fourier tloéery refined bythe concept of windowingo
minimizethe Gibbs ripplesDetailing theunderlying theory behind this behaviarbeyond the scopef the present
paper Instead we simply providebelow andn the Supplemerthe most commoexamples of modificationsiade

to thefilter coefficientsallowing an optimizeddesign ofa noisereductionfilter. More details on filters windows can

be foundin, for example,Rabiner and Gold (1975

2.4Example 2 Low-pass filter and cutoff frequency

If we were to consider an ideal lepass filter with an infinite number of terms, the theoretical transfer function
would have values between 0 and 1 representing the perfect gain of the filter (no ripples}cdlled s@nsition
regioncorresponds tche region where we want the transfer function to drop from a value of 1 at lower frequencies
to a value of 0 at higher frequencies. The width of the transition region limtfisvidth We can define theut-off
frequencyof a lowpass filter as the frequep at which the transfer function equals 0.5. For mostgeasgs filters

this is at the center of theansition region To design a lowpass filter with the desired coff frequencyfc, we start

with the initial conditions defining an ideal lepass filer:

G(f)=1 for0<|f|<fC

G(f)=0 for fo <|f|<05 (32
G(f)=G(-f)

Without getting into mathematical details, we find that these conditions are always true for a famityunfcated

Fourier series with the following transfer functigfamming, 1989)

H()=2f, +25 %cos@mf) (33
n=1

Since we have to work with a finite number of samples, we truncate the series to a finite number of terms at the
expense of producing Gibbs ripples. Tealworld low-pass filter thus created has the followirigt+2 coefficients

and transfer function:

s sin(2mnfc) “N¢ne¢N 34)
20,
-
G(f):H(f):ZfC+23%costnf) 35
n=1

10

un
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An example, forf;=0.15, isshownfor reference irFFig. 3. The impulse response (left) and gain (right) are shown for

a filter full-width comprised between 3 and 25 points. The first few Gibbs ripples always have the largest amplitude.
Using a higher number of terms causes the ripples to be more concentratédtereansition region, and causes

hi gher ordersdé ripples with a smaller amplitude to
The gain curves show that the transition region is narrower than that observedoimxdheaveragdilters, but the

Gibbs ripples apear on both sides of the transition region. Just like for the modified least squares fitting, we can
reduce the magnitude of the Gibbs ripples by modifying the filter coefficients, specifically by applying additional
weights to the filter coefficients, @rocess callesvindowing Several examples of smoothing filters usiranczos,

von Hann, Hamming, Blackman, and Kaiser windans provided for reference the Supplement

2.5Example 3 Central difference derivative filter

The simplest approximation dfi¢ derivative ofa signalS at altitudez(k) without a phase shifis the secalled 3-

pointcentral differencavhich can be written:
s, (K) = % (S(k+1)- S(k- 1)) (36)

Here we work in units of sampling bins rather than physical units, i.e., we assume the sampling resatttion is

We recognize the set obefficients

cn:g _1¢n¢l 37

The transfer functigrnobtained fromkq. (36)is:
1 i i .
/(W):E[- e +0+e"|=isinw (39

Following the notation oEq. (19) (odd symmetryandusingthe values of the coefficients (Eqg. (37)), we then
compute thegain, i.e., thaatio of thevalueapproximated by the central differen(q.(38)) to the value of the
ideal derivativgEq. (18)) and find:

1

LN
Her) 2 2%OM o

20k o] 20k

This equation shows that the central difference conserves the slope of the original sige8l @y, and

G(f)= (39

underestimatethis slope for all other frequencidsigure 4shows the transfer functidi (red solid curve) and gain
G (blue solid curvefor the 3-point central differenceslust like for the smoothing filters, we can design derivative
low-pass filters that will conserve the slope of the signal for velues of frequency and attenuate the slope (or

noise) for higher frequency valu&deveralexamples are given the Supplement
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3 Review of vertical resolution definitions used by NDACC lidar investigatas

The filtering schemes or methods of several NDACC lidar investigi@ve beenreviewedand compared in
previousworks, e.g., Beyerle and McDermid (1999) aGaddin et al.,(1999). Thesstudies concludethat vertical
resolution was notonsistentlyrepotted betweenthe various investigatarslere we briefly review the filtering
schemes or methods used by various NDACC lidar investigatodshow vertical resolution is reported in their data
files, as of 2011 This reviewprovided critical input tothe ISSI Team to determine which definitions of vertical
resoldion is appropriate for use in a standardized waross thentirenetwork (seesection4).
- Observatoire de Hauterovence (OHP, France), stratospheric ozone differential absorption lidar:
A 2nd degree polynomial derivative filter (Savits&play derivative filter) is use@@GodinBeekmann et
al., 2003) Vertical resolution is reported following a definition based on theffitequencyof the digital
filter.
- Table Mountain (California) ahMauna Loa (Hawaii$tratospheric ozone and temperature lidgerated by JPL
Filtering is done by applying 4th degree polynomial leasquares fit (Savitskgolay derivative filter) to
the logarithm of the signals for ozone retrieval. For the tertyrerarofiles, a Kaiser filter is applied to the
logarithm of the relative density profile. In both ozone and temperature cases, the cutoff frequency of the
filter, reversed to the physical domamyreported as vertical resolutifpeblanc et al., 2012)
- NASA-GSFCmobileozone DIALSTROZ instrument (USA):
For ozone, adastsquares % degree polynomial fit derivative filter (Savitskyolay derivative filter)is
used The definition of vertical resolution in the NDAC&Zchived data files is based on timepulse
response of a delta function, by measurirythF WHM o f t h e . Forithe teraperatsre retreegalp o n s e
(Gross et al., 1997}heprofiles are smoothed using a lpass filter(Kaiser and Reed, 1977), andimple
ad hoc step functiois usedto define the values of thertieal resolution.
- Lauder (New Zealand)zore lidaroperated by RIVM (Netherlands)
The definition of vertical resolution is based on the width of the fitting window used for the ozone
derivation(Swart et al., 1994)
- OHPand Reunion Island (France) tropospheric ozone DIAL:
A 2" degree polynomial leasfuares fit (Savitskolay derivative filter) is used to filter the ozone
measurements. The vertical resolution is reported as theffcfrequency of the correspondinggdal
filter.
- Reunion Island (France) temperature lidar:
A Hamming filter is applied on the temperature profile. The width of the window used is reported as the
vertical resolution.
- University of Western Ontario (Canad)rple Crow Lidar (PCL)
For climatology studies, théemperature algorithm applies a combinatior8gfoint and Spoint boxcar
averagdilters or a Kaiser filter on the temperature profilesg. Argall and Sica, 2007)irSilar filters are
used in space or timfor spectral analysi®f atmospheric waves (e.g. Sica and Russell 1999). Filter

parameters are reported in the data files locally produced and distributed to the scientific user community.
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Previously files were distributed to users with the type of filter and full bandwidtheofilter. The
variance reduction of the filter is folded into the random uncertainties provided. The product of the data
spacing and the filter bandwidth gives the full influence of the filter at each point. With the development of

a temperature retriebalgorithm based on an optimal estimation method, vertical resolution of the

temperature profile is now available as a function of altitude (Sica and Ha€&.
- Tsukuba (Japargzone DIAL and temperatutiglar:

The algorithmuses2™ and 4" degreepolynomial leassquares fits (Savitsk@olay derivative filte). The

vertical resolution is calculated from a simulation model that determines the FWHM of the impulse

response toraozone delta function. The FWHM is then mapped as a function of altkodéemperatura
von Hann (or Hanning) window is used on the logarithm of the sigBal Tatarov, personal
communication, 2010)
- GarmischPartenkirchen (Germantfopospheric ozone DIAbperated by IFU:

The algorithm initially usedlinear and third dgree polynomiafits (Kempfer et al., 1994)and then since
1996a combination of a linear fit and a Blackmigpe window(Eisele and Trickl, 20Q5Trickl, 2010.
The latter filter has reasonably high cuff frequency and do not transmit as much notséhe derivative
filters used eardir at IFU (Kempfer et al., 1994)o report vertical resolution in the data filesermany
based standard definition of vertical resmn is used following theVerein Deutscher Ingenieure DIAL

guideline(VDI, 1999) This definition is based on thmpulseresponse to a Heaviside step function. The

vertical resolution is given as the distance separating the positions of the 25% and 75% in the rise of the

response, which is approximately equivalent to the FWHM ofdbponse to a delfanction In the case
of the ozone DIAL the vertical resolution of both the Blackrhge filter used and the combined least

squaredderivative plus Blackman filter. A vertical resolution of 19.2 % of the filtering interval was

determired, respectively. For small intexté the latter value may change, i.be feastsquares fit for

determining the derivative is executed over just a few data points. For comparison, an arithmetic average

yields a vertical resolution of 50 % of the filtegiinterval
Having reviewed the vertical resolution definitions and schemes used across NBACEIsewherethree
definitions or approachesan beclearly identified The first definition is the number of filter coefficients used, the
second definitiond based on the cuff frequencyof the filterused and the third definition is based on the width of
the impulse responss the filter used Those definitions were already mentiorigdBeyerle and McDermid (1999),

but no decision was made within NDACGE find a standardized approach across the netwdhe presenérticle

and itsSupplemenshowthat not all filters have the same properties, and that the characteristics of a filter do not

simply depend on the number of coefficients used, but insteadcombination ofhe numbeiof coefficientsand
their values Indeed Fig. 5 below shows thegain of several filters having the same number of coefficien{st§5or
the smoothing filters on the Idftand plot and 7pts for the derivative filters on the righand plo}. It is obvious
that depending on the filter and/or window used, the transition rdggbmeen pasband and stopandis located at
very different frequenciesin the examples shown, i located betweenf=0.12 andf=0.35 for smoothing filters,

while the derivative filters show considerably more variability
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Finding transition regions at different frequencies means that the smoothing effect of the filters on the signal is
different even thougthe number of coefficients is the same. A vertical resolution definition based on the number of
coefficients is therefore not reliable. Instead we need to choose a standardized definition based on objective
parameters that are directly related to thecefe filter has on the signalwo such definitions are proposed
thereafter, definitions that are similar or closely related to the two rergadsfinitions identified in the present

section.

4 Proposed standardized vertical resolution definitions for theNDACC lidar s

The two definitions proposedhere were chosen because thpsovide a straightforward characterization tbe
underlying smoothingeffect of filters (seesection 2), and they appear toe alreadyusel by a large number of
NDACC investigators (sesection3). The first definition is based on the width of the impulse response of the filter.
The seconddefinition isbased on the cwdff frequencyof the filter. Further justification for the choice of eéh

definition is provided at the end of the pressattion.

4.1 Definition based on the FWHM of a finite impulse response

The fullwidth-athalf-maximum (FWHM) of an impulse response, as introducedeiction 2, is computed by
measuring the distance (ins) between the two points at which the response magnitude falls below half of its
maximum amplitude. The NDAC{dar-standardized definition of vertical resolution proposed here is computed
from the responséoyr of a Kronecker delta function for smoath filters, and a Heaviside step function for
derivative filters. Because of the dynamic range of the lidar signals (or ozone or temperature profiles), we assume
that the number of filter coefficientsould varywith altitude. Therefore, the standardizeettical resolution is
estimated separately for each altitafld in the following manner

1) Define and/or identify theNgKk)+1 filter coefficientsc(k,n) used to perform the smoothing or differentiation
operation on the signdidar countspzone otemperature profile):

N (k)
S, (K)= & c(k,n)S(k+n) for N(K) <k <nk- N(K) (40)

n=- N(k)
2) Construct an impulse function of finite lengtM@®)+1 to be convolved with the filter coefficients. The value of
M(K) is not critical but has to be greater or equalN(&). For smoothing filters, the impulse function is the

Kronecker delta function which can be written:

LK M =dy(m  with - MK emeMK) and  N(K) ¢ M(k) ¢ =1

(41)

This function equals 1 at the central pointQ) and equals @verywhere else. For derivative filters, the impulse

function is the Heaviside step function which can be written:

LM =H (M wih - M) EmeM(Kk) and  N(K) ¢ M(k) ¢ K2

(42

This function equals 0 at all locations below the cemioiit (m<0) and equals 1 everywhere else.
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3) Convolve the filter coefficients with the impulse function in order to obtain the impulse response

N(K)
lour (K,m) = a c(k, NI e (k,m+n) (43

n=- N(k)
4) Estimate the full width at hathaximum (FWHM) of the impulse responisgt, by measuring the distanBeng,
in bins, between the two points (located on each side of the central bin) where the response magnitude falls below

half of the maximum amplitude

| our (K, (K)) = 0.5max(l o, (k,m)) for all - M (k) ¢ m ¢ 0
| our (K, My (K)) = 0.5max(l o7 (k,M)) forall 0¢ m ¢ M(K) (44)
D (k) = |my (k) - m,(K)| (45)

For a successful identification of the FWHM, the impulse response should have only two pointgszdue falls

below half of its maximum amplitude, which is normally the case for all smoothing and derivative filters used within
their prescribed domain of validitgée examples in sectiona®d inthe Supplemet In the event that more than

two poirts exist, the two points farthest from the central bin should be chosen in order to yield the most conservative
estimate of vertical resolution.

5) Compute the standardized vertical definitidnr as the product of the lidar sampling resolutignand tre
estimated FWHM:

D2y, (K) = DMy (K) @9

Figure 6 summarizes the estimation procedure. The unsmoothed signal yields a FWHM of 1 bin. This result is
derived by considering null coefficients everywhere except at the central peid}, (where hie coefficient equals

1. The intercept theorem within the triangles formed by the impulse response at the central point and its two adjacent
points (n=-1 andm=1) yields a FWHM of 1 bin, and the standardized vertical resolution using the present impulse

responseéased definition will always be greater or equal to the sampling resolution:
Dz, (k)2 & forallk (47)

When several filters are applied successively to the signal, the response of the filter must be computed each time a
filtering operation occurs, and vertical resolution needs to be computed only after the last filtering occurrence. The
process can be summarized as follows: a first impulse response is computed with the first filtering operation. If no
further filtering occursthe impulse response is used to determine the FWHM and vertical resolution. If a second
filtering operation occurs, the impulse response is used as input signal, and a second response is computed from the
convolution of this input signal with the coeffiaiis of the second filter. If no further filtering occurs, the second
response is used to determine the FWHM and vertical resolution. If a third filtering operation occurs, the response
output from the second convolution is used as input signal of thectimingblution, and so on until no more filtering

is applied to the signaVertical resolution is always computed from the final output response, i.e., after the final

filtering operation Figure 7 summarizethe procedure.
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4.2 Definition based on the cutoff frequency of digital filters

The cutoff frequency of digital filters is defined as the frequency at which the valteloe f i | t ey 6s gai I
typically located at the center of the transition region between the passband and the stoplsautiofs@p The
NDACC-lidar-standardized definition proposed here is computed from theficirequencyfc, which is determined

from the gain of the filter obtained by applying a Laplace Transform to the coefficients of the filter used. Once

again, because dfie dynamic range of the lidar signals, filtering a lidar signal (or ozone/temperature ftéire)
requiresusinga number of filter coefficientsvhich varieswith altitude. Starting with a lidar signal (or ozone or
temperature profile composedf nk equallyspaced elements ltitude the standardized vertical resolution is

estimated separately for each altitud&). The procedure can be summarized as follows for each altitude
considered:

1) Define and/or dentify the 2N(k)+1 filter coefficientsc(k,n) usedto perform thesmoothing or differentiation

operation on thédar signal(or onthe ozone or temperature profi)altitude

N (k)
S, (k)= & c(k,n)S(k +n) for N(K) <k <nk- N(k) 489)
n=- N(k)
2) Apply the Laplace Transform totheoe f f i ci ent s t o tradsfet fenction amcegaifkcdreon f i | t er &
derivative smoothing filterghe coefficiens haveevensymmetry, i.e.c(k,n)=c(k,-n), andthe gainis written:
N (k)
G(k, f)=H(k, f) =c(k,0) + 24 c(k,n)cos@mf) 0<f<05 (49)
n=1

For derivative filters, the coefficients have odd symmetmy., c(k,n)=-c(k,-n), and if &z is the sampling resolution

thegaincan bewritten:

G(k, f):wzzNé'k)c(k, y Sin@f) 0<f <05

n=1

(50

For a successful cutff frequency estimation process, the gain must be computed with normalized coeffigients
that is, the coefficientsiustmeet the following normalization condition:

N(K)
q ck,n) =1 for smoothing filters
n=- N(k)

N(K)
24 nak,n)=1 for derivative filters (51)

n=1

3) Estimate the cubff frequency, i.e., the frequen&yat which the gain equals 0.5:
G(k, f.(k))=0.5 0< f.(k) ¢ 05 (52)

For a successful identification, the gain should have only one crosghnghe 0.5line, typical forthe smoothing
andderivative filtersused within their prescribed domain of validfty lidar retrieval systemdn the event that
several crossings exist, the frequency closest to zero should be thessure thathe mat conservative estimate

of vertical resolutions retained
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4) Calculate the cudff length Dmec (unit: bins), i.e., the inverse of the frequerfgynormalized to the sampling
width:
DM (k) = —+ (53
21 (k)

5) Compute the standardized vertical definitldmc as the product of the lidar sampling resolut@randthe cut
off lengthDmec at that altitude:

a
2fc (k)

Figure 8 summarizes thisstimation procedur&he factor of 2 present in the denominatoEqf (53)is usually not

Dz, (K) = a&ZDm. (k) = (59

used in spectral analysis, when it is normally assumed that the minimum vertical scale that can be resolved by the
instrument is twice the sampling resolution (Nyquist criterion). Howet/és included here in order to harmonize

the numerical values with the values computed using the impulse response defifsithgnthepresent proposed
definition, an unsmoothed signaiejds a vertical resolution ofz andthe standardized verticaésolution will

always be at leastjual tothe sampling resolution:
Dz..(k)? & for all k (55)

When several filters are applied successively to the signal, the transfer function must be computed each time a
filtering operation occurs,ub vertical resolution needs to be computed only after the last filtering occurrence. The
process can be summarized as follows: a first transfer function (or gain) is computed with the first filtering
operation. When the second filtering operation occtirs,gain computed using the coefficients of the second
operation is multiplied by thgain computed during the first filtering operation. If no further filtering occurs, the
result of this product is thgain that should be used to determine thedaftifrequency and vertical resolution. If a

third filtering operation occurs, the product of the first and segaimimust be multiplied by the thirdgain, and so

on until no more filtering occurs. When the final filtering operation is reached, vertical resolution can be computed

from the final outpugain Figure 9 summarizethe procedure.

4.3 Comparison between thampulse responsebased(IR) and cut-off frequency-based(CF) definitions

In sectiors 4.1 and 4.2 we shovwedthat, when using thproposediefinitions based onmpulse response arudit-off
frequency, the standardized vertical resolution of an unsmoothed lidar signal (or psofidglial tothe lidar
sampling resolutionHowever this equality between the two definitions is not perfect for all filkdgss we show

that for most filters there is awell-definedproportionality relation between the two definitions, but we also show
that the propdfonality factor depends on the type of filter uskdthe rest of this sectiofior convenienceve will
work with vertical resolutioanormalized byte sampling resolutiofunit: bins) The results aréhereforeshown as
cut-off width Dmec andimpulseresponse FWHMDM insteadof Dz-c andDzg respectively which is equivalent to
assumingz=1.

Figure 10 shows, for thesmoothindfilters introduced insection 2 and in theSupplement the correspondence

between the standardized vertical resolutinins) computed using the cuafff frequency and using the impulse
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responsgfor full-widths comprised between 3 and 25 poiiitse blak solid circle at coordinate (1) indicates the
vertical resolution for the unsmoothed sig(al profile). The greyhorizontal and vertical dasiotted lines indicate
the highest possible vertical resolutions for the impulse resgmase and cuaff frequencybased definitions
respectively. The greylotted straight lines indicate thesult of the linear regressidints between thetwo
definitions and the numbers at their extremity are the values of the feloieee of the four types of filters used.
There is no proportionalitpetween the two definitionfor the lowpass fiters (diamonds)because theut-off
frequencyis prescribedor thistype offilter. Note thatthe factors ofl.2and1.39donot correspond to the ratio of
1.0that is assunmefor the unsmoothedignal Very dmilar conclusions can be drawn for the derivative filters, as
demonstrated bigig. 11 (which is similar toFig. 10 but for the derivative filters introduced gection2 and in the
Supplemen).

Figure 12is similar toFig. 10, but this time after the filters were convolved with the windows introducéldein

Supplement The windows changethe proportionality constant between the two definitions, but this constant

appears to bapproximately the sanfer a given window, specificallground1.04 for Lanczos, 1.@br von Hann,
0.92 for Blackman, and 1f0or Kaiser (50dB). Table 1 summarizes th proportionality constants for all filters and
all windows introduced isection2 and in theSupplement

Figure 13shows, for the filters introduced section2 and in theSupplement the correspondence between the two
proposed standardized verticalakesions (in bins) and the number of filter coefficiented(full -widths comprised
between 3 and 25 pointsjhe dashed grey line represents unity slope (i.e., 1 bin fidted coefficien), and the
numbers at the end of the red and blue dotted straight lines indicate the slope of the kpgdieditto the paired
points foreach definition As expected for a boxcar average, the impulse respmass definition yields a vertical
resoluton (in bins) that is equal to the number of terms usee Fig. 2). This is a particular case for which
reporting vertical resolution using the number of filter terms yields a result identical to the impulse réspedse
standardized definition. &e that for low-pass filters with a prescribed eoff frequency, the vertical resolution
does not depend at all on the number of filter terms used (right hand plot).

Figure 14is similar toFig. 13, this time after envolution by a von Hann windoviExcept forthe lowpass filter,

there is a factor of approximately 2 between the number of terms used by the filter and the vertical resolution for

both definitionsFigure 15is similar toFig. 13, but for threeselected derivative filters
The factors between thertical resolutions (in bins) and the number of filter coefficients are compil€dkle 2
andTable 3for the cutoff frequencybased and the impulse respohssed definition respectively.

In this section, it was shown tha&d recommendediefinition of vertical resolution yields its own numerical

values, i.e., for a same set of filter coefficients, the reported standardized vertical resolution will likely have two

different numerical values, depending on the definition used. Unfalynthere isno uniqueproportionality factor
between the two definitions h a t could be wused for all di gital f
definition yielding identical valueddowever, éter reviewing thishomogeneity problenthe ISSI Team concluded
that both definitionshould still berecommendd becausehe canputed values remain close, specificaMithin
10% if using windows and withi 20% if not using windowsand becauseach definitionis indeeduseful for

specific applications. For example, the-offt frequencybased definition is particularly useful for gravity waves
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studies from lidar temperature measurements, because it can provide, through the transfer function, spectral
information that ca help interpreting quantitative findings on the amplitude and wavelength ofolidarved

waves. This type of information is not available when using the impulse redpasesa definition. On the other

hand, the impulse responkased definition is widglused in atmospheric remote sensing, and provides information

in the physical domain similar to that provided through the averaging kernels of optimal estimation methods (e.g.,

microwaveradiometermeasurement of ozoroe temperature

4.4 Additional r ecanmendationsto ensurefull traceability

When archiving the ozone or temperature profiles, reporting values of vertical resolution using a standardized
definition such a®z-c or Dzr constitutes an important improvement from otlmemstandardizedmethod such as
the number of points used by the filter. However, using one standardized definition or evestahdtrdized
definitions proposed herestill does not characterize the complete smoothing effietite filter on the signalFor
full traceability,it is necessaryo provide for each altitude point, either the set of filter coefficients used (fer one
time smoothing cases) or to provittee completetransfer function or impulse response. This informatian be
critical when comparing the lidar préds with profiles from other instrumentsr when working with averaging
kernelsused forothermeasurements.
If the data provider chooses to report standardized vertical resolution information based on the impulse response
definition, the complete vertit resolution information should include:
1) A vector Dzr of length nk containing the standardized vertical resolution values at each altitude, as
proposedn section4.2
2) A two-dimensional array of sizek x nmcontaining the full impulse resnse used testimate the FWHM
(nm=2M+1 is the fultlength of the impulse function convolved with the filter coefficients, and a
recommended value isr=nk)
3) A vector m of lengthnm containing the distance (in bins) from the central bin at which the response is
reported
4) Meta data information describing clearly the nature of the reported vectors and arrays
If the data provider chooses teportstandardized vertical resolution information based on th®f€dtequency
definition, he complete vertical resolution inforrat shouldthereforeinclude:
1) A vector Dz of length nk containing the standardizegbrtical resolutionvalues at each altitude, as
proposedn section 41
2) A two-dimensionabrrayof sizenk x nf containing the gain used to estimate thedaftifrequency(nfis the
number of frequencies used when applying a Laplace transform to the filter coefficients, and a
recommendegalueis nf=nk)
3) A vectorf of lengthnf containing thevalues offrequencyat which the gain is reported
4) Meta data information describingearly the nature of the reported vertical resolution vector, frequency
vector, and twalimensional gain array
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If the data provider chooses to report standardized vertical resolution based on loiputee responseefinition
and thecut-off frequencydefinition, the complete vertical resolution information should include:
1) A vector Dzg of length nk containing the standardized vertical resolution values at each altitude, as
proposedn section4.2
2) A two-dimensional array of sizek x nm containing the full impulse rpsnse used to estimate the FWHM
(nm=2M+1 is the fultlength of the impulse function convolved with the filter coefficients, and a
recommended value isrFnKk)
3) A vector m of lengthnm containing the distance (in bins) frometltentral bin at which the response is
reported
4) A vector Dz of length nk containing the standardized vertical resolution values at each altitude, as
proposedn section4.1
5) A two-dimensional array of sizak x nf containing the gain used to estimate theaftifrequency(nf is the
number of frequencies used when applying a Laplace transform to the filter coefficients, and a
recommendegalueis nf=nk)
6) A vectorf of lengthnf containing thevalues offrequencyatwhich the gain is reported
7) Meta data information describing clearly the nature of all reported vectors and arrays

4.5Practical implementation within NDACC

Numerical bols were developednd provided to the NDACC Plsin order to facilitate thémplementatbn of the
networkwide use of the proposed standardized definitidrisese toolsconsist of easyo-use plugin routines
written in IDL, MATLAB and FORTRAN which converta set of filter coefficients intthe neededtandardized
valuesof vertical resolutin following one or the other proposed definitiofifie tools are written in such a way that
they can bealledin alidar data processinglgorithm each time a smoothing and/or differentiating operationrs.
The routinescan handlenultiple smoothing and/or differentiating operatsoapplied successively throughout the
lidar data processinghain as described igections 4.1and4.2 The routines are availabtsn the NDACC Lidar
Working Group websitehtp://ndacdidar.org), or upon request tthe first authorthierry.leblanc@jpl.nasa.gpv
The routi ne no@pEcSertRal sesolutloalueswith a definition based on theéWHM of the

fil t er &8s | mp Whes the routing 5 catlexl dor the first time in the data processing chaisarimging

resolution and theoefficientsof the filter are the only input parameters of the routifibe routine convolves the

coefficients with an implse (delta function for smoothing filters and Heaviside function for derivative filters) to
obtain the filter ds i mpthelfudwidthraghalfmexmsre (FWHM) of this fresponsei dent i |
The response anthe value of vertical resolutioare the output parameters of theoutine. The product of the

responsdull width by the sampling resolutias performed inside the routing/hen a second call to the routine

occurs (second smoothing occurrendgl vertical resolution outputdm the frst call is no longer used. Instead,

the response output from the first call is used as input parameter for the second call, togethersaitipling

resolution and theoefficients of the second filter. The input response is convoluted with the caafiaf the

second filter to obtain a second response. The routine iderikiBeBWHM of this new respons®nce again the
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vertical resolution is computed inside the routine by calculating the product of the new FWHM and the sampling
resolution. The new responseand the new vertical resolutioare the output parameters of theoutine after the
second call. The procedure is repeated as many times as needed, i.e., as many times as a smoothing or differentiation
operation occurs.

The routine 0 N@AESvdRiea msoDtiorivalues with a definition based on theutoff
frequency of a digital filterWhen the routine is called for the first time in the data processing chaisarti@ing
resolution and theoefficientsof the filterare the only iput parameters of the routinEne routine applies a Laplace
transfoomt o t he coef ficients t o obtthe catofftfrdgeencyTheé inversefthe gai n,
doubledcut-off frequency is multiplied by the sampling resolution to obthe vertical resolutioriThegainand the

vertical resolutiorarethe outputparameters of theoutine When a second call to the routine occurs (i.e., a second
smoothing operation occurdhe cutoff width output fom the first call is not used anyngor Instead, the gain
output from the first call is used as input parameter for the second call, together wiimiiieng resolution and the
coefficients of the second filter. The product of the input gain and gain computed from the second filteevs the
gain from which the routine identifieke cutoff frequency A new vertical resolution is obtaidéy multiplying the

inverse ofthe newy-computeddoubledcut-off frequency by the sampling resolutiofhe new gainand thenew

vertical resolutiorarethe outputparameters of theoutineafter the second call. The procedure is repeated as many
times as needed, i.e., as many times as a smoothing or differentiation operation occurs.

The standardization tooleecame available isummer2011. Theyweredistributed to several members of the ISSI
Team for testingand validation Using simulated lidar signals and a series of Md@delo experiments,htr
implementatiorwas validated for severBIDACC ozoneand temperature lidar algorithm3everal exampeof this
validation are povided inthe ISSI Team Repofteblanc et al.,20169. Ideally, an NDACCGwide implementation

should follow. The implementation will not be considered complete until the vertical resolution outputs of all
contributing data procemg software have been quantified and validdtdidwing the same procedure as that
deribed inLeblanc et al.(20169.

5. Summary anddiscussion

In the present work, we recommended usimg or twostandardized definitions of vertical resolution thahc
unequivocally describe the impact\adrtical filtering on the ozone and temperature lidar profilé®e coefficients

of the filter used in theertical smoothingperation are chosen by the lidar investigator, taedeforeconstitute the

key infarmation for the derivationfovertical resolutiorusing astandardized definition

The first fAstandardizedo definition recommended for
based on the width of the response to a Finite Imgyjse perturbation. The response is computed by convolving

the filter coefficients with anmpulse function, namely, a Kronecker Delta function for smoothing filters, and a
Heaviside Step function for derivative filters. Once the response has been computed, the standardized definition of
vertical resolution proposed by the ISSI Team is givenDby= dz*Hrwnwm, Wheredzi s t he | i dar 6s
resolution anHrwhwm is the fulkwidth at halfmaximum (FWHM) of the response, measured in sampling intervals.

Following this definition, an unsmoothed signal yields the best possible vertical res@atiodz (one sampling
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bin). This definition was recommended by the ISSI Team because it is already widely used within the NDACC
community, and it has many points of commonality with the averaging kernels reported for the retrieval of
atmospheric species usiogtimal estimation methods. This definition also allows multiple smoothing occurrences

to be treated analytically in a simple and exact manner

The other recommended definition relato digital filtering theoryAfter applying a Laplace Transform to & sé

filter coefficients, we can derive the filtaransfer function and gain, which characterize the effect of the filter on the
signal in the frequesy-domain A cutoff frequency valudc can be defined as the frequgnat which the gain

equals 0.5, andertical resolution can then be defined by the relafibr dz/(2fc). Unlike common practice in the

field of spectral analysis, a factofcanstead offc wasindeedusedhereto yield values conveniently close tbat
obtainedwith the impulse responsegefinition. The present definition therefore yields vertical resolution values
expressed as multiples of sampling intervals rather than multiples of Nyquist intervals, and an unsmoothed signal
yields the best possible vertical resolutiba = dz (one sampling interval). This results masthe frequency

domain as twice the Nyquist frequencyLike in the impulse response case, the values of vertical resolution
computed for multiple, successive smoothing operations is conceptually, theoretidatlyraerically exact

The ISStiTeam developed numerical tools tgport the implementation of thesefinitions acrass the NDACC

lidar groups. Théools consist of readip-u s e {fimlbug outi nes wr i tMAEUAB,iCh+, dndL , FOR
PYTHON that can b inserted intanylidar data processing software each time a smoothing operation occurs in
their data processing c¢hai nlidarsamplingrresalutian anel fusefficiemtpaft par ar
the smoothing filterlocally applied, and theoutput parameter is the vertical resolution following the impulse
responséhased standardized definitioor the cutoff frequencybased standardized definitiovhen multiple
smoothing operations occur within the same data processing chain, thie ptugines must becalled each time
smoothing occursbut the final vertical resolutionto be reported i€omputedonly at the final occurrencelhe

values output by the routinester the last calare reported in the lidar data files together with the ozone
temperature profilesThesestandardizedalues ofvertical resolution are theoretically and numerically exaeen

after multiple filtering occurrences)sing simulated lidar signals and a series of Mdbdelo experiments, their
implementation was alidated for severaNDACC ozoneand temperature lidar algorithmBExamples of this

validation are provided itheISSI Team Rport(Leblanc et al., 2014).

6. Conclusion

Over the years, NDACC lidar Pls have been providing temperature and ozone pgifitea wide range of vertical
resolution schemeand values, and these values were reported using diffeifimtitions. Here we did not
recommend using a specific vertical resolution scheme, but instead we recommended using standardized definitions
of vertical resolution that cabe usedconsistently across lidar observatioatworks. The proposed approachas

designed so thahe standardized definitiorman be implementedasily andconsistently by all lidar investigators

(e.g., NDACC, TOLNet, etc.)Though the recommendations apply tbe retrieval of ozone by the differential
absorption technique and temperature by the density integration techtheymnlikewise apply tahe retrieval of

other NDACC species such as water vapor (Raman and difidrabsorption techniques), temperature (rotational
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Raman techniquend aerosol backscatter ratio at #xeeptionof the Optimal Estimation Method (OEM) fdhe

retrievak of temperaturend water vaporecently proposed by Sica and Haefele (202®L§, for which vertical
resolution is determined from th&VHMof t he OEMO6s averaging kernels

In our two companion papefteblanc et al., 2016b; 2016c) the ISSI Team provided recommendations on the
standardized treatment of uncertainty for the NDACC ozortetemperature lidars (Part 2 and Part 3 respectively).

It is anticipated that the widespread use of the standardized definitions and approaches proposed in our three
companion papers will significantly improve the interpretation of atmospheric meastsemérether these
measurements are made for validation purposes (e.g., comparison of correlative measurements) or scientific

purposes (e.g., studies of vertical structures observed in the measured profiles).
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Table 1: Proportionality factor between the impulse responsdased and the cuff frequency-based definitions of vertical

resolution for the filters and windows introduced in section 2 andn the Supplement

Ratio Dz/Dzec LS and MLS| LS LS deriv.| LS deriv.| LS derive.
deg. 01 |deg. 23| deg. 12 | deg. 34 | deg. 56
No window 1.20 1.39 1.12 1.23 1.24
w/ Lanczos window 1.03 1.04 0.98 0.97 1.07
w/ von Hann window 1.00 0.98 / / /
w/ Blackman window 0.92 0.94 0.92 0.92 0.95
w/ Kaiser 56dB window 0.98 1.02 0.97 0.98 1.05

Table 2: Proportionality factor between the number of filter coefficients (fullwidth) and vertical resolution based on cut
off frequency (in bins) for the filters and windows introduced in section 2nd in the Supplement

RatioDMo/2N*D) | 20701 | deg. 23 deg. 12 | deg. 34 | deg. 86
No window 0.83 0.40 0.63 0.34 0.26
w/ Lanczos window 0.58 0.42 0.51 0.40 0.30
w/ von Hann window 0.50 0.43 / / /
w/ Blackman window 0.43 0.36 0.40 0.35 0.30
w/ Kaiser 56dB window 0.57 0.41 0.50 0.39 0.30

Table 3: Proportionality factor between the number of filter coefficients (fullwidth) and vertical resolution based on
impulse response FWHM (in bins) for the filters and windows introduced in section @nd in the Supplement

ravoomwaney) | M 00 e et e
No window 1.00 0.56 0.71 0.42 0.33
w/ Lanczos window 0.60 0.43 0.50 0.38 0.32
w/ von Hann window 0.50 0.39 / / /
w/ Blackman window 0.41 0.34 0.37 0.31 0.29
w/ Kaiser 56dB window 0.56 0.42 0.49 0.37 0.31




700

600

500

Signal

SLELE L LN LB L L R

400

—-— Modeled signal (no noise)

-------- Input signal with noise

—— Smooth signal LS-1, 11-pts (FW)

—— Smooth signal LS-2, 11-pts (FW)
L L 1 L 1 1 " L L

RN NN NI

5

1911} SV SN
50 100 150 200

Samples
Figure 1. Example of the differing impact of two smoothing filters ofidentical number of terms (2N+1=11). The green
dot-dash curve is themodelled signal (with no noisé, the grey dotted curve is themodelled input signal containing
Poissonnoise, the blue and red curves are the smoothed signal using aft% boxcar average (LS1) and the Leasti
squares fitting method with a polynomial of degree 2 (L), respectively
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Filter: Least-squares linear fitting (boxcar average)

Impulse Response Transfer Function (Gain)
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Figure 2: Impulse resporse (left) and gain(right) for a digital filter equivalent to fitting an unsmoothed signal
with a polynomial of degree 1 or 2 using the leastquares method over an interval comprising B+1 points
(full width). Full widths represented in this figurerange from 3 to 25 points This leastsquaresfiltering
procedure is equivalent to a running average overl2+1 points (full width)
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Filter: Low-pass filter designed for a cut-off frequency £,=0.15

Impulse Response
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Figure 3: Impulse response and gain of lowpass filters using A+1 coefficients (full width), and designed to
have a cutoff frequency f;=0.15. Full widths range from 3 to 25 points
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Filter: Central differences
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Figure 4: Transfer function (TF) and gain of the central difference digital filter. The gain (blue curve) is the

transfer function (red curve) normalized by 2pf, which is the real part of the ideal differentiatoriw
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Smoothing filters, all 5-Pts Derivative filters, all 7-Pts
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Figure 5: Transfer function (gain) of several smoothing (left) and derivative (right) filters, all having the exact
same number of coefficients B+1 (5-pts full -width for the smoothingfilters and 7-pts full-width for the
5  derivative filter s)

31



[1ve (k. M) ] [Tour (kM) ]
Lyp(k,N) Loyr (k,N)
1 (k1) Ly (k1)
Inpk0) (@ etk clhi=1),(50), kel N)J=| TourK:0) | = Lidar altitude bin 1<k<nk
e (ki=1) Lour (k,=1) n = Filter coefficient index —-N<n<N
N = Number of coefficients (half-width) at altitude z(k)
11p(k,=N) Loy (k;—N) . i . nk —1
M = Length of impulse function (half-width) |N|<|M|< 5
Impul = Di i in k —
| 1 (kM) | WU se Respons% | Loy (k=M) | m = Distance from altitude bin & M<m<M
20¢C T T ]
e C ]
s [ ]
3 10f :
® o 1 1(km)=Impulse at altitude z(k) and distance m from z(k)
% é 1, (k,m) = Response at altitude z(k) and distance m from z(k)
E 8 C . T c(k,n) = Filter coefficient ¢, at altitude z(k)
g 25 L Am,(k) = FWHM of the impulse response at altitude z(k)
“: i 8z = Lidar sampling resolution
§ 3 Azjg(k) = Proposed standardized vertical
& -10r = resolution at altitude z(k)
% C ]
a ]
-20t :
1.0 1.0

05 0.0 05 \
Impulse Response

Am (k) (18 bins FWHM in this example)

Az, (k) = 8zAm, (k)

Figure 6: Schematics summarizing the procedure to follow to compute the standardized vertical resolution
with a definition based onthe impulse response FWHMDzr
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Figure 7: Schematics summarizing the procedure to follow to compute the standardized vertical resolution
with a definition based onimpulse response when the signal or profile is filtered multiple times
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