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Abstract. An FSSP-100 Optical Particle Counter designedimpacting both its thermal structure and dynamics. Satellite
to count and size particles in the micron range and aobservations have provided a global picture of their distri-
backscattersonde that measures in-situ particle optical progution, that basically follows cloud activity, i.e. deep con-
erties such as backscatter and depolarization ratio, are part @ection in the tropics and frontal zones in midlatitudes. In
the payload of the high altitude research aircraft M55 Geo-the tropics their occurrence tends to concentrate near the
physica. This aircraft was deployed in tropical field cam- tropopause level, with a thickness from a few tens of me-
paigns in Bauru, Brasil (TROCCINOX, 2004) Darwin, Aus- ters to few kilometers, horizontal homogeneity extending to
tralia (SCOUT-Darwin, 2005) and Ouagadougou, Burkinathousands of kilometers and lifetimes that can reach days.
Faso (SCOUT-AMMA, 2006). In those occasions, mea- Tropical cirrus clouds have raised a particular interest for the
surements of particle size distributions and optical prop-role they play in the chemical processing and dehydration of
erties within cirrus cloud were performed. Scope of the air entering the tropical lower stratosphere and for their con-
present work is to assess and discuss the consistency betwegibution to the radiative balance of the Tropical Tropopause
the particle volume backscatter coefficient observed by thd.ayer Hartmann et a).2001; Holton and Gettelmar2001;
backscattersonde and the same parameter retrieved by optiuo et al, 2003 Corti et al, 2006§. Because of their often
cal scattering theory applied to particle size distributions assmall optical depths, ground based lidars are suitable instru-
measured by the FSSP-100. In addition, empirical relation-ments for cirrus characterization. High tropical cirrus were
ships linking the optical properties measured in-situ by thefirst reported byJthe and Russel(1976 who observed cir-
backscattersonde, which generally can be obtained by remoteis clouds between 12 and 18 km, from the ground lidar sta-
sensing techniques (LIDAR), and microphysical bulk prop- tion at Kwajalein (8.7 N, 167.7 E). Since then, a molteplic-
erties like total particle number, surface and volume densityity of lidar studies characterized cirrus morphology, often
will be presented and discussed. in conjunction with other remote sensing instruments as in-
frared radiometers or millimeter radarBl4tt et al, 1998
Comstock and SasseP001 Wang et al. 2001, Pace et a).
2003 Immler et al, 2007).

In parallel, aircraft campaigns have been conducted to
Cirrus clouds are a fundamental component of the climateprovide their in-situ characterization. In-situ measurements
system Liou, 1986, due to their pivotal role in the water in the upper tropical troposphere have been discussed by
balance and in the radiative properties of the atmospherd;eymsfield(1986, who reported ice crystals with sizes up to
50 um andKnollenberg et al(1993 who observed high con-
centrations of ice crystals=(10 cnm3) in the anvils of trop-
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and modal radius of few tens of um on a similar thin subvis- Empirical relationships betweghand the bulk microphysi-

ible cirrus layer over the tropical central Pacific. Size distri- cal parameters of the size distribution, such as total number

butions of cirrus clouds in the upper tropical troposphere, ex-of particles, surface and volume densities, will be presented

hibiting size diameters with pronounced peak at 10 pm, haveand discussed.

been reported byhomas et al(2002, presenting observa-

tions taken on board the high altitude research aircraft M55

Geophysica. Ultrathin tropical tropospheric clouds (UTTC) 2 Instrumentation and methods

were observed directly beneath the tropical tropopause, char-

acterised by a very low ice crystal number concentration2.1 Instruments and measurements

(0.05cn13), and a size diameters modal peak of 10 to 12 um

(Peter et a.2003. The M55 Geophysica is equipped with a complete set of
De Reus et al2009 reported cirrus measurements show- instrumentation for the in-situ chemical and microphysical

ing a peak in the ice crystal number size distribution at aboutcharacterisation of the sampled airmass, including conden-

10 pm diameter, whild.awson et al.(2008 reported sub- sation nuclei counters, optical counters and sizers, particle

visible cirrus observations from Costa Rica with average val-imagers, hygrometers and chemical analyzers.

ues of ice particle number concentration (0.066 émand An optical particle counter FSSP-SPP-100 is located in a
effective radius (8.82 um) similar to those MgFarquhar et boom beneath the left wing of the aircraft, facing forward,
al. (2009. while the backscattersonde is in a bay beneath the pilot's

The observations performed from the M55 Geophysica,cockpit, facing sideways on the right. The separation be-
hosting a backscattersonde and an instrumental set for pafwveen the airmasses sampled by the two instruments is only
ticle counting and sizing, represent a unique dataset linking? few metres and the two instruments can thus be considered
in-situ observations of both microphysical properties and op-to perform simultaneous co-located in situ observations.
tical parameters of cirrus clouds usually obtained by remote The backscattersonde MAS (Multiwavelength Aerosol
sensing lidars. One of the geophysical observables of thé&catterometer)Ruontempo et al.2006 Cairo et al, 2009
elastic lidar technique is the particle volume backscatteringemits polarized laser light at 532 nm and at 1064 nm and col-
coefficient. The backscattersonde offers an advantage witkects the light backscattered from the portion of atmosphere
respect to the lidar, whose measurement of backscattering i close proximity (3—10 m) to the instrument, so it acts as a
affected by the molecular and particle extinction along thedetector of optically detectable (i.e. whose diameter is greater
laser optical path. In fact, the molecular extinction can bethan few tenths of um) cloud particles and aerosols. Polariza-
evaluated by the Rayleigh scattering theory from measuretion resolved light backscattering observations allow to dis-
ment of air density, or from a suitable atmospheric model,criminate particle shape, hence thermodynamical phase. The
while the particle contribution to backscattering and extinc-instrument is basically an elastic lidar system that measures
tion coefficients is unknown. Both quantities are present inin-situ, i.e. at few metres from the mounting platform, the
the lidar equation and have to be retrieved from measuresame atmospheric parameters which are accessible to remote
ments. Different inversion techniques have been reported irsensing ground based lidar investigations, i.e. depolarization
the literature to properly account for that effektett , 1981, ratios, backscatter rati® and color indexC (Matthias et al.
Fernald 1984 Young 1999, all assuming some a priori 2004 Bockmann et al.2004 Pappalardo et al2004).
relationship between particle backscattering and extinction. The sampling volume is approximatively 19m—3, the
Such assumption is itself a source of uncertainty for the lidarresolution is 5 s, corresponding to 1 km horizontal resolution
derived particle backscatter coefficieRissell et a].1979. along the aircraft trajectory, given the average 200 fasr-
Attenuation is, on the contrary, of no concern in backscat-craft speed. The backscatter ralie=(8+ B,,) / B, Wherep,,
tersonde measurements: the instrument performs opticallys the molecular backscattering coefficient, is retrieved from
unattenuated in-situ measurements. Obviously, once the ethe backscattered light sign® by a calibration procedure
fect of attenuation has properly been taken into account in théhat uses the pressupeand temperatur in the state equa-
lidar inversion, the lidar retrieved backscattering coefficienttion of the ideal gas to retrieve the air density, and defines a
should attain — within its limits of accuracy and precision — suitable constark’ — taking into account the molecular scat-
that same value possibly measured in situ by a backscattetering cross section as well as the instrumental sensitivity - in
sonde. order to ensure thak =K - P - (p/T) equals 1 in airmasses

The possibility of connecting quantities that could be where no particles are present. A total Backscatter Ratio has
remotely observed with in-situ cirrus characterization hasbeen computed by summing its parallel and cross compo-
driven this work, whose aim is to assess and discuss the corments, with respect to the polarization of the emitted laser
sistency between the particle volume backscatter coefficienlight.

B observed by the backscattersonde and the same parameterThe particle volume backscattering coefficient is defined
computed by optical scattering theory applied to the size disas 8 = fo"on(r)-dra,, (r)-nndr, whereo,(r) is the parti-
tributions measured by the optical particle counter and sizercle backscattering cross section ar@) is the particle size

Atmos. Meas. Tech., 4, 553+%0 2011 www.atmos-meas-tech.net/4/557/2011/



F. Cairo et al.: Backscattering and size distribution comparison 559

distribution, defined as the number of particles, in a givenframework of the EU funded project SCOUT-CBr(inner et
volume, whose radius is within the limitsandr +dr. This al., 2009 and during August 2006 in Ouagadougou, Burkina
quantity can be retrieved from the experimentally determinedrFaso, in the framework of the EU funded projects SCOUT-

R by the following expressionJollis and Russell1976: 03 and AMMA joint activities Cairo et al, 2010.
p Ten M55 Geophysica flights were chosen for the present
B=(R-1- (?) S Cp x 109 mtsrt (1)  analysis, when simultaneous measurements of optical param-

eters and size spectra were acquired in significant portions of
where Cs32nm=4.508 andCipganm=0.280 whenp is ex- flight time spent within cirrus clouds. These were identi-
pressed irfPaand 7 in K. In our case,p andT are pro- fied as regions above 10 000 m, where appreciable backscat-
vided by the M55 avionic data system. Taking into accounttering (=1.02) and depolarization>(10%) were observed.
the uncertainties i?, p, T and in the calibration procedure, Roughly 7000s of observations came from the TROCCI-
the backscattering coefficient at 532 nm, the one we haveNOX campaign, 5000s from the SCOUT-AMMA dataset,
used in our study, has a precision of 10% and an accuracwhile 21000s were from the SCOUT-Darwin campaign.
of 5x 10-°m~1sr 1, in the worse case when observations The time series of the two instruments were interpolated to a
are taken at 21 km of altitude, which is the Geophysica ceil-common 10 s resolution time grid, corresponding to a spatial
ing level. average over 2 km along the aircraft trajectory.

The optical particle counter FSSP-SPP-100 detects and There may be concern on the dishomogeneity of such
sizes particles by measuring the forward scattered laser lightbservations, since the SCOUT-Darwin campaign measure-
of single particles within a scattering angle 6F42° within -~ ment strategy was focussed on measurement into fresh out-
a sampling volume of approximately 1®mS3, detecting  flows from cumulonimbus anvils, while data from TROCCI-
particles whose diameters are roughly between 2.7 um anflOX and SCOUT-AMMA equally sampled fresh and aged
31 um. The time resolution of the FSSP can be made as smadutflows, as well as cirrus of different origins. Figute
as 2 s, if sufficient counting statistics is available, i.e. in thick shows the dispersion of our dataset in altitude ranges and dif-
clouds. ferent deployments. There, each of the eight panels (from a

Using optical scattering theory, the size of a particle isto h) is related to a 1000 m altitude range from 10000 m
related to the measured scattering cross section. The pate the ceiling altitude of the M55 Geophysica. In each
ticle size distributior(r) is approximated by a histogram panel, histograms of particle backscatter (left) as measured
n; =n(r; Ar;) defined as the numbers of particles whose ra-by MAS, and corresponding temperature (right) observations
dius is within a set of size bin&r; =(r;, r; + A;). In prin- are shown, for the TROCCINOX (upper rows), SCOUT-
ciple the histogram may consist of up to 40 unequal size binsDarwin (middle rows) and SCOUT-AMMA (lower rows).
but this resolution is usually reduced to below 10 bins (7 in By inspecting the histograms, we can see how the majority
the present study) to overcome ambiguities linked to the relaof observations comes from mid to high cirrus clouds, with
tionship between light scattering intensity and particle size,small variability among the different deployments, due to the
which is not always univocal, and to increase the countingfact that cirrus sampled during SCOUT-AMMA were on the
statistics in the single bin. The uncertainties of the num-average lower, warmer and denser than those sampled dur-
ber concentrations reported by the FSSP are determined bing SCOUT Darwin, while TROCCINOX clouds have inter-
the uncertainty of the sample volume (approximately 20%)mediate characteristics. The observed backscattering values
and mostly by poor counting statistics at low number densi-ranges from subvisible to nearly opaque cirrus clouds. These
ties like those encountered in thin or subvisual cirrus cloudsresults are summarized in Taldl¢hat shows the mean values
(Thomas et a).2002). To increase counting statistics, data and standard deviations of the particle densities within each
are averaged over 10s in cirrus clouds, or to several minutebin of the FSSP size distribution histograms, as well as the
in clear air. From the histogram, the total particle num¥er  mean and standard deviation of cloud altitudes and tempera-
surfaceS and volume density’ can be retrieved, as well as tures, for each of the three deployments.

a particle effective radiuss =V/S

The FSSP instrument has been extensively used in air2.2 Optical modelling
borne cloud research since many decad®se(and Baum- _ ) -
gardner 1984. The version on board the Geophysica has Rarucl_e b.ack.scatterlng coefﬂmgnts were qomputed from the
been modified by implementing digital signal processor elec-Size distributions by means of light scattering theory as
tronics (DMT Inc, Boulder, Colorado, USA) and specific 00
changes necessary for the ambiental conditions encounteregdl = n@r) -7 -r?. Q) - dr (2)
in the upper troposphere and lower stratosphere. 0

Both instruments have been deployed in tropical cam-where the backscattering cross sectigfir) is expressed in
paigns: during February 2006 in Bauru, Brasil, in the frame-terms of a geometrical cross section r? and a scattering
work of the EU funded project TROCCINOXS¢humann  efficiency Q(r). This latter quantity, depending on wave-
2005, during November 2005 in Darwin, Australia, in the length and particle refractive index, was computed by mean
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Fig. 1. Panels(A) through(H) show, for altitude ranges from 10000 m to 17000 m in 1000 m steps, the histograms of the measured
backscatter coefficients, (left) and temperatures (right). In each panel, the observations have been grouped into different campaigns: SCOUT
AMMA, SCOUT Darwin and TROCCINOX respectively, from bottom to top.
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Table 1. Averages and standard deviations of the particle density inScwithin each diameter bin of the size distribution histogram are
reported, as measured by the FSSP-100, for clouds observed in each of the three M55 Geophysica deployments (TROCCINOX, Bauru, 2004
SCOUT-Darwin; Darwin, 2005; SCOUT-AMMA; Ouagadougou, 2006). The diameter range of each bin is reported in the second row of
the table, where minimum and maximum particle diameter for each bin are reported. In the two columns on the right, the mean value and
standard deviation of cloud altitudes and temperatures are reported.

nl n2 n3 n4 nS n6 n7 ™C) alt(m)
D (um) 27-5.1 5.1-83 8.3-12.0 12.0-16.3 16.3-21.4 21.4-254 25.4-30.9
SCOUT-AMMA
mean 0.052 0.099 0.158 0.300 0.104 0.079 0.039 -56 14080
std 0.183 0.355 0.568 1.072 0.370 0.280 0.141 26 5465
SCOUT Darwin
mean 0.013 0.015 0.009 0.012 0.003 0.001 0.001 -78 16168
std 0.065 0.053 0.042 0.045 0.035 0.034 0.034 8 1223
TROCCINOX
mean 0.060 0.062 0.043 0.051 0.015 0.005 0.004 -72 15150
std 0.164 0.174 0.127 0.141 0.039 0.014 0.010 8 1230

of a Mie scattering code available in the literatuBoliren  that computed by optical scattering theory, which will be dis-
and Huffman 1983, by using the value of the refractive in- cussed later. This result is likely due to the fact that in our
dex accepted for ice particle¥don et al, 1994). computation the scattering is dominated by large enough par-
The size distribution was considered stepwise constanticles, for which the oscillation of the Mie backscattering co-
over each of seven size bins, and the integral was approxiefficient is small, hence allowing us to rule out any appre-

mated as in ciable dependency from the particular binning used on our
optical computations.
B = Z/ ni-mw-r?. QW) - dr ©) Strictly speaking, Mie theory code applies to spheri-

cal scatterers, while more sophysticated matemathical tools
would be necessary to take into account the asphericity of the

Results from earlier studies on backscatter Ca|CU|ati0n55catterersMacke, 1993 Reichardt et a).2002 Scarchilli et
on volcanic particles have shown such calculation to be ex) 2005 However in this study we considered the uncer-
tremely sensitive to the histogram binninBrock et al,  tajnties arising from the approximation of (2) with (3), and
1993, at least for particles with diameters below 2 pm. from the measurement uncertainties themselves, to be much

In order to rule out such dependency, an attempt to re-igher than those arising from the spherical approximation
construct the size distribution(r) in terms of analytic func-  in the computation of the scattering efficiencies. Generally
tions (bimodal lognormals) from the binnegl=n(r; Ar;)  speaking, aspherical scatterers depress the forward and back-
has been made on few selected cases. The Levenberg Majard scattering and enhance the side scattering with respect
quardt algorithm was used in order to search for the coefto surface equivalent spheres, so an overestimation of the
ficient values that minimize the chi—square. For size distri- backward Scattering may be expected when using Mie codes.
butions with less than six points (number of fit coefficients) An educated guess of such overestimation can be provided by
initial guesses for the coefficient values are required and havgyoking at studies comparing the phase function of aspherical
been adapted after visual inspection. Panels a to e in2Fig. ys spherical scatterers, which suggest an average overestima-
shows five measured size distributions. Measurement €eIrofion of the Mie backscattering coefficient by a factor 2, which
bars due to counting statistics are displayed only on panel amay possibly get as large as a factor 4 or more, depending on
for sake of clarity. Red lines represents bimodal lognormalparticle sizes and shapedishchenko et a).1996.
fits to the measured size distributions.

We have then computed the backscatter coefficient for2.3 Sensitivity tests
such bimodal lognormal fits and compared to what obtained
from histograms. Results from such comparison are showThe use of (3) to estimate (2) introduces systematic errors
in panel f. Lognormal fits did not lead to large differences arising from the use of a stepwise function to approximate
with respect to histograms, the discrepancy remaining on avthe true size distribution, and from limiting the interval of in-
erage within a factor of 2. This is however smaller than thetegration between the lower and upper detection limit of the
difference between the observed backscatter coefficient anBSSP, i.e. between 1.35um and 15.5 um radius, instead of
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Fig. 2. Panels(A) through(E) show the histograms of the measured size distribution (black lines) with their error bars (shown only in
panel(A) for sake of clarity) and their bimodal lognormal fitting functions (red lines). Thin black lines show the two monomodal contributing
to the bimodal. In panglF) a scatterplot of backscattering coefficient computed from the histograms — horizontal axis — and from their
respective bimodal lognormal fits — vertical axis — is displayed. A grey band marks the region where the mismatch stays below a factor 2.

using the full range from O tec. In order to estimate the line) the FSSP lower and upper detection limits, respectively.
sensitivity of our calculations to the presence of undetected The results of this analysis are the following:

particles, we have computed the integral (3) for a set of case ) o

studies and compared with the result obtained by adding, to 1- Undetected particles whose radius is below the FSSP
the measured size distribution, particles in an additional bin ~ lower detection limit would have a large effect on the
below the lower FSSP detection limit in one case, i.e. par-  °verall optical properties. In terms of volumes, an equal
ticles with radii extending from 0.35u to 1.35, and above ratio of detected to non detected volumes would be mir-
the upper detection limit in a second case, i.e. particles with ~ rored in tenfold variations in the scattering coefficients;
radii extending from 15.5 1 to 16.5 . in terms of sgrfaces, an equal ratio of detected _to non

To quantify the effects of undetected particles on optical dej[e'cted particles would double the backscattering co-
parameters on one side, and on bulk size distribution param-  €fficient.
eters on the other, the particle number densityin these
additional bins was defined in order to allocate in such bins
a volume, or surface, equivalent to those actually detected by
the FSSP. This choice allows to easily extrapolate the effects
of an arbitrary amount of undetected particles, just noting
how, for particles uniformly distributed in these bins, their
contribution to the optical parameters would scale linearly
with their number, or volume, or surface.

This procedure allows to extrapolate the effects of an arbi- It should be noted that in our sensitivity study, we added
trary number of undetected particles, by simultaneously scalparticles in the 15.5-16.5 um radius range, close to the up-
ing their consequences both on the optical and microphysicaper FSSP detection limit. Shifting their radius to larger val-
parameters of the particle distribution. ues and keeping either their volume or their surface constant,

Results from these sensitivity tests are displayed in¥ig. would only decrease or leave practically unchanged their op-
where a scatterplot of the backscatter coefficient values fromical effectiveness; similarly, particles in the 0.35-1.35um
the incremented size distribution with respect to those com+adius range would be more efficient in optical scattering,
puted from the size distribution actually measured, are disthan a volume- or surface-equivalent number of particles
played. On the left panel, the amount of additioned particleswithin the FSSP detection limit, these properties descending
was chosen in order to double the total surface, in the righfrom the general behaviour of scattering efficiencies versus
panel, in order to double the total volume; the colors indicateparticle dimension. Thus our choice in the sensitivity study
the addition of particles below (purple line) and above (bluerepresents an upper limit to the assessment of the effect of

2. Undetected particles whose radius is above the FSSP
higher detection limit would have a smaller effect on the
overall optical properties: an equal ratio of detected to
non detected volumes would be mirrored in a twofold
variation of the scattering coefficients, and similar ef-
fects would be produced by an equal ratio of detected
vs non detected surfaces.
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Fig. 3. Result of a sensitivity test, displaying a scatterplot of the Aerosol Backscatter Coefficiaties computed from a set of exper-
imentally determined size distributions, with particles artificially added, whose radius was below (purple line) and above (blue line) the
FSSP detection limit, plotted agaisfrom the unperturbed size distribution. The amount of additional particles was chosen to double the
experimentally determined total surface area (left panel) or the total volume (right panel).

undetected particles, providing also a conservative estimate 31o-
of the range of uncertainties one should expect on retrieved ~
backscattering coefficients, for a given uncertainty on parti- :

cle surfaces or volumes.

3 Results and discussion

Figure4 presents typical results from our comparison of ob-
served and retrieved backscattering coefficients. Time se-
ries are displayed, the black line representing the particle g
backscattering coefficient measured by the backscattersondes 10-%1
and superimposed to that, a shaded area representing th5
same parameter retrieved from the measured size distribu:
tion, allowing an upper and a lower limit provided by the
uncertainties om; due to the counting statistics on each bin. . 8 4
In general the agreement is fair. A Y e . AL
The left panel of Fig5 displays a scatterplot of observed PR AR kG Sesiiio
vs computed backscattering coefficients, the colors coding HE=
different campaigns, together with frequency histograms for
ﬁ 6(r)nblszzrélidpg¥ttizlee t;i‘;ﬁ?ggﬁ:\S’So(nhdoeri(z\ger:;? l)SaLlandefi(r)nn;)gztee layed, for_a portion of the M55 Geophysica flight in cloudy air.

; : i he black line represents the parameter measured by the backscat-
to the scatterplotted data points, a gray-coded Joint Probggsonde, the grey area superimposed to it represent the same pa-
bility Density Function (JPDF) for the two observables. For rameter computed from the measured size distribution, allowing an
ease of representation, the JPDF colour scale is not uniformpper and a lower limit provided by the uncertainties on the particle
over the panel, but for the generig §) pixel, is normalized  counting statistics.
to the number of FSSP observations over the ragnge

The backscattering coefficients spans over 5 orders of
magnitude from subvisible to thick clouds. The correspon-more spread in the lower left corner of the graph, where
dence between the two retrievals is good: they line up alongmall backscattering coefficients are probably more affected
the 1-1 correspondence with a scattering which is often beby measurement noise, and in the upper right corner where
low one order of magnitude and stays compactfaiang-  a bending can be discerned, probably due to a lack of lin-
ing from 108 to 10°m~1srl. The correspondence is earity in the response of the backscattersonde to very thick

scattering coefficient (m-1 sr

Particle vo

léig. 4. Time series of aerosol backscattering coefficigrre dis-
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Fig. 5. Left panel: observation frequency histogram fomeasured by the backscattersonde (vertical, on the left) and computed from the
particle size distribution (horizontal, below). The central part of the panel shows, in arbitrary units color coded in gray scale, the joint
probability density distribution for the two quantities. Superimposed, a scatterplot of the two quantities where red, pale blue and deep blue
dots represent data points from SCOUT-Darwin, TROCCINOX and SCOUT-AMMA campaigns respectively. Right panel: relative error
between the8 optically measured, and computed from the particle size distribution.

clouds, this also confirmed from the observation frequency We consider the correspondence in the central part of the
histogram, displaying a relative lack of backscattersonde obvariability range forg extending for scarcely 4 orders of
servations for higlg values. magnitude, fair enough, given the coarse approximations
The dataset from different campaigns generally show aused in our computations, possible cloud inhomogeneity on
good agreement between observed and retriggtedHow- spatial scales smaller than the distance between the two in-
ever, observations from SCOUT-AMMA look more dis- struments, and uncertainties in the synchronization of the two
persed than those from the other campaigns. This mighinstruments. This correspondence suggests that the portion
be due to small different instrumental accuracies — due toof size distribution sampled by the FSSP is sufficient to ac-
changes in the detectors setups or laser alignment, power armbunt for the overall optical properties of tropical high cirrus
stability, as instance — for the different deployments. More-clouds at. =532 nm.
over, we observed in SCOUT-AMMA a more marked vari-  |n discussing these dataset, we have to take into account
ability of cloud backscattering compared to what observedihe possibility of shattering effects, which is surely an is-
during SCOUT-Darwin and TROCCINOX. This might have sye in aircraft in situ particle detection. The issue for the
introduced an additional source of uncertainty in the comparpresent FSSP dataset has been extensively discus&el in
ison. Whether the reason for this worse agreement betweeReys et al(2009. There, the authors were able to rule out
Observed and retl’ieveﬁi in SCOUT‘AMMA IieS in instl’u- Shattering eﬁects for C|Oud IWC Sma”er than—f(g m—3’
mental artifacts or in actual physical differences between theyyt — although there were good indications that the influ-
datasets, could not be discerned. ence of shattering was small over the whole dataset — they
The right panel of Fig5 shows the JPDF for the mismatch \vere not able to definitely exclude it for the denser clouds.
between retrieved and measurgd versus its magnitude. The reported IWC number, according to the- B relation-
Theps agree within a factor 2 and are relatively unbiased ex-ship suggested in our work and discussed later on, translates
cept for very smalp values, when the measured one seems tantg particle backscattering coefficients smaller than approx-
be sistematically greater that the retrieved one, and for larggmately 10-6m=1sr-1, roughly in the middle of our magni-
p values, when the opposite situation occurs, probably dugyde range. Shattering effects are most prominent in clouds
to a lack of linearity in the response of the backscattersondegontaining ice particles with sizes above several hundred mi-
as already noted. crons. We selected cloud periods where the particles mostly
were smaller or where the likelihood of having significant
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Fig. 6. Observation frequency histogram férmeasured by the backscattersonde (horizontal, below) and for the particle number Nensity
(vertical, on the left). The central panel shows, in arbitrary units color coded in gray scale, the joint probability density distribution for the
two quantities. A linear fit with the parameters reported in Table 2, together with a region wheere the mismatch is below a factor 2, is also
displayed.

numbers of (too) large particles was low. As instance, theno leading effect, and shattering is not a major player in the
cloud cases displayed in Figure 2 only contain particles withsampled cloud volumes.

maximum sizes below 200 um and small number concentra- Figures6, 7, 8 and9 report in the horizontal axis the ob-
tions. Therefore, shattering is thought to have a minor orservations frequency histogram for the measured backscat-
negligible effect Lawson et al.2008 Jensen et g/2009. ter coefficient, in the vertical axis the observations frequency
Moreover, these high tropical clouds seem to contain onlyhistograms for particle number densit;, surface area den-
simply structured particlet dwson et al.2010. This means  sity S, condensed volume density and effective radiuses
plates, elongated spheriods, droxtals and not complex agrespectively. The central panels in each figure show the JPDF
gregates of crystals, rimed particles, complex hydrometeorsin gray scale, for each pair of variables under exam. As in
Such large particle aggregates cause considerable shatterifgg. 5, the JPDF colour scale is not uniform over the panel,
effects. As a matter of fact, if there had been low concen-but for the generici( j) pixel it is normalized to the number
trations of large particles present in the sampled air massesf FSSP observations over that

then these would not have caused too much of a signal in The linearity between the observgdand N displayed in

the backscattersonde in comparison to the more abundarhe JPDF panel in Fig6 is quite striking and indicates that
small particles. However these particles would have gener$ basically scales with the particle number dengity This

ated many shattered fragments which would have been desuggests that in the range of differences in the various shapes
tected as small particles by the FSSP. Then the FSSP def the size distributions in our observations, these are practi-
rived backscatter ratios would strongly disagree (being con-ally uneffective in changing the scattering properties of cir-
sistently higher) with the MAS results. This is not the case.rus clouds, at least for the wavelenght used in our study and
In fact, the size distribution detected by the FSSP well re-for the dimensional range encountered in our observations.
produces the observed backscattering, with no significant biThis finding is further confirmed by the correspondencg of
ases over its range of magnitude, i.e. from thinner to thickervs. S, as in Fig.7, and vs.V as in Fig.8, which show the
clouds. This seems a good indication that an underestimasame linearity with3, although more scattered.

tion of large crystals and overestimation of small crystals has
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Fig. 7. Observation frequency histogram f®measured by the backscattersonde (horizontal, below) and for the particle surface area density
S (vertical, on the left). The central panel shows, in arbitrary units color coded in gray scale, the joint probability density distribution for the
two quantities. A linear fit with the parameters reported in Table 2, together with a region wheere the mismatch is below a factor 2, is also
displayed.

In & recent work based, on the same GeOphyS'Ca CIrrusrable 2. Linear relations linking the backscatter coefficient to par-
clouds measurements during the SCOUT-Darwin campaighyicie number, surface and volume density. Hgréis expressed in

De Reus et al2009 shows that the shapes of the size distri- ;151 while N, S, andV are expressed respectively in T
butions display remarkably similar features, in the FSSP depm—2cm3, pm—3cm—3

tection range, once normalized for the total number of parti-

cles. This again confirm¥ as the main parameter governing fit R-squared

the cirrus scattering properties at optical wavelenghts. In fact
B is relatively independent from as can be discerned from
Fig. 9, at least for large values of the backscattering coeffi-
cient. However this scaling may not be applicable throughout
the wholeg range, since for smaj} a correlation with 77
exists, as thinner cirrus tend also to have smaller effective
radii.

Linear fits can be assessed between the particle bulk pahe central part of the backscattering variability range, while
rameters and optical observations. A linear regression prothey increase both for the largest values — this probably due
cedure has been applied in order to find the best fitting lineto & lack of linearity in the response of the backscattersonde
passing through the origin. The fit was limited to the cen-— and for the smallest values of the backscattering, where the
tral part of the backscattering values, i.e. between®dnd B — N relationship became more scattered. The uncertainty
10-°m~1sr1, where the linear dependence seemed mordncreases fo§ and, even more so, fdr.
robust. Such fits are reported in Figs. 6, 7 and 8, with a fac- The question arise whether is reliable to use such rela-
tor 2 band surrounding the fitted line, while the values of tionships to infer the bulk properties of the size distribution
the angular coefficients, together with tResquared of the from backscatter measurements which are normally acces-
fit, are reported in Table 2. By inspecting the figures, thesible with remote sensing LIDARs. The question we have
uncertainty to be attributed to the bulk parameters inferredo answer can be stated as: to what extent the bulk param-
from such fits can be as large as a factor 2Xqrat least in  eters observed by the FSSP are representative of the real

N=7.0x10*x 8 0.73
§=3.2x10" x B 0.53
V=92x10" x g 0.49
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Fig. 8. Observation frequency histogram férmeasured by the backscattersonde (horizontal, below) and for the particle volume dfensity
(vertical, on the left). The central panel shows, in arbitrary units color coded in gray scale, the joint probability density distribution for the
two quantities. A linear fit with the parameters reported in Table 2, together with a region wheere the mismatch is below a factor 2, is also
displayed.

parameters of the cloud, whose particle size distribution exincrease of particles volumes from particles undetected by
tends beyond the interval detected by the optical counter? the FSSP.

In the forementioned workDe Reus et al(2009 com- De Reus et ali2009 found such effect more marked with

plemented the FSSP size spectrum with the data from a sed0créasing IWC, ande , i.e. given the general trends of

ond instrument on board the Geophysica, the Cloud |mag_these two quantities with altitude, for thick, low cirrus clouds

ing Probe (CIP), a two dimensional optical array probe (Heymsfield and McFarquha2002. Interestingly, the pas-

(Knollenberg, 1970 which detects and sizes particles with S29€ from the condition when the most of the total particle

diameters between 25 pm and 1.6 mm. Volumes from thesolume lies in the FSSP range, to when the most of it lies in
. . 2 -3

extended size spectra were then compared with the ice watéP€ CIP range, occur around 1@ em-S. _

content (IWC) measured by the two hygrometers on board. Hence thes — N relationship should be considered robust

The good agreement between the two datasets allowed to piireughout the variability range, while care should be taken
confidence in the reliability of the size distributions from the When trying to use Figs’ ands to retrieve cloud particle sur-
two optical instruments. faces and volumes from backscattering measurements since

. the displayed correspondence between backscattering and to-
Itis apparent from that study that the number of undetecteq b4 icle surfaces or volumes may lead to their underesti-

particles outside the detection limit of the FSSP does not CONthation. These discrepancies become more significant the op-

tribute signi_ficantly to the t_otal number of particles. How- tically denser the cloud. So for thick cirrus such relationships
ever, when it comes to particle surfaces and, to an even largely, 5 ,1d only be considered as lower limitst@nd V
extent, volumes, undetected particles larger than the FSSP

upper detection limit may play a significant role, so that the

IWC retrieved from FSSP measurements can severely unded Conclusions

estimate the real one. For the present study, we have per-

formed similar comparisons between the FSSP particle volA comparison of optical properties for tropical high altitude
umes and those retrieved from the two hygrometers on boargirrus clouds, directly measured and inferred from particle
for selected cases, and found on few of them even a tenfol@ize distribution observations, has been carried out.
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The central panel shows, in arbitrary units color coded in gray scale, the joint probability density distribution for the two quantities.

Results suggest that the fraction of size spectrum availablécknowledgementsThe TROCCINOX campaign was partially
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sitivity of backscattering techniques for detecting particles

above the FSSP upper detection limit. Hence such relation-

ships should probably be regarded as providing only a lower

limit for particle surface or, even more so, volume concentra-
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