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Abstract. The observation of deep and optically thick layer (Fernald 1984 Klett, 1985. This is known to be stable
aerosol layers by a nadir-pointing lidar poses a challenge ironly if the reference value is set at the far end of the lidar pro-
terms of the signal inversion into a geophysically meaning-file. Alternatively, two reference values can be set, one below
ful quantity such as extinction coefficient. A far-end refer- and one above an aerosol layer, and in that case the value
ence molecular layer will usually be unavailable if the ob- of the lidar ratio need not be assumdai Girolamo et al,
served layer is near the surface, and using a near-end refet994). A detailed discussion of the options available for the
ence results in an unstable mathematical solution. In this painversion of lidar signals has been given in the introduction
per, it is demonstrated that a far-end reference, taken withirof a previous paper, and therefore it will not be repeated here
the aerosol layer, yields a better solution, and that the influ{Marenco and Hogar2011).

ence of the reference reduces strongly when coming inward, However, so far the idea has been that in the absence of
so that 1-2 km above reference the solution can be trusted. Andependent measurements from a different instrument, the
method is developed to set the reference using the assumpeference value is to be set for a Rayleigh scattering (molec-
tion of a well-mixed layer near the surface, and its effectular) layer. Most lidar systems are placed at the ground and
is tested on data collected during recent aircraft-based canpoint to the zenith, so that in general one can expect to find
paigns. The method is also tested on simulated profiles iraerosol-free layers in the far field. This paper deals instead
order to verify its limits and accuracy. The assumption of awith the case of a nadir-pointing lidar, which looks at the at-
well-mixed layer can be relaxed if one is able to set the ref-mosphere from above: in general, therefore, one will not find
erence well within a layer rather than at its boundaries. an aerosol-free layer at the far end, but rather at the near end.
This poses a new challenge in terms of the reference values
that can be set for signal inversion, and as is shown here in
) certain circumstances the best approach is to set a reference
1 Introduction value within an aerosol layer.

i . . This research is motivated by the important datasets that
Several papers have appeared in the last decades discussifg e peen collected on board the Facility for Airborne At-

the solution to the lidar equation for an elastic-backscatteringmospheriC Measurements (FAANhtp://www.faam.ac.uk
system (see e.gzemald et al. 1972 Fernald 1984 Klett,  pag_146 research aircraft during recent campaigns. In April
1985 Kovaley, 1993 Takamura et al.1994 Marenco et al. and June 2011 and in June 2012, the Fennec campaign (The
1997 Young and Vaughar2009 Marenco and Hoga01L  gaharan Climate System) performed 35 research flights in-
Donovan and Apituley2013. It is generally accepted that | etigating the Sahara heat low region, and the lidar observed
the inversion of lidar signals is an ill-constrained task due tomany deep and optically thick mineral dust layeRyder

the fact that multiple mathematical solutions exist for any o al, 2013. In September and October 2012, the South
given signal profile, so that assumptions need to be mad?\Merican Biomass Burning Analysis (SAMBBA) campaign

in an intelligent way. Most times, the Fernald—Klett solution |45 carried out in Brazil, and several observations of smoke

is used (i.e. an extinction-to-backscatter ratio (lidar ratio) iS¢,om piomass burning were made during 20 science flights
assumed, based on aerosol type), and moreover a referent:’gngmQ 2012.

value of the extinction coefficient is set a priori for a chosen
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In the future, aircraft and space-borne research will The inward Fernald—Klett inversion is much more stable,
definitely evolve into using high spectral resolution lidar and this is illustrated in Figle and f. The difficulty here is
(Ingmann 2004 Burton et al, 2013 GroR et al. 2013. setting the far-end reference value, i.e. for the nadir geome-
This better instrument allows extinction and backscatter to bdries considered here, the a priori aerosol extinction coeffi-
measured separately (as does Raman lidar; se&ergare  cient near the ground. In this example, a few representative
et al, 1998, and thus simplifies the work of the data ana- values with no objective criterion have been picked: 0, 75,
lyst. A well-characterised and calibrated instrument, having150 and 250 Mm? for the 0.5-1 km altitude range. The re-
high spectral resolution capability and depolarisation, can result is that as we move inward from the reference heigiht
ally improve what can be achieved with lidar and speed upthe retrieved aerosol extinction coefficient becomes more and
retrievals. Unfortunately, at the moment this is unavailablemore independent of the reference value. The consequence is
to us. We must look for methods for working with simple a paradox: a wrong value at the far end is better than a correct
backscattering data, and a heavy human interaction remainglue at the near end. In these examples, it can be confirmed
necessary to review assumptions and constraints on a castiat 1-1.5 km above the reference height the influence of the
by-case basis. reference value is sufficiently small to be acceptable, and that
it becomes irrelevant further up. Of course, there remains a
large uncertainty on the magnitude of the aerosol extinction
coefficient below~ 2 km. The aim of this paper is to explore
the different possibilities available to improve the extinction
profile retrieval.

2 Inversion of lidar signals and associated uncertainties
2.1 Outward and inward Fernald—Klett solution

The lidar system used in the Fennec and SAMBBA cam- .
paigns is an ALS450 manufactured by Leosphere, mounteg'2 An improved slope method
on the aircraft in a nadir-viewing geometry, and with an op-
erating wavelength of 355 nnMarenco et al.2011). Fig-

ure la and b show the vertical profiles of the lidar range-

corrected signal for a typical Fennec and a typical SAMBBA corrected signal in Figla and b, and more specifically its

ﬂ'ghlt' In Fig. 1a|, fthe quql|tat|\ge angli&%tﬁf t.he profllg re- slope. This reflects the fact that the rate at which the lidar
veals an aeroso-ree region above 5 km, e Increase S|gn$ gnal decreases with increasing range is directly related to

bet\cliveentgA ?nddG Em obwouslfy !ndlc:latt)es a gliﬁt Layer, aN%he turbidity of the atmosphere. As a matter of fact, the slope
S0 does the steady decrease ot signal beyond thal range, €y i, signals has been exploited to derive the extinction co-

plained in terms of aerosol extinction of the signal. As the efficient since the beginning of lidar resear@ois, 1966,

latter decrease shows a homogeneous slope, which is Very d an interesting study on this type of approach has been

different from the Rayleigh scattering slope, we can eXpe,tharried out bykunz and de Leeuy1993.

that the ;elerosol e?tlntctltl)r;hcoefflcutanttr:hrough (tjhes!a){ltar IIS Strictly speaking, the slope method as it is treated in the
more or less constant afl the way 1o the ground. SImiarly, 5,5ye references is limited to single-component homoge-

in Fig. 1b an aerosol-free layer is observed above 4km, Wlthneous atmospheres, i.e. where the extinction coefficient is

a few smoke layers below; the main layer is found betwee.nconstant with range, a scenario that will seldom apply to

1.3 and 3.3km, and a cleaner (but not aerosol-free) layer i

In the previous discussion, basic qualitative information on
the aerosol layers was derived, before applying an inver-
sion scheme, by examining the vertical profile of the range-

. . the vertical profiling of aerosols at optical wavelengths. The
found below, Wherg the S|gnql SlOD? Is less .steep. interesting point, however, is that it is neither required to
If one wants to invert the lidar 5'9”‘?"5. V\.”th the.FernaId.— have a reference value, nor to assume a lidar ratio. We shall
Klett met_hod, one has to set an a prior lidar ratio. In this pere write the equations for the more general case (inho-
paper, a lidar ratio of 60 sr for the mineral dust case (flrstpro-mogeneous two-component atmosphere) in order to better

file) is assumed, and 75 st is assumed for smoke (second P'%ame the terms of this approximation, and see in which cases

lelgi; trngse Ii_ll;es gre ;nferredér;m tge l't?raltl%? eéal,. the slope method could be used. We start from the single-
2 Fig. 14; for dust, see alsémiridis et al, 3. Be- 0scattering lidar equation:

sides the lidar ratio, the Fernald—Klett method requires als
the_ a priori settlng_of a known Ia_yer in te_rms of optical prop- P = K(fm+ 5a)e—szR<am+aa)dR
erties; in the traditional application of this method, the latter

is a molecular layer. In this scenario, this is only possible = KfmBRe™

above the aerosols (i.e. in the near field and with outward in-

tegration), and the outcome of the inversion diverges rapidlyVhere P(R) is the range-corrected lidar signg;(R) the
ckscattering coefficient;; (R) the extinction coefficient,

as shown in Figlc and d. This illustrates the instability of ba

the outward Fernald—Klett inversion, which was already dis-BR(R) the backscatter ratiok™ the lidar constant® the
cussed many years ago Bgrnald(1984). range, and = m, a denotes the molecular and aerosol com-

ponent, respectively. For our purpose, and «ny are
known functions of height, determined either from a standard

2/ @mtaa)dR @
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Fig. 1. (a, b)Range corrected signal profiles in arbitrary units(@yFennec flight B705, 12/6/2012 at 13:17 UTC, integration time 6 min
(23.2 N, 5° W), and(b) SAMBBA flight B741, 26/9/2012 at 15:13 UTC, integration time 1 min (2081 52.6 W). The cyan line shows the

fit to a Rayleigh scattering profile above the aeroqalsd) Aerosol extinction coefficient retrieved with the outward Fernald—Klett inversion,
assuming a backscatter ratio of 0.98 (blue), 1 (green) and 1.02 (brown) for the molecular layer above the aef@sdkemsol extinction
coefficient retrieved with the inward Fernald—Klett inversion, assuming an average extinction coefficient of 0 (pink), 75 (blue), 150 (green),
and 250 (brown) for the 0.5—1 km altitude ranfge.h) Aerosol extinction coefficient retrieved with the improved slope mettipg. Aerosol
extinction coefficient retrieved with the slope-Fernald method.

atmosphere or from observations. This equation can beecond term on the right-hand side of E8). i§ a meteoro-

rewritten as follows: logically determined quantity independent of the lidar signal
, and of the aerosol distribution; for a lidar pointing exactly at
e = _1dinP” 1dinfm  1din BR7 (2)  nhadiritis equalto 12H —y /2T, whereH is the scale height,
2 dR 2 dR 2 dr T the temperature, andthe lapse rate (it is in general equal

. to 40—-60 MnT1).

where P'(R) = Pe?lo “mR can be easily computed (lidar  Figure 1g and h show the result of the improved slope
signal corrected for molecular extinction). To be able to ap-method applied to the range-corrected signal profiles of
ply the improved slope method, we must be able to neglecFig. 1a and b. Since shot noise is amplified via the signal
the third term, i.e. assume BR =constant; this is equivalenierivative in the first term, in order to have a meaningful
to assuming that the aerosols are “well mixed” with the air profile, vertical sampling has been reduced to a point every
molecules, as for example one can expect in a convective25 m, hence the coarser data. In Bigwe observe an over-
boundary layer. With this assumptiar, can easily be com-  all magnitude of the extinction coefficient within the aerosol

puted from the slope of IR” (improved slope method): layer which is compatible with its magnitude in Fitg; this
. result was expected because in this case the Saharan dust
Qa~ — } dinp } dmﬁm' 3) layer appears pretty homogeneous. This is however not true
2 dR 2 dr at the top edge of the layer, which is not picked up correctly

by the improved slope method: as the range-corrected signal

It has to be mentioned however that for hygroscopic . X . . . -
. : ) at this altitude increases with range instead of decreasing,
aerosols, in a well-mixed but humid boundary layer, the as-

. o the result is a negative extinction coefficient (an unphysical
sumption of a constant backscatter ratio will not be correct, I o
. . . result). Results in Figlh are more critical, because the layer
since particles will grow towards the top of the boundary

layer, where the relative humidity is larger. Note also that theIS not homogeneous (B constant); however the obtained
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2058 F. Marenco: Nadir lidar observations of thick hazes

extinction magnitude is still reasonably withirb0 % of the  interval, the latter having been chosen based on a qualitative
profiles in Fig.1f, which is rather encouraging. Again, we and subjective analysis of the lidar profile.
can notice that the improved slope method is not good for We can see from Fig2a that for this case the atmo-
identifying small-scale features and layer boundaries, as thegphere was unstable (dry adiabat) from the ground to 500 hPa
are dominated by inhomogeneities in the aerosol distribution(5.4 km), and capped by a°& temperature inversion in
the first sonde. This evidence shows that the atmosphere is
2.3 A new approach: the slope-Fernald method made of two layers, each being well-mixed: a boundary layer
nearer the ground and a residual layer above; see also the
In the previous sections we have seen that the inwardslightly higher dew point in the residual layer, with its base at
Fernald—Klett with a far-range reference is quite good for815 hPa (1.5 km) for the first sonde, and 770 hPa (2 km) for
determining the nearer (upper) part of the aerosol profilethe second sonde. The reference height interval falls there-
Moreover, the layer boundaries and small-scale features arfore within the boundary layer, and the assumption of homo-
correctly represented into the extinction profile. At the far geneity within it is a reasonable one. For a more detailed dis-
(lower) end of the profile, however, a large uncertainty ex-cussion of this particular case study in terms of atmospheric
ists on the magnitude of the aerosol extinction coefficient,stability and dynamics, s&garcia-Carreras et g2013.
because a reference value has to be “guessed”. On the other The tephigram in Fig2b shows a more complex air mass
hand, the improved slope method is poor at yielding a de-structure and history, with a temperature profile in general
tailed aerosol vertical distribution, but it can help estimateindicating the formation of deep convective clouds (satu-
the extinction coefficientvithin a layer, without requiring an  rated adiabat). Indeed, intense cloud cover had been observed
a priori reference value. ~ 300 km to the west. In particular, the reference height in-
In Fig. 1i and j a mixed approach is used: the profiles areterval (910-850 hPa) corresponds to a layer where tempera-
computed with the Fernald—Klett approach, where the referture follows a saturated adiabat. The air not being saturated,
ence value has been set using the improved slope method; féhe layer is stable, but there are reasons to believe that it had
brevity, this approach shall be denoted with the term “slope-undergone vertical mixing in a recent past. Hence again the
Fernald method”. As shown, the slope method can give senassumption of homogeneity in this layer is compatible with
sible results only far from an aerosol layer’s edges; we therethe thermodynamic diagram. Note that the signature of the
fore require the reference height interval to be set where thelevated and optically thick aerosol layer between 1.3 and
aerosol distribution seems to be sufficiently homogeneous3.3 km (aerosol optical depth, AOD0.4) is not easily found
The reference height interval has been set at 0.5-1.6 km foin the tephigram.
Fig. 1li and at 0.6—-1.2 km for Fidlj, and the average extinc- For the first flight, additional evidence of the proposed
tion coefficient within that range has been used as referencenethod doing a good job is given by the comparison with
to the Fernald—Klett method. The results seem to make sens@ situ data, collected as the aircraft descended within the
but of course in terms of solving the radiative transfer in theaerosol layer. The aircraft carried a three-wavelength neph-
lidar equation, there is not a full certainty for the lowest part elometer and a particle soot absorption photometer (PSAP);
of the profile (below~ 2 km). If the actual aerosol distribu- by combining these measurements one can reconstruct the
tion did have a gradient in a place where instead homogeneaerosol extinction coefficient, which shall here for brevity
ity has been assumed, then the actual profiles would look likébe referred to as the nephelometer data, and which can be
those in Fig.le and f, with no possibility to choose the cor- directly compared to the lidar-derived extinction coefficient.
rect one unless additional data were available. If the choicd=igure2c compares the profile derived by lidar with a neph-
of the reference height is done intelligently, and if the un- elometer profile obtained during descent, showing that the
certainty for the lower part of the profile is correctly taken two datasets agree substantially within their respective noise,
into account, however, the profiles displayed in Higand j especially in the lower layers. The aircraft later also per-
represent the best estimate that can be inferred from the liddiormed six 10-min straight level runs at different altitudes

data alone, if no additional information is available. below its previous lidar observations transect: the average
and standard deviation of the nephelometer readings for each
2.4 Validation for the cases under study of these runs is also shown in the figure. Whereas a small

discrepancy can be observed abev8 km, this one can be

The results of the slope-Fernald approach shown in Big. explained in terms of the measurements not being simulta-
and j can be further verified using other available data. Fig-neous (the aircraft terminated the run at 4.25 km two hours
ure 2a and b show the respective thermodynamic diagramsfter the lidar profile had been taken). Again, the extinction
obtained from dropsondes nearest in time to these lidar proeoefficient seems confirmed in the lower layers, and this is
files. We recall that, whereas we can trust the lidar profiles inwhat is most important.

their upper portion, the derivation of aerosol extinction coef- The above verifications prove that, for these two case stud-
ficient for the lower part of the profiles relies on the assump-ies, the extinction profiles obtained using the slope-Fernald
tion of having a homogeneous layer in the reference heightipproach make sense and are compatible with other available
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Fig. 2. (a) Tephigram derived during flight B705, from dropsondes launched at 13:13 (solid lines) and 13:20 (dashed lines): temperature
(red and purple lines); dew point (dark and light blue lin€ls). Tephigram derived during flight B741 from a dropsonde launched at 15:08
(lines coloured as im). (c) Aerosol extinction coefficient profile for flight B705: derived by lidar using the slope-Fernald approach, when
flying above the aerosol layer at 13:17 (355 nm, blue line); derived by nephelometer and PSAP, during aircraft descent from 13:20 to 13:50
(550 nm, green line); derived by nephelometer and PSAP, during straight level runs from 13:53 to 15:13 (550 nm, red error bars).

data. This does not alter the fact that the inversion of the li-smoothing, background subtraction, and range correction.
dar data presents a large uncertainty in the lower part of th&he range-corrected signd is thus ready to be submit-
vertical profile; this uncertainty, however, is strongly reducedted to the same data analysis code that is used for actually
1-2 km above the reference height. measured data. Data analysis with the slope-Fernald method
will require an assumed lidar rati® (which may be differ-
ent thans®) and a reference layer; its output will be the re-

3 Exploring the advantages and limits of the method trieved aerosol extinction coefficieat(z), which can be di-
rectly compared tag(z) to evaluate their agreement. A sim-
ilar comparison is done between the retrieved and true AOD,
andz9, respectively, which are computed by integrating the
xtinction coefficient.

Before proceeding, the following basic self-consistency
verifications are made (not shown here). The first verifica-
. o : : tion is that the retrieved aerosol profile does actually match
gssum.ptlons (resulpng |n_138_ different retrievals). Th(_a Sti,a‘rt'the original profile when the reference value to the Fernald—
ng pomtoof each simulation is a chosgn. aeroso! extinction et solution is set identical to the original extinction coeffi-
prOf'Ie’“’?‘(Z)’ Wh'Ch.We shgllocall the orlgmal prgﬂle or the cient. The second verification is that the slope-Fernald ap-
true profile, and a lidar rati§ (t_he frue lidar ratl_o); ba_sed proach reconstructs the aerosol profile correctly when the
on the”.‘ apd on an assumeq lidar constéinta lidar sig- original profile is set for BR= constant (proportional to a
.“a' profile is simulated, to Wh'Ch a constant backgrodigd Rayleigh scattering profile). Both verifications are based on
is added. The aerosol Igyer IS a;sumed to b? gxtended' 1Ero@ettings = S9, with shot noise switched off, and are run with
ggoulrg%éexﬂer:ftf 4km, with an extinction coefficient ranging ne whole range of extinction coefficients and lidar ratios. In

. and a Iida_r ratio ranging 20_1.00 sr. The al” hoth cases, profiles within 5 Mn and 1% of the original
craftis assumed to be flying at 8 km and the lidar to be pOInt'are retrieved, with the AOD within 0.02 and 1 % of the orig-

ing down vertically, W'th arange resolu'upn O.f 1.5m.In Order,inal; we shall therefore assume that these are the expected
to account for shot noise, a random noise is added to the Ii- - .

; . . o numerical errors in the code.
dar signalN so determined, with standard deviatidN =
B+/N; the shot noise can optionally be turned off, as shall be ]
done in the initial simulations. To simulate the performance3-2 Constant aerosol profile
of the lidar aboard the BAe-146 aircraft in daytime, with an
integration time of 1 min, the following are assumed: a lidar In this section, the case of a constant aerosol profile from
constantk = 2.5x 108 msr, a background/o = 2.5x 1075, 0 to 4 km is investigated. Simulated lidar profiles have been
and a shot-noise facta® =5 x 10~2 (these quantities are obtained for all the combinations aﬁ =50, 100, 200, 300,
approximate and instrument-dependent). The signal then urg00, 750, 1000 Mm* and s° = 20, 40, 70, 100 sr (28 simu-
dergoes the standard basic pre-processing, which includdations). The reference height has been set to 500 m for all

3.1 Simulating lidar signals
In this section, the advantages and limits of the slope-Fernali

method are investigated, by feeding the algorithm with sim-
ulated lidar profiles. This section results from 78 simulated
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profiles, and the slope-Fernald retrievals are based on a lidar g rTT— 40 AR ARREPRT
ratio matching exactly the assumed ofies S°. o 20w © o, ° (.b)é

Figure 3a shows an example profile, for which < 1008 DTS SR, . *
ad=200Mm! and s°=70sr ¢°=08). The auto- 6 i%ﬁgggm S i P
mated algorithm sets the reference value as follows: g ;; : i ° : X

aa(Ze) =213Mn1L, thus committing an error of +7 %.
This error is due to the assumption of a constant BR with P
height near the reference height, whereas we have a constang T T o

0 . . .. 3 20F, . E
oy instead (these two conditions being similar but not ]
identical). However, it can be seen see that in this case AP ]
the error decreases quickly as we move inward (upward): mf;: . . E
Aaa(Zc+500m) =+3% and\aa(Zc+1 km)=+1.5%. The | N
retrieved profile is very close to the original profile. This is ol - 1\} ““““ L oF Sy
very encouraging, and is reflected in terms of the retrieved 0 100 200 300 0 200 400 600 800 1000
AOD 7 = 0.82 (+2 %). o (Mm™) o (Mm™)

A_S|m|lar evaluation has been repeate_zd for each _S|mulate('1_.ig_ 3. Lidar signal simulation with a constant aerosol profile.
profile, and.the re;ults are summan;ed in Blgand c in ab- (a) Red solid line: example original profile witd = 200 M1
solute and in relative terms, respectively. We observe that theg 50 — 70 sr; dashed blue line: corresponding retrieved profile
lower the lidar ratio, the larger the error committed. More- optained with the slope-Fernald method with a reference height
over, the Iargerxg is, the larger the error in absolute terms, z; =500m ands = sY. Similar simulations are carried out for
but the opposite is to be said when it is analysed in relativeseveral values foeQ and S°. (b, c) Difference Aaa, between the
terms. The error remains quite reasonable, and in the worgetrieved and the original profile at given fixed altitudes, in abso-
case scenario studied here it is less than 25 %.aMore- lute and relative terms, respectively. Different colours indicate dif-
over, for most cases (85 % of those discussedjcat 1 km ferent lidar ratiogS‘O: red, 20sr; green, 40 S, blue, 70_sr; and ma-
the error is reduced to less than 5%. The relative error indenta, 100sr. Different symbols indicate different altitudes where

the AOD (not shown) follows similar features to the error in AIZ: ; i’illli;ted: solid circleszc; diamonds,Zc +500 m; trian-
a(Zc+ 1km). We see also that the usefulness of the slope-g oe '
Fernald method is limited for low extinction coefficients and

low lidar ratios, and therefore more care is recommended if25 Mm~L in absolute terms and 20 % in relative terms. Much

one wishes to extend it to cases whexeZc) < 50MM™or |46t errors can however occur f8g = 400 (diamonds) or

§ <20sr. 600 Mm1 (triangles), and this illustrates that a good choice
o ) _ of Z. is crucial for the slope-Fernald method near the ref-

3.3 Oscillations in the aerosol profile erence level. As in the case discussed above, however, the

) ) ) o ) error committed orxg(Z: + 1 km) is reduced, and for most
To simulate inhomogeneity, an oscillating aerosol profile has.;5ag (83 % of the cases studied) it is within 20 %. The criti-

bee.n added to the extincti.on cpefﬁcient of t.he previous SiM-.al cases are either those with a lidar rafo< 20 sr or with
ulation; see an example in Figa. The oscillation has an

s X o an extinction coefficien&d < 50 Mm~1, combined with an
amplitude of 20 % of the underlying constant extinction, and;correct choice ofZ¢ (400 or 600m), showing again that

has three peaks within the aerosol layer: at 0.5, 2, and 3.5 kMg gejentist analysing lidar data must be careful when enter-
The aerosol profile looks therefore like the case of an atng these low extinction, low lidar ratio regimes. The method
mosphere with multiple layers. As discussed earlier, inho-, ks definitely well, withAaa(Zc + 1km) < 15%, in all
mogeneity at the reference height is crucial, and the slopgng following cases: if the reference heightis chosen cor-

method will give an incorrect result at layer edges, whereasfecﬂy (500 m); if the lidar ratio is largeS€ > 70 sr); or if the
itwill give the best result near the layer maximum. This is €x- aytinction coefficient is Iarg@@ > 300 Mn}l)_

emplified in the figure: if the reference is taken at 500 m, the

retrieved profile follows quite well the original profile (blue 3.4 Effect of the lidar ratio

dashed line), but if the reference height is chosen at 400 or

600 m, i.e. where the aerosol profile is sloping (green lines) When analysing experimental data, an uncertainty exists con-
a larger error results. As in the previous examples, howevercerning which value of the lidar ratio is used in the retrievals.
the error committed decreases as one moves inward from thEigure5 illustrates what happens if the retrievals are carried

e (km)

sa, (%)

R
$ H

4
4 H

w

°

°
B> 19 €0
0 e

reference height. out with a lidar ratioS different than the lidar ratis® used
Figure4b and ¢ summarise the results of similar simula- to simulate the signals. As with the traditional Fernald—Klett
tions carried out for a series of differemf andS° (28 sim-  method, the lidar ratio influences the whole of the extinc-

ulated profiles and 84 retrievals). When the reference heightion profile, and its effect does not decrease when moving
is Zc =500 m (solid circles), the error ima(Zc) is less than  inward from the reference height. The main consequence of
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Fig. 4. Lidar signal simulation with an oscillating aerosol pro- Fig. 5. Lidar signal simulation with the purpose of showing the ef-
file. (a) Red solid line: example original profile centred about fect of the lidar ratiaS used in the retrievala) Original lidar ratio
200 M2, with S = 70 sr; dashed blue line: retrieved profile with S° = 705sr;(b) original lidar ratioS® = 40 sr. Red solid line, orig-
Zc = 500 m (at the oscillation maximum) aist= S9; dotted green  inal profile; blue dashed line, retrieved profile wigh= $9; green
line: retrieved profile withZ = 400 m; dash-dotted green line: re- dotted line, retrieved profile witl$ = $0—30sr; green dash-dot
trieved profile with Zc = 600m. (b, c) Difference Aaa, between line, retrieved profile withs = s°+30sr.
the retrieved and the original profile at given fixed altitudes, in ab-
solute and relative terms, respectively. Different symbols indicate
different reference heights: solid circles, 500 m; diamonds, 400 Myretrieval, and to mitigate this risk a reference height interval
trlanglz_as, 600_m. Different _colours |nd|ca_te different combinations has been chosen rather than a single reference height. The
of the lidar ratio and the altitude wherax, is evaluated: red, 20 sr, reference value is therefore computed for a layer 450 m deep,
Zc; green, 40 s1Z¢; blue, 70 srZc; dark purple, 100 stZ¢; orange, . . .
20sr,Z¢+1 km; black, 40 srZ¢+1 km; cyan, 70 siZ¢+1 km; light Cent_red_ at500m. A rather_fa_lr reconstruction of the ongmal
purple, 100 srZc + 1 km. profile is found, although it is affected by random oscilla-
tions, as expected. The uncertainty is well represented by the
amplitude of the oscillations, but no significant bias is ap-
changing the lidar ratio used in the retrievals is the amplifi-Parent. Noise decreases moving inward from the reference
cation or reduction of the oscillations of the extinction coef- Neight as is usual with lidar signals (more signal hits the de-
ficient, and this is mostly seen above the aerosol layer, wheréectors for near layers, due to attenuation along the path and
only using the correct lidar ratio allows reaching a null ex- the R? factor).
tinction coefficient. IfS is too small, a residual extinction co-  AS in the previous cases, similar evaluations have been re-
efficient is obtained above the aerosol layer, and converselpeated for different combinations af and s°, and a sum-
whens is too large a negative (unphysical) result is obtained.Mmary is shown in Figéb and ¢ (20 simulations). The differ-
This behaviour is useful: if a molecular layer exists above €NC€Aaa is computed for each profile for intervals centred
the aerosols, a sanity check Srcan be done, and it is pos- @t 1, 2and 3km above the reference height. Each interval has
sible to adjust this value until the molecular layer shows 2 depth of 100m; again, using a layer with a given depth is
correctly. Indeed, in previous papeiddrenco and Hoggn ~Necessary to avoid excessive random errors induced by shot
2011 Marenco et al.2011) two molecular layers were used, noi_se on single data points. Profiles with very large e_le_rosol
above and below an aerosol, to infer the mean lidar ratio, fol-OPtical depth ¢° > 2) have to be regarded with suspicion,
lowing the work byDi Girolamo et al.(1994). In a similar pecause the lidar signal transmittance throggh the ae_rosc_)ls
way, the lidar equation can be constrained using the slopéS reduced to 2% or less. Indeed, the noise in the profiles is
method at the bottom of the aerosol profile, and using a trasuch that it really makes the lidar inversion a challenge. The
ditional molecular fit at the top, to derive the lidar ratio, with Presentinvestigation is therefore limitedat) < 500 M,

a result nearly identical t8°. which for a 4 km deep aerosol layer meatis< 2
Differences between the retrieved profile and the original
3.5 Shot noise profile are rather large at the reference height (not shown),

but as usual they decrease when moving upwards. Things
Finally, the effect of daylight entering the detector is tested.start to look more acceptable feg(Zc + 1 km), where most
In Fig. 6a it is possible to see how the original profile is re- points (not all, since for two cases the graphic scale is insuffi-
constructed when shot noise is added to the lidar signal. Theient) fall within +£40 Mm~* and+40 % ofal. At Z¢+2 km,
effect of noise at the reference height can strongly affect thall the computed points fontg <300Mmt (9 < 1.2) lie
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g T wf T Extinction Retrieyal Algorith_m (HERA), an iterative method
o 20w E . that solves the lidar equation for a two-component atmo-
S e i, o sphere Young and Vaughar2009. Regions within a scene
6t oZiicen 4 2 Opd g ] are solved from the top of the atmosphere down to the sur-
g",m; : 3 face. Although the analytical solution is not directly used,

>

the algorithm can be considered basically equivalent to an
outward Fernald—Klett method, on the basis that it solves the
L. o] same lidar equation (except that provision is made for further
] improvements that may in the future account for the effects
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>
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S * 8 a due to multiple scattering). The lidar ratio is initially selected
2F ~, of-z 8 8 - . PR
s - 8 1 as inOmar et al(2009. Integration is started at the top of a
-20F % . ] layer, and rather than using normalisation to Rayleigh scat-
0 = bl ] tering it is based on knowledge of the lidar constant due to
0 100 200 300 0 100 200 300 400 500 an accurate calibration procedureogvell et al, 2009. As
o (Mm™) ag (Mm™) well-known, and shown again in the present paper, however,

Fig. 6. Lidar signal simulation with the addition of shot noiga) outward integration can lead to divergence of the solution

Red solid line as in Fig4; dashed blue line: retrieved profile with in either a positive or negative direction. If this happens, in

reference taken between 275 and 725 m (averaged reference to rEI-ERA the l_'dar rat!o .'S ad"."pted until a more acceptaple solu-
duce the influence of shot noiséh, c) Difference Aaga, between  tiON is obtained; this iterative adaptation can be considered as

the retrieved and the original profile at given fixed altitudes, in abso-an alternative method to seek a convergent solution, with re-
lute and relative terms, respectively. Different colours indicate dif- Spect to inward integration. However, the lidar ratio selection
ferent lidar ratiossO: red, 20 sr; green, 40sr; blue, 70sr; and ma- can strongly affect the retrieved aerosol profile, especially
genta, 100sr. Different symbols indicate different altitudes whereat its far end, so that when observing deep aerosol layers in
Aagis evaluated: trianglec + 1 km; squareszZc+2km; crosses,  principle HERA could be subject to similar or larger uncer-
Zc+ 3km (Z¢ being the mean reference height). All evaluat_ion_s of tainties to an inward integration scheme.

Ao_za are averaged over a 100m deep Iaye_r centred at the indicated The inward Fernald—Klett and the slope-Fernald methods,
altitude, to reduce the influence of shot noise. both considered more stable methods and not requiring the
iterative adaptation of the lidar ratio, could be used by sci-
entists as an independent verification of CALIPSO datasets,
starting from level 1 data as an input for single case studies
and intercomparisons.

The principal message from the present paper is that
inward integration of the lidar equation gives in general
much better results than the outward integration FEeald
4 Discussion 1984, especially when sophisticated data analysis packages

such as CALIPSO’s are unavailable. In some cases, such as
The present research could also be useful for studies based dhe nadir-viewing geometry, a problem arises in principle
CALIOP data. The CALIPSO satellite was launched in 2006, with the inward approach, because one cannot count on a
and has since then provided an invaluable global dataset oRayleigh scattering layer to set the reference height: the far
the vertical structure of the atmospheVéiiker et al, 2010. field reference is therefore to be set within the aerosol layer,
Advanced algorithms have been set in place to detect autoahere the a priori magnitude of the extinction coefficient is
matically cloud and aerosol layers in the collected datasetsyncertain. However, the effect of an error in the reference at
with an adaptive selection of the resolution based on returrthe lower part of the aerosol layer does rapidly reduce when
intensity, signal-to-noise ratio, and correction of the extinc- moving inward along the vertical profile; this makes the ap-
tion due to layers above/édughan et a).2009. Once lay- proach useful when layers are sufficiently deep, provided that
ers are detected, clouds are discriminated from aerosols ushe appropriate caveats are made.
ing thresholds in the intensity of the calibrated attenuated A new method is suggested here to the data analyst, for set-
backscatter and the attenuated colour rdtia ét al,, 2009. ting the far-range reference based on the signal slope (slope-
The next step is the aerosol type and lidar ratio selectiorFernald approach). We believe that a critical review of the as-
(Omar et al. 2009, making use of several parameters such sumptions necessary for extinction profile retrieval is needed
as the layer’s integrated attenuated backscatter and depolaen a profile-by-profile basis, and that automated implemen-
sation, its altitude (elevated or near-surface), and the surfactation of the method is not to be recommended unless fur-
type. ther research delivers objective criteria. The reference layer

Once a lidar ratio is set for a layer, CALIOP extinc- will possibly be chosen as close as possible to the surface,
tion and backscatter profiles are computed using the Hybridvhere either the qualitative interpretation of lidar signal or

within 25 Mm~1 and 30% of the original profile, but one
of the cases with very large optical depttf = 500 M1,

79 = 2) falls outside this range. All biases reduce further at
Zc+3km.
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