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Abstract

An FSSP-100 Optical Particle Counter designed to count and size particles in the mi-
cron range and a backscattersonde that measures in-situ particle optical properties
such as backscatter and depolarization ratio, are part of the payload of the high al-
titude research aircraft M55 Geophysica. This aircraft was deployed in tropical field5

campaigns in Bauru, Brasil (TROCCINOX, 2004) Darwin, Australia (SCOUT-Darwin,
2005) and Ouagadougou, Burkina Faso (SCOUT-AMMA, 2006). In those occasions,
measurements of particle size distributions and optical properties within cirrus cloud
were performed. Scope of the present work is to assess and discuss the consistency
between the particle volume backscatter coefficient observed by the backscattersonde10

and the same parameter retrieved by optical scattering theory applied to particle size
distributions as measured by the FSSP-100. In addition, empirical relationships linking
the optical properties measured in-situ by the backscattersonde, which generally can
be obtained by remote sensing techniques (LIDAR), and microphysical bulk properties
like total particle number, surface and volume density will be presented and discussed.15

1 Introduction

Cirrus clouds are a fundamental component of the climate system (Liou, 1986), due
to their pivotal role in the water balance and in the radiative properties of the atmo-
sphere, impacting both its thermal structure and dynamics. Satellite observations have
provided a global picture of their distribution, that basically follows cloud activity, i.e.20

deep convection in the tropics and frontal zones in midlatitudes. In the tropics their
occurrence tends to concentrate near the tropopause level, with a thickness from a
few tens of meters to few kilometers, horizontal homogeneities extending to thousands
of kilometers and lifetimes that can reach days. Tropical cirrus clouds have raised a
particular interest for the role they play in the chemical processing and dehydration of25

air entering the tropical lower stratosphere and for their contribution to the radiative
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balance of the Tropical Tropopause Layer (Hartmann et al., 2001; Holton et al., 2001;
Luo et al., 2003; Corti et al., 2006). Because of their often small optical depths, ground
based lidars are suitable instruments for cirrus characterization. High tropical cirrus
were first reported by Uthe and Russell (1976) who observed cirrus clouds between
12 and 18 km, from the ground lidar station at Kwajalein (8.7◦ N, 167.7◦ E). Since then,5

a molteplicity of lidar studies characterized cirrus morphology, often in conjunction with
other remote sensing instruments as infrared radiometers or millimeter radars (Platt et
al., 1998; Comstock et al., 2001; Wang et al., 2001; Pace et al., 2003; Immler et al.,
2007).

In parallel, airborne campaigns have been conducted to provide their in-situ char-10

acterization. In-situ measurements in the upper tropical troposphere have been dis-
cussed by Heymsfield (1986), who reported ice crystals with sizes up to 50 µm and
Knollenberg et al. (1993) who observed high concentrations of ice crystals (≥10 cm−3)
in the anvils of tropical convective systems. McFarquhar et al. (2004) have reported
maximum ice crystal sizes of between 30 and 140 µm and modal radius of few tens of15

µm on a similar thin subvisible cirrus layer over the tropical central Pacific. Size dis-
tributions of cirrus clouds in the upper tropical troposphere, exhibiting a pronounced
peak at 10 µm, have been reported by Thomas et al. (2002), presenting observations
taken on board the high altitude research aircraft M55 Geophysica. Ultrathin tropical
tropospheric clouds (UTTC) were observed directly beneath the tropical tropopause,20

characterised by a very low ice crystal number concentration (0.05 cm−3), and a modal
peak of 10 to 12 µm (Peter et al., 2003).

De Reus et al. (2009) reported cirrus measurements showing a peak in the ice crys-
tal number size distribution at about 10 µm diameter, while Lawson et al. (2009) re-
ported sub-visible cirrus observations from Costa Rica with average values of ice par-25

ticle number concentration (0.066 cm−3), and effective radius (8.82 µm) similar to those
by McFarquhar et al. (2004).

The observations performed from the M55 Geophysica, hosting a backscattersonde
and an instrumental set for particle counting and sizing, represent a unique dataset
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linking in-situ observations of both microphysical properties and optical parameters of
cirrus clouds usually obtained by remote sensing LIDARs.

The possibility of connecting quantities that could be remotely observed with in-situ
cirrus characterization has driven this work, whose aim is to assess and discuss the
consistency between the particle volume backscatter coefficient β observed by the5

backscattersonde and the same parameter computed by optical scattering theory ap-
plied to the size distributions measured by the optical particle counter and sizer. Empir-
ical relationships between β and the bulk microphysical parameters of the size distribu-
tion, such as total number of particles, surface and volume densities, will be presented
and discussed.10

2 Instrumentation and methods

2.1 Instruments and measurements

The M55 Geophysica is equipped with a complete set of instrumentation for the in-situ
chemical and microphysical characterisation of the sampled airmass, including con-
densation nuclei counters, optical counters and sizers, particle imagers, hygrometers15

and chemical analyzers.
An optical particle counter FSSP-SPP-100 is located in a boom beneath the left

wing of the aircraft, facing forward, while the backscattersonde is in a bay beneath the
pilot’s cockpit, facing sideways on the right. The separation between the airmasses
sampled by the two instruments is only a few metres and the two instruments can thus20

be considered to perform simultaneous co-located in situ observations.
The backscattersonde MAS (Multiwavelength Aerosol Scatterometer) (Buontempo

et al., 2006; Cairo et al., 2004) emits polarized laser light at 532 nm and at 1064 nm
and collects the light backscattered from the portion of atmosphere in close proximity
(3–10 m) of the instrument, so it acts as a detector of optically detectable (i.e. whose25

diameter is greater than few tenths of µm) cloud particles and aerosols. Polarization
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resolved light backscattering observations allow to discriminate particle shape, hence
thermodynamical phase. The instrument is basically an elastic LIDAR system that
measures in-situ, i.e. at few metres from the mounting platform, the same atmospheric
parameters which are accessible to remote sensing ground based LIDAR investiga-
tions, i.e. depolarization ratio δ, backscatter ratio R and color index C (Matthias et al.,5

2004; Bockmann et al., 2004; Pappalardo et al., 2004).
The sampling volume is approximatively 10−3 m3, the resolution is 5 s, corresponding

to 1 km horizontal resolution along the aircraft trajectory, given the average 200 m/s
aircraft speed. The backscatter ratio is retrieved from the backscattered light signal
P by a calibration procedure that uses the pressure p and temperature T in the state10

equation of the ideal gas to retrieve the air density, and defines a suitable constant K –
taking into account the molecular scattering cross section as well as the instrumental
sensitivity – in order to ensure that R = K · P ·

(
p/T

)
equals 1 in airmasses where

no particles are present. The aerosol volume backscattering coefficient is defined as∫∞
0 n(r)σπ (r)dr , where σπ (r) is the particle backscattering cross section and n(r) is15

the particle size distribution, defined as the number of particles, in a given volume,
whose radius is within the limits r and r+dr. This quantity can be retrieved from the
experimentally determined R by the following expression (Collis and Russell, 1976):

β= (R−1) ·
(p
T

)
·Cλ×10−9 m−1 sr−1 (1)

where C532nm =4.508 and C1064nm =0.280 when p is expressed in Pa and T in K . In20

our case, p and T are provided by the M55 avionic data system. Taking into account the
uncertainties in P , p, T and in the calibration procedure, the backscattering coefficient
at 532 nm, the one we have used in our study, has a precision of 10% and an accuracy
of 5 10−9 m−1 sr−1, in the worse case when observations are taken at 21 km of altitude,
which is the Geophysica ceiling level.25
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The optical particle counter FSSP-SPP-100 detects and sizes particles by measuring
the forward scattered laser light of single particles within a scattering angle of 4◦–12◦

within a sampling volume of approximately 10−6 m3, detecting particles whose diame-
ters are roughly between 2.7 µm and 31 µm.

Using optical scattering theory, the size of a particle is related to the measured scat-5

tering cross section. The particle size distribution n(r) is approximated by a histogram
ni=n(r ;∆ri) defined as the numbers of particles whose radius is within a set of size
bins ∆ri = (ri,ri+∆i) . In principle the histogram may consist of up to 40 unequal size
bins, but this resolution is usually reduced to below 10 bins (7 in the present study) to
overcome ambiguities linked to the relationship between light scattering intensity and10

particle size, which is not always univocal, and to increase the counting statistics in the
single bin. The uncertainties of the number concentrations reported by the FSSP are
determined by the uncertainty of the sample volume (approximately 20%) and mostly
by poor counting statistics at low number densities like those encountered in thin or
subvisual cirrus clouds (Thomas et al., 2002). To increase counting statistics, data are15

averaged over 10s in cirrus clouds, or to several minutes in clear air. From the his-
togram, the total particle number N, surface S and volume density V can be retrieved,
as well as a particle effective radius reff = V /S.

The FSSP instrument has been extensively used in airborne cloud research since
many decades (Dye and Baumgardner, 1984). The version on board the Geophys-20

ica has been modified by implementing digital signal processor electronics (DMT Inc,
Boulder, Colorado, USA) and specific changes necessary for the ambiental conditions
encountered in the upper troposphere and lower stratosphere.

Both instruments have been deployed in tropical campaigns: during February 2006
in Bauru, Brasil, in the framework of the EU funded project TROCCINOX (Schumann,25

2005), during November 2005 in Darwin, Australia, in the framework of the EU funded
project SCOUT-O3 (Brunner et al., 2009) and during August 2006 in Ouagadougou,
Burkina Faso, in the framework of the EU funded projects SCOUT-O3 and AMMA joint
activities (Cairo et al., 2010).
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Ten M55 Geophysica flights were chosen for the present analysis, when simultane-
ous measurements of optical parameters and size spectra were acquired in significant
portions of flight time spent within cirrus clouds. These were identified as regions above
10000 m, where appreciable backscattering (≥ 1.02) and depolarization (≥ 10%) were
observed. Roughly 7000 s of observations came from the TROCCINOX campaign,5

5000 s from the SCOUT-AMMA dataset, while 21000 s were from the SCOUT-Darwin
campaign. The time series of the two instruments were interpolated to a common 10 s
resolution time grid, corresponding to a spatial average over 2 km along the aircraft
trajectory.

There may be concern on the dishomogeneity of such observations, since the10

SCOUT-Darwin campaign measurement strategy was focussed on measurement into
fresh outflows from cumulonimbus anvils, while data from TROCCINOX and SCOUT-
AMMA equally sampled fresh and aged outflows, as well as cirrus of different origins.
Figure 1 shows the dispersion of our dataset in altitude ranges and different deploy-
ments. There, each of the eight panels (from A to H) is related to a 1000 m altitude15

range from 10 000 m to the ceiling altitude of the M55 Geophysica. In each panel,
histograms of particle backscatter (left) as measured by MAS, and corresponding tem-
perature (right) observations are shown, for the TROCCINOX (upper rows), SCOUT-
Darwin (middle rows) and SCOUT-AMMA (lower rows). By inspecting the histograms,
we can see how the majority of observations comes from mid to high cirrus clouds,20

with small vairabilities among the different deployments, due to the fact that cirrus sam-
pled during SCOUT-AMMA were on the average lower, warmer and denser than those
sampled during SCOUT Darwin, while TROCCINOX clouds have intermediate charac-
teristics. The observed backscattering values ranges from subvisible to nearly opaque
cirrus clouds. These results are summarized in Table 1 that shows the mean values25

and standard deviations of the particle densities within each bin of the FSSP size dis-
tribution histograms, as well as the mean and standard deviation of cloud altitudes and
temperatures, for each of the three deployments.
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2.2 Optical modelling

Particle backscattering coefficients were computed from the size distributions by means
of light scattering theory as

β=
∫ ∞

0
n(r) ·π ·r2 ·Q(r) ·dr (2)

where σπ (r) is expressed in terms of a geometrical cross section π ·r2 and a scatter-5

ing efficiency Q(r). This latter quantity, depending on wavelength and particle refrac-
tive index, was computed by mean of a Mie scattering code available in the literature
(Bohren and Huffman, 1983), by using the value of the refractive index accepted for ice
particles (Toon et al., 1994).

The size distribution was considered stepwise constant over each of seven size bins,10

and the integral was approximated as in

β=
∑
i

∫
∆i

ni ·π ·r2 ·Q(r) ·dr (3)

Results from earlier studies on backscatter calculations on volcanic aerosols have
shown such calculation to be extremely sensitive to the histogram binning (Brock et al.,
1993), at least for particles with diameters below 2 µm.15

In order to rule out such dependency, an attempt to reconstruct the size distribution
n(r) in terms of analytic functions (bimodal lognormals) from the binned ni=n(r ;∆ri) has
been made on few selected cases. Panels A to E in Fig. 2 shows five measured size
distributions. Measurement error bars due to counting statistics are displayed only on
panel A, for sake of clarity. Red lines represents bimodal lognormal fits to the measured20

size distributions.
We have then computed the backscatter coefficient for such bimodal lognormal fits

and compared to what obtained from histograms. Results from such comparison are
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shown in panel F. Lognormal fits did not lead to large differences with respect to his-
tograms, the discrepancy remaining on average within a factor of 2. This is however
smaller than the difference between the observed backscatter coefficient and that com-
puted by optical scattering theory, which will be discussed later. This result is likely due
to the fact that in the present study the scattering is dominated by particles whose di-5

ameters are above 4 µm, and allows us to rule out any appreciable dependency from
the particular binning used, on our optical computations.

Strictly speaking, Mie theory code applies to spherical scatterers, while more sophys-
ticated matemathical tools would be necessary to take into account the asphericity of
the scatterers (Macke, 1993; Reichardt et al., 1988; Scarchilli et al., 2005). However10

in this study we considered the uncertainties arising from the approximation of (2) with
(3), and from the measurement uncertainties themselves, to be much higher than those
arising from the spherical approximation in the computation of the scattering efficien-
cies. Generally speaking, aspherical scatterers depress the forward and backward
scattering and enhance the side scattering with respect to surface equivalent spheres,15

so an overestimation of the backward scattering may be expected when using Mie
codes. An educated guess of such overestimation can be provided by looking at stud-
ies comparing the phase function of aspherical vs spherical scatterers, that suggest
a positive bias of 20–80%, according to particle sizes and shapes (Mishchenko et al.,
1996).20

2.3 Sensitivity tests

The use of (3) to estimate (2) introduces systematic errors arising from the use of a
stepwise function to approximate the true size distribution, and from limiting the inter-
val of integration between the lower and upper detection limit of the FSSP, i.e. between
1.35 µm and 15.5 µm, instead of using the full range from 0 to ∞ . In order to estimate25

the sensitivity of our calculations to the presence of undetected particles, we have com-
puted the integral (3) for a set of case studies and compared with the result obtained
by adding, to the measured size distribution, particles in an additional bin below the
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lower FSSP detection limit in one case, i.e. particles with radii extending from 0.35 µm
to 1.35 µm , and above the upper detection limit in a second case, i.e. particles with
radii extending from 15.5 µm to 16.5 µm.

To quantify the effects of undetected particles on optical parameters on one side,
and on bulk size distribution parameters on the other, the particle number density ni5

in these additional bins was defined in order to cause a doubling in the total particle
surface, or in the total particle volume, with respect to what actually measured.

This procedure allows to extrapolate the effects of an arbitrary number of undetected
particles, by simultaneously scaling their consequences both on the optical and micro-
physical parameters of the particle distribution.10

Results from these sensitivity tests are displayed in Fig. 3, where a scatterplot of
the backscatter coefficient values from the incremented size distribution with respect
to those computed from the size distribution actually measured, are displayed. On the
left panel, the amount of additioned particles was chosen in order to double the total
surface, in the right panel, in order to double the total volume; the colors indicate the15

addition of particles below (purple line) and above (blue line) the FSSP lower and upper
detection limits, respectively.

The results of this analysis are the following:

1. Undetected particles whose radius is below the FSSP lower detection limit would
have a large effect on the overall optical properties. In terms of volumes, an equal20

ratio of detected to non detected volumes would be mirrored in tenfold variations
in the scattering coefficients; in terms of surfaces, an equal ratio of detected to
non detected particles would double the backscattering coefficient.

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 detected25

to non detected volumes would be mirrored in a twofold variation of the scattering
coefficients, and similar effects would be produced by an equal ratio of detected
vs. non detected surfaces.

4068

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4059/2010/amtd-3-4059-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4059/2010/amtd-3-4059-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4059–4089, 2010

Backscattering and
size distribution

comparison

F. Cairo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

It should be noted that in our sensitivity study, we added particles in the 15.5–16.5 µm
radius range, close to the upper FSSP detection limit. Shifting their radius to larger val-
ues and keeping either their volume or their surface constant, would only decrease or
leave practically unchanged their optical effectiveness; similarly, particles in the 0.85–
1.35 µm radius range would be more efficient in optical scattering, than a volume- or5

surface-equivalent number of particles within the FSSP detection limit, these proper-
ties descending from the general behaviour of scattering efficiencies versus particle
dimension. Thus our choice in the sensitivity study represents an upper limit to the as-
sessment of the effect of undetected particles, providing also a conservative estimate
of the range of uncertainties one should expect on retrieved backscattering coefficients,10

for a given uncertainty on particle surfaces or volumes.

3 Results and discussion

Figure 4 presents typical results from our comparison of observed and retrieved
backscattering coefficients. Time series are displayed, the black line representing the
aerosol backscattering coefficient measured by the backscattersonde, and superim-15

posed to that, a shaded area representing the same parameter retrieved from the
measured size distribution, allowing an upper and a lower limit provided by the un-
certainties on ni due to the counting statistics on each bin. In general the agreement is
fair.

The left panel of Fig. 5 displays a scatterplot of observed vs computed backscattering20

coefficients, the colors coding different campaigns, together with frequency histograms
for β, observed by the backscattersonde (vertical) and computed from FSSP particle
observations (horizontal). Superimposed to the scatterplot data points, a gray-coded
Joint Probability Density Function (JPDF) for the two observables. For ease of repre-
sentation, the JPDF colour scale is not uniform over the panel, but for the generic (i,j)25

pixel, is normalized to the number of FSSP observations over the range j.
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The backscattering coefficients spans over 5 orders of magnitude from subvisible
to thick clouds. The correspondence between the two retrievals is good: they line up
along the 1-1 correspondence with a scattering which is often below one order of mag-
nitude and stays compact for β ranging from 10−8 to 10−5 m−1 sr−1. The correspon-
dence is more spread in the lower left corner of the graph, where small backscattering5

coefficients are probably more affected by measurement noise, and in the upper right
corner where a bending can be discerned, probably due to a lack of linearity in the
response of the backscattersonde to very thick clouds, this also confirmed from the
observation frequency histogram, displaying a relative lack of backscattersonde obser-
vations for high β values.10

The dataset from different campaigns generally show a good agreement between
observed and retrieved β. However, observations from SCOUT-AMMA look dispersed
and sparser than those from the other campaigns. This might be due to smal different
instrumental accuracies – due to changes in the detectors setups or laser alignment,
power and stability, as instance – for the different deployments. Moreover, we observed15

in SCOUT-AMMA a more marked variability of cloud backscattering compared to what
observed during SCOUT-Darwin and TROCCINOX. This might have introduced an ad-
ditional source of uncertainty in the comparison. Whether the reason for this worse
agreement between observed and retrieved β in SCOUT-AMMA lies in instrumental
artifacts or in actual physical differences between the datasets, could not be discerned.20

The right panel of Fig. 5 shows the JPDF for the mismatch between retrieved and
measured βs versus its magnitude. The βs agree within a factor 2 and are relatively
unbiased except for very small β values, when the measured one seems to be sis-
tematically greater that the retrieved one, and for large β values, when the opposite
situation occurs, probably due to a lack of linearity in the response of the backscatter-25

sonde, as already noted.
We consider the correspondence in the central part of the variability range for β

extending for scarcely 4 orders of magnitude, fair enough, given the coarse approxi-
mations used in our computations, possible cloud inhomogeneities on spatial scales

4070

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4059/2010/amtd-3-4059-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4059/2010/amtd-3-4059-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4059–4089, 2010

Backscattering and
size distribution

comparison

F. Cairo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

smaller than the two instrument’s distance, and uncertainties in the synchronization of
the two instruments. This correspondence suggests that the portion of size distribution
sampled by the FSSP is sufficient to account for the overall optical properties of tropical
high cirrus clouds at λ=532 nm.

Figures 6, 7, 8 and 9 report in the horizontal axis the observations frequency his-5

togram for the measured backscatter coefficient, in the vertical axis the observations
frequency histograms for particle number density N, surface area density S, con-
densed volume density V and effective radius reff respectively. The central panels
in each figure show the JPDF in gray scale, for each pair of variables under exam. As
in Fig. 5, the JPDF colour scale is not uniform over the panel, but for the generic (i,j)10

pixel it is normalized to the number of FSSP observations over that j.
The linearity between the observed β and N displayed in the JPDF panel in Fig. 6 is

quite striking and indicates that β basically scales with the particle number density N.
This suggests that in the range of differences in the various shapes of the size distri-
butions in our observations, these are practically uneffective in changing the scattering15

properties of cirrus clouds, at least for the wavelenght used in our study and for the
dimensional range encountered in our observations. This finding is further confirmed
by the correspondence of β vs. S, as in Fig. 7, and vs. V as in Fig. 8, which show the
same linearity with β, although more scattered.

In a recent work based on the same Geophysica cirrus clouds measurements dur-20

ing the SCOUT-Darwin campaign, De Reus et al. (2009) show that size distribution
shapes display remarkably similar features, in the FSSP detection range, once normal-
ized for the total number of particles. This again confirms N as the main parameter
governing the cirrus scattering properties at optical wavelenghts. In fact β is relatively
independent from reff as can be discerned from Fig. 9, at least for large values of the25

backscattering coefficient. However this scaling may not be applicable throughout the
whole β range, since for small β a correlation with reff exists, as thinner cirrus tend also
to have smaller effective radii.
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Linear fits can be assessed betweeen the aerosol bulk parameters and optical ob-
servations. These are reported in Table 2. By inspecting the figures, the uncertainties
to be attributed to the bulk papeameters inferred from such fits can be as large as a
factor 5 for N, slightly reduced for S and V .

The question arise whether is reliable to use such relationship to infer the bulk prop-5

erties of the size distribution from backscatter measurements which are normally ac-
cessible with remote sensing LIDARs. The question we have to anwer can be stated
as: to what extent the bulk parameters observed by the FSSP are representative of
the real parameters of the cloud, whose particle size distribution extends beyond the
interval detected by the optical counter?10

In the forementioned work, De Reus et al. (2009) complemented the FSSP size
spectrum with the data from a second instrument on board the Geophysica, the Cloud
Imaging Probe (CIP), a two dimensional optical array probe (Knollenberg , 1970) which
detects and sizes particles with diameters between 26 µm and 1.5 mm. Volumes
from these extended size spectra were then compared with ice water content (IWC)15

measured by the two hygrometers on board. The good agreement between the two
datasets allowed to put confidence in the reliability of the size distributions from the two
optical instruments.

It is apparent from that study that the number of undetected particles outside the
detection limit of the FSSP does not contribute significantly to the total number of par-20

ticles. However, when it comes to particle surfaces and, to an even larger 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
underestimate the real one. For the present study, we have performed similar compar-
isons between the FSSP particle volumes and those retrieved from the two hygrome-25

ters on board for selected cases, and found on few of them even a tenfold increase of
particles volumes from particles undetected by the FSSP.

De Reus et al. (2009) found such effect more marked with increasing IWC, and reff ,
i.e. given the general trends of these two quantities with altitude, for low cirrus clouds
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(Heymsfield et al., 2002). Interestingly, the passage from the condition when the most
of the total particle volume lies in the FSSP range, to when the most of it lies in the CIP
range, occur around 102 µm3 cm−3.

Hence the β-N relationship should be considered robust throughout the β variability
range, while care should be taken when trying to use Figs. 7 and 8 to retrieve cloud5

particle surfaces and volumes from backscattering measurements since the displayed
correspondences between backscattering and total particle surfaces or volumes may
lead to their underestimation. These discrepancies become more significant the denser
the cloud. So for thick cirrus such relationships should only be considered as lower
limits to S and V .10

4 Conclusions

A comparison of optical properties for tropical high altitude cirrus clouds, directly mea-
sured and inferred from particle size distribution observations, has been carried out.

Results suggest that the fraction of size spectrum available to FSSP particle counter
observation, i.e. particles with diameters from 2.7 to 31 µm, is effective in reproducing15

cirrus optical properties in the visible part of the spectrum. This result keeps validity
for backscattering cross sections spanning over 5 orders of magnitude. Optical particle
counters observations are thus a valid tool to assess the cloud particle density and
to provide size distributions for modelling cloud microphysical processes and radiative
effects in the visible region of the spectrum.20

A set of relations linking optical observations to microphysical bulk properties of the
particle size distribution has been presented and discussed, with the aim to provide a
tool to infer such microphysical properties from optical remote sensing measurements.
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Table 1. Averages and standard deviations of the particle densities in cm−3 within each 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 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 values and standard deviation
of cloud altitudes and temperatures are reported.

n1 n2 n3 n4 n5 n6 n7 T (◦C) alt(m)
D(µm) 2.7–5.1 5.1–8.3 8.3–12.0 12.0–16.3 16.3–21.4 21.4–25.4 25.4–30.9

SCOUT-AMMA
mean 0.052 0.099 0.158 0.300 0.104 0.079 0.039 −56 14 080
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 16 168
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 15 150
std 0.164 0.174 0.127 0.141 0.039 0.014 0.010 8 1230
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Table 2. Linear relations linking the backscatter coefficient to particle number, surface and
volume density. Here β is expressed in m−1 sr−1, while N, S, and V are expresser respectively
in cm−3, µm−2 cm−3, µm−3 cm−3.

fit R-squared

N =3.7 · 104 · β 0.96
S =2.5 · 107 · β 0.99
V =7.5 · 107 · β 0.98
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Fig. 1. Panel (A) through (H) show, for altitude ranges from 10 000 m to 17 000 m in 1000 m
steps, the histograms of the measured backscatter coefficients, (left) and temperatures (right).
In each panel, the obsevations have been grouped into different campaigns: SCOUT-AMMA,
SCOUT Darwin and TROCCINOX respectively, from bottom to top.
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Fig. 2. Panel (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 lognor-
mal fitting functions (red lines). Thin black lines show the two monomodal contributing to the
bimodal. In panel (F) a scatterplot of backscattering coefficient computed from the histograms
– horizontal axis – and their respective fits – vertical axis – is displayed.
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Fig. 3. Scatterplot of a sensitivity test, displaying the comparison of the Aerosol Backscatter
Coefficient β values computed from a set of experimentally determined size distributions, with
particles artificially added whose radius was below (purple line) and above (blue line) the FSSP
detection limit, are plotted agains β from 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)
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Fig. 4. Time series of aerosol backscattering coefficient β are displayed, for a portion of the
M55 Geophysica flight in cloudy air. The black line represents the parameter measured by
the backscattersonde, the grey area superimposed to it represent the same parameter com-
puted from the measured size distribution, allowing an upper and a lower limit provided by the
uncertainties on the particle counting statistics.
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Fig. 5. Observation frequency histogram for β measured by the backscattersonde (horizontal)
and computed from the particle size distribution (vertical). The central panel shows a scatterplot
of the two quantities. Red, pale blue and deep blue dots represent data points from SCOUT-
Darwin, TROCCINOX and SCOUT-AMMA campaigns respectively.
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Fig. 6. Observation frequency histogram for β measured by the backscattersonde (vertical)
and for the particle number density N (horizontal). The central panel shows, in arbitrary units
color coded in gray scale, the joint probability density distribution for the two quantities.
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Fig. 7. Observation frequency histogram for β measured by the backscattersonde (vertical)
and for the particle surface area density S (horizontal). The central panel shows, in arbitrary
units color coded in gray scale, the joint probability density distribution for the two quantities.
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Fig. 8. Observation frequency histogram for β measured by the backscattersonde (vertical)
and for the particle volume density V (horizontal). The central panel shows, in arbitrary units
color coded in gray scale, the joint probability density distribution for the two quantities.
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Fig. 9. Observation frequency histogram for β measured by the backscattersonde (vertical)
and for the particle effective radius (horizontal). The central panel shows, in arbitrary units
color coded in gray scale, the joint probability density distribution for the two quantities.
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