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Abstract. The limited accuracy of current cloud micro-
physics sensors used in cirrus cloud studies imposes
limitations on the use of the data to examine the cloud's
broadband radiative behaviour, an important element of
the global energy balance. We review the limitations of
the instruments, PMS probes, most widely used for
measuring the microphysical structure of cirrus clouds
and show the e�ect of these limitations on descriptions
of the cloud radiative properties. The analysis is applied
to measurements made as part of the European
Cloud and Radiation Experiment (EUCREX) to deter-
mine mid-latitude cirrus microphysical and radiative
properties.
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1 Introduction

The understanding and modelling of climate processes is
a critical global issue, and problems involving cirrus
clouds are amongst the most immediate. Cirrus clouds
are important determinants of the climate, modulating
both the input of energy to the climate system and the
output of energy from it (e.g. Ramanathan et al., 1983,
1989) over a large area of the globe at any one time
(Bretherton and Suomi, 1983). Their impact on the
global radiation balance and their consequent involve-
ment in feedback processes will be determined by their
areal coverage, their temperature and by the way they
interact with both incoming short wave (solar) and
outgoing long wave (terrestrial) radiation. This broad-
band radiative behaviour is in turn determined by the

cloud microphysical properties (Stephens et al., 1990;
Heyms®eld, 1993). It is determined by how many cloud
particles there are, how much radiant energy they
intercept and emit, and how this energy is distributed
in space and in wavelength. Modelling the cloud
radiative behaviour requires a knowledge of the total
water substance in the cloud, the number concentration
of cloud particles and their size distribution, their cross
section for the interception of radiation (related to their
projected geometric cross section and hence their
shape and size) and their scattering phase functions
(also determined by the particle shape, and its phase,
water or ice).

However there have been only a limited number of
detailed observations of the cirrus cloud microphysical
properties needed in modelling the interaction of the
cirrus with radiation. What measurements there are
indicate there can be a wide range of ice water content,
cloud depth, and ice crystal shapes, sizes and concen-
tration, making these clouds di�cult to parametrise
(Stephens et al., 1990; Ramanathan et al., 1995). They
are thus poorly represented in current climate models.
The measurements have tended to be in mid-latitude
non-convective clouds formed by large-scale ascent.
Additional in situ measurements of cirrus cloud micro-
physical properties are needed, particularly of contrail-
induced cirrus, tropical cirrus, Southern Hemisphere
cirrus and cirrus formed by convective processes, to
improve the modelling of cirrus in climate processes. At
the same time there are limitations on the measurements
that are currently available or that can be made with
currently available instruments. We will show here that
this means these measurements could mislead the
modelling work, if not applied with great care. An
additional concern is that these measurements, being
made in situ, may be treated as `absolute' measurements
and used to calibrate remote sensing instruments with-
out regard for their limitations.

We ®rst describe the measurement probes and their
limitations, then consider the radiative implications.
There are radiative implications of the limitations on theCorrespondence to: J.-F. Gayet
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measurement of particle shape, on the detection of small
particles and on the determination of integrated mea-
sures of cloud water. These implications are demon-
strated through analysis of measurements made as part
of the ®eld phase observations within the European
Cloud and Radiation Experiment (EUCREX). These
observations were made in several areas in Western
Europe to determine mid-latitude cirrus microphysical
and radiative properties (Raschke, 1996).

2 PMS probes

Most available in situ cirrus microphysics measurements
have been made using aircraft-borne optical imaging or
scattering probes, commercially available PMS 2D-C
and PMS FSSP-100 respectively (Knollenberg, 1976).
There are a limited number of measurements on ice
crystals captured on replicators (e.g. Cooper and Vali,
1981; Heyms®eld, 1986) and new instruments are now
coming into use: the counter¯ow virtual impactor or
CVI (StroÈ m and Heintzenberg, 1994), an advanced
replicator (Strauss et al., 1995), holographic cloud
particle imaging systems (Brown, 1989; Lawson, 1995),
an evaporative technique for total water measurements
(Nicholls et al., 1990), the video ice particle sampler
(McFarquhar and Heyms®eld, 1996) and a polar
nephelometer (Gayet et al., 1997; CreÂ pel et al., 1997).
There are also less widely used PMS probes (FSSP-300,
260X-1D-C, 2D-Grey, 2D2-P) which can be used to
extend the data available and so overcome some of the
limitations of the other probes. For the moment the
alternatives o�er a check on the PMS 2D-C and PMS
FSSP-100 data rather than a useful database on cirrus
microphysics in their own right.

During EUCREX some CVI, advanced replicator,
holographic and total water measurements were avail-
able but the vast bulk of the data are from the PMS 2D-
C and PMS FSSP-100. Thus, users of EUCREX data in
particular should realise that unless otherwise indicated
the data has the limitations described.

2.1 PMS 2D-C probe

The data from these probes are recorded as two
dimensional images of individual cloud particles, some-
times several hundred per second, passing through the
sampling volume of the instrument. Typically the probe
covers a particle size range of 25±800 lm with a pixel
size of 25 lm. The analysis techniques use speci®c
algorithms applied to the image of each particle to
identify that particle's shape and size (Heyms®eld and
Parrish, 1978; Duroure, 1982; Heyms®eld and Baum-
gardner, 1985; Duroure et al., 1994; Fouilloux et al.,
1997) and to determine particle concentration.

The accuracy and consistency of the 2D-C probes has
been examined (Gayet et al., 1993) as part of the ICE/
EUCREX programme to determine cirrus microphysi-
cal properties. Although development and use of the
2D-C probe unquestionably represents a great advance

in cloud physics instrumentation, inherent probe and
data analysis shortcomings limit the conditions under
which the data can be relied on. There are four problems
in particular, related to: (1) the determination of the
absolute particle number concentration, (2) the identi-
®cation of particle shape, (3) the limited range of sizes of
particles over which the measurements can be made and
(4) the limited sample volume of the probes.

The ®rst problem, in determining the absolute
number concentration, comes from three sources. The
major one relates to the data handling in di�erent
probes. Figure 1 shows the size spectra obtained simul-
taneously from three 2D-C probes mounted close
together on the same aircraft during a ¯ight in
cirrostratus at a temperature of around )35 °C (Gayet
et al., 1993). The probes show large di�erences in
particle concentration for the larger sizes, even although
measuring closely spaced volumes of the same cloud.
The di�erences appear to be due to instrumentation
problems rather than true cloud di�erences (Gayet et al.,
1993), and are related particularly to the probe version
being used, with the updated 2D2-C version apparently
detecting some 50% more images than the original
version 2D-C. The second source of concentration
measurement problems arises through the poor de®ni-
tion of the sampling volume, associated with response
time problems. This would be expected to a�ect
primarily the smaller size channels (25±100 lm), causing
a greater degree of undercounting of small particles than
larger particles, as shown theoretically by Baumgardner
et al. (1986) and Baumgardner (1987). These authors
proposed airspeed corrections on size and sample
volume which should adequately account for electronic
response-time problems, but these corrections are often
not applied, the investigators being unfamiliar with the
probes and their limitations. The third concentration
measurement problem arises in the software used for

Fig. 1. Particle-size spectra obtained from simultaneous measure-
ments by three di�erent PMS 2D-C probes for a 2-mn segment in a
cirrostratus cloud. An example of corresponding sample ice-crystal
habits is shown in the upper-right of the ®gure
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data analysis. Figure 2 illustrates the di�erences in the
ice water content (IWC) determined by using two
di�erent methods of data processing which have been
used at various times by di�erent groups (Gayet et al.,
1990), here applied to the same data set (cirrus
measurements performed at around )30 °C). The meth-
ods di�er in the way the sampling time is calculated. The
di�erences lead to relative errors of up to 50%,
suggesting the need for the development of a common
processing scheme in order to reduce the uncertainties in
results. It also illustrates the care is necessary when
comparing measurements made during multi-aircraft
experiments. (Details of the derivation of IWC from 2D-
C probe data can be found in the Appendix)

The second problem with the 2D-C relates to shape
measurement (e.g. Duroure et al., 1994). The techniques
of data analysis involve intensive computer use but even
so, are able to identify reliably only relatively regular
crystal shapes. In practice a large natural variability in
crystal shapes is often found (due to the presence of
spatial dendrites, or aggregates, for example). In such
cases a large percentage of the particles are classi®ed
simply as `irregular'. Their shapes, and hence their
optical properties and their mass are not adequately
determined as a function of size, and their contribution
to the derived cloud parameters cannot be evaluated and
may be neglected. Recent work by Fouilloux et al.
(1997) o�ers some improvement in shape analysis.

The third problem is that the range of sizes of
particles for which the shapes and sizes can be reliably
registered by the PMS probes is very limited, because of
the low resolution (the image space is only 32 pixels

wide) and the optical distortions of the probes due to
di�raction and partial transmission (Korolev et al.,
1991). Particle shape recognition is unreliable for ice
crystals less than about 100 lm maximum dimension, as
this represents typically only four image pixels for this
probe. It is also unreliable for particles which overlap an
edge of the image area (giving a truncated image), either
because the particles are too large for the 32 pixel wide
imaged area or because they passed through the probe
sampling volume near its edges. In many cases these
images are simply rejected in the analysis. In order to
minimize the subsequent size limitation e�ects, Heyms-
®eld and Parrish (1978) proposed a computational
technique which increases the sampling volume and size
range of the instrument when the particles can be
assumed to be spherical, by estimating the true size from
the partial images, but the range remains limited. In the
mid-latitude non-convective cirrus studied during EUC-
REX very few particles larger than the size range of the
2D-C were found and as we will see in Sect. 4 and 5.2,
much larger errors arise from the lack of reliable
measurements of small ice particles in the size range 1±
50 lm. Studies of anvil-induced cirrus or tropical
convectively-formed cirrus on the other hand need
measurements of larger precipitating ice particles be-
cause the considerable mass carried by those particles, as
reported by Heyms®eld (1986) and Heyms®eld et al.
(1990). In this case other instruments such as the PMS
2D-P (nominal size range 0.2 mm±6.4 mm) must be
used to extend the range of the 2D-C.

The fourth problem with the 2D-C relates to its
limited sample volume, which results in particles which
have a low concentration (typically the largest particles)
being poorly sampled. The technique of Heyms®eld and
Parrish (1978) signi®cantly extends the sample volume.
However in situations where larger precipitating parti-
cles are present they are still not likely to be adequately
sampled and a probe with a larger sampling volume
(and size range), such as the 2D-P, must be used.

Some of the problems noted can be minimised by
careful use. Nevertheless Moss and Johnson (1992),
considering the data from a total of 11 ¯ights in cloud,
found that their analysis algorithms rejected an average
of 77% of particle images, and they based their
assessment of cloud microphysical properties on the
remaining 23% of images. Considering that many of
these rejected images will have been rejected by the
analysis algorithms precisely because the particles they
depict are not like those in the images accepted, the
danger in accepting the 23% as representative of the
cloud is apparent. This limitation a�ects the con®dence
which can be placed in both the description of particle
shapes present, and the estimates of size ± integrated
quantities such as ice water content. While recent
analysis techniques o�er some improvement (Duroure
et al., 1994; Fouilloux et al., 1997), the accuracy of
estimates of derived quantities sensitive to particle
shape, such as radiative parameters and mass-integral
quantities, remains limited.

Fig. 2. Comparison of the ice water content (IWC) obtained from
two methods of data processing (M1, M2) applied to a same data set
(cirrus measurements performed near )30°C during mission 210 of
the International Cirrus Experiment ICE/EUCREX)
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2.2 PMS FSSP-100 probe

The FSSP-100 probe operates by measuring directly the
light scattering properties of each particle, integrated
over a narrow range of angles. It has proved an excellent
instrument for measuring spherical water droplets in an
all-water cloud (e.g. Cerni, 1983).

In the absence of any other more reliable instrument
working in this range of particle size, the FSSP-100 has
also been used for the detection of small ice crystals,
rather than water drops, in support of the interpretation
of cirrus radiative properties (Platt et al., 1989; Heyms-
®eld and McFarquhar, 1996). However Vali et al.
(1980), Gardiner and Hallett (1985), and others since,
found that the FSSP-100 is highly unreliable for the
counting and sizing of small ice crystals and for droplets
in the presence of ice crystals. Their data indicated that
the number concentrations in FSSP-measured size
spectra may be erroneously enhanced 1 to 2 orders of
magnitude by the presence of ice particles. It is
presumed that the overcounting is generated by ice
particles outside the normal sampling volume of the
instrument, which because of their shape are able to
generate scattering signals mimicking those of particles
within the sampling volume. Only under very speci®c
conditions when all the ice is in the form of small quasi-
spherical particles, such as in cirrus formed from
recently generated aircraft contrails, does the FSSP
probe appear to give reliable measurements in clouds
containing ice (Gayet et al., 1996 a).

Therefore, unless there is independent evidence that
the ice particles are spherical, FSSP-100 measurements
of smaller particles in cirrus should not be relied on.

Some of the new instruments have been developed
speci®cally to provide more reliable small ice crystal
measurements: the video ice particle sampler (VISP,
McFarquhar and Heyms®eld, 1996) and the advanced
replicator (Strauss et al., 1995) can both provide images
of particles as small as 5 lm and the polar nephelometer
can measure optical and microphysical parameters of
particles down to about 1 lm (Gayet et al., 1997; CreÂ pel
et al., 1997). The recently developed PMS FSSP-300 also
may be reliable in ice crystal clouds when the particles
are small (Heyms®eld and Miloshevich, 1995).

3 Particle shape and cloud radiative properties

3.1 Radiative transfer calculations

We now consider the radiative implications of the
limitations on the measurement of particle shape noted
already. The cloud albedo calculations are made using
Zdunkowski's method (1980). We assume the cirrus
cloud is over sea which has a re¯ectivity of 0.05; the
aerosol distribution between the cloud and sea is
continental (WCRP, 1986); and that scattering has no
e�ect on the cloud infra-red emissivity. These
assumptions are appropriate for the mid-latitude non-
convective cirrus measured over the North Sea during
EUCREX.

The cloud albedo, which determines the amount of
solar radiation re¯ected back to space from the cloud, is
dependent on the scattering properties (generally ex-
pressed as the scattering phase functions) of the
individual cloud particles, in turn dependent on their
shape. The emissivity (which determines the cloud
interactions with long wave terrestrial radiation) is also
a�ected by particle shape, but less so particularly as the
particle size approaches the wavelength.

It is di�cult to model the radiative scattering from
complex shaped ice crystals. For water clouds, with
spherical droplets, the scattering phase function can be
determined from Mie theory but there is as yet no
equivalent theory for scattering from ice crystals.
Nevertheless, scattering by simple shaped (hexagonal)
and bullet-rosette ice crystals has been computed (e.g.
Brogniez, 1988; Takano and Liou, 1989; Iaquinta et al.,
1995) by using ray tracing techniques in order to
generate scattering phase function for arbitrary orien-
tations.

3.2 Simple-shaped ice crystals

Calculations of cloud albedo and emissivity using the
special cases of spherical, simple hexagonal column and
simple hexagonal plate shapes are su�cient to indicate
the sensitivity to the non-sphericity of the cloud
particles. Figure 3a shows the calculated cloud albedo
as a function of the solar zenith angle at a wavelength of
0.55 lm and for these three simple geometrical shapes of
particles assuming a constant ice water content over all
the cloud depth. For a given solar zenith angle the
albedo of an extended cloud calculated for a cloud of ice
sphere particles is seen to be around twice as high as for
a cloud of ice column or plate particles. Substantially
larger di�erences are found for the calculated infra-red
emissivity of the clouds, at a wavelength of 11 lm (Fig.
3b). The infra-red emissivity for a cloud of ice sphere is
three times greater than for one of column particles.

3.3 Irregular particles

The in-situ measurements show most cirrus particles are
irregular, at least in 2-D projection (e.g. Moss and
Johnson, 1992). The scattering phase function calcula-
tions, which are di�cult for simple-shaped crystals, are
essentially not possible at present for these irregular
shaped particles. There is evidence from remote mea-
surements of the radiative characteristics at several
wavelengths that in some situations a simple geometrical
shape may be considered as a su�cient approximation
to determine the radiative properties of an ice crystal
cloud (Brogniez et al., 1995). The alternative, to get
direct in situ measurements of the scattering phase
functions, has only recently become possible (Gayet
et al., 1997). Figure 4 illustrates two examples obtained
during a mountain top cloud experiment using the
prototype of a new instrument developed for this
purpose, an airborne polar nephelometer (CreÂ pel et al.,
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1997). The scattering phase function integrated over a
small sample of cloud is obtained. One scattering phase
function in Fig. 4 is from a cloud of water droplets only
and the other from a cloud of ice particles with irregular
shapes. The results show that the ice crystals scatter
much more light in the side scattering directions (70 to
130°) than the cloud droplets. They are much more
similar in this respect to the column and plate crystals
modelled already than to spheres. The results therefore
indicate that cirrus models which assume the ice crystals
scatter as though they are spherical particles may induce
substantial di�erences in estimated cloud radiative
properties, and emphasise the need for improved

information on the true scattering phase functions of
real cirrus.

3.4 Small particle shape

In many studies information on the shape of ice crystals
in cirrus comes largely from the 2D-C images, and is
therefore usually only available for particles larger than
100 lm maximum dimension. It is not necessarily
reasonable to assume that any small particles will have
the same shape as the larger, observable, ones particu-
larly when these are complex. Our experience from the
observation of replicas is that the small particles tend to
be of relatively simple form, but this result is at present
unquantifed. Certainly at larger sizes an increasing
complexity with increasing size has been documented in
cumuliform ice clouds (Duroure et al., 1994) and a
similar e�ect may be expected in cirrus.

4 Ice crystal size distribution and cloud radiative
properties

There appear to be many small ice crystals in cirrus
clouds, with evidence suggesting that the tops of cirrus
(Heyms®eld et al., 1990), cirrus at cold temperature
(Platt et al., 1989) and contrails (Gayet et al., 1996 b)
have the greatest potential for producing small ice
crystals (smaller than 50 lm). Ignoring the presence of
these particles, because their concentration and radiative
properties cannot be quanti®ed with the existing instru-
mentation, can lead to signi®cant errors in radiative
models (Kinne et al., 1992; Takano et al., 1992). Kinne
and Liou (1989) illustrated the e�ect of the size
distribution of the crystals by assuming hexagonal ice
crystals distributed with two di�erent size spectra, and

Fig. 3. a Calculated cloud albedos as a function of the solar zenith
angle for a cloud geometrical thickness of 2 km, an IWC of 8 mg m)3

and a sea re¯ectivity rs = 0.05. Three particle shapes are considered:

ice sphere, column and plate. b Calculated infra-red emissivity as a
function of the cloud geometrical thickness for an IWC of 8 mg m)3.
Three particle shapes are considered: ice sphere, column and plate

Fig. 4. Examples of scattering phase function measured by the polar
nephelometer in the open wind tunnel located at the top of the Puy de
DoÃ me mountain for two typical cloudy conditions: (1) water droplets
and (2) ice crystal particles (irregular shaped)
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showed that `small ice' crystals (in their case from 20 to
100 lm diameter) dominated the e�ect of larger parti-
cles on the solar albedo. Arnott et al. (1994) showed that
small particles can contribute signi®cantly to and
sometimes dominate both the solar extinction and the
infra-red emission. Yet the cloud radiative properties are
usually deduced from the available 2D-C measurements
alone (e.g. Heyms®eld et al., 1990).

Figure 5 shows a particle size distribution obtained
with the 2D-C and FSSP probes during the Interna-

tional Cirrus Experiment (ICE/EUCREX, Raschke
et al., 1990) in contrail-induced cirrus over the North
Sea (Gayet et al., 1996b). In this special case the cirrus
was apparently formed of quasi-spherical particles and it
is possible both to measure the full size distribution
down to 3 lm diameter with high spatial resolution
(because the FSSP is reliable in this special case, see
Gayet et al., 1996a) and to model the radiative prop-
erties of the particles. The cloud radiative properties
have been calculated for three cases: (1) considering the
contribution from all particles with diameter larger than
1.5 lm (both FSSP and 2D-C measurements), (2)
considering the contribution only from particles with
diameter larger than 12.5 lm (i.e. 2D-C data alone), and
(3) considering the contribution only from particles with
diameter larger than 12.5 lm, as for (2), but with the
particle concentrations scaled (retaining the same form
of the distribution as in Fig. 5) so that the ice water
content for this cloud is the same as that for that
represented by (1). Case (3) is relevant to the situation
where the IWC is independently measured or prescribed
by a model rather than being derived from 2D-C
measurements. The results of these calculations are
shown in Fig. 6a for cloud albedo. Not having data on
the small particles present (diameter 1.5 to 12.5 lm)
leads to a noticeable decrease in calculated cloud albedo,
around 30% between cases (1) and (2), due to both the
radiative properties of small particles and the IWC
di�erences (6 mg m)3 instead of 8 mg m)3). The di�er-
ences between cases (1) and (3), which are characterized
by a same IWC, are less (around 20%) but highlight the
e�ect of the cloud ice water being distributed into
smaller particles.

The sensitivity of the long wave radiative properties
of cirrus to the small particles is seen in Fig. 6b, which

Fig. 5. Distribution of the ice particle size obtained over the North
Sea during the ICE experiment. Crosses are relative to the 2D-C
probe and triangles to the FSSP probe. The solid curve is the least
square polynomial ®t used in the radiative calculations

Fig. 6. a Calculated cloud albedos as a function of the solar zenith
angle for a cloud geometrical thickness of 2 km and rs = 0.05. The
curve a refers to the size distribution including the contribution of the
small particles (IWC = 8 mg m)3), curve b is relative to the truncated
size distribution from 12.5 mm (IWC = 6 mg m)3) and curve c refers

to the truncated size distribution from 12.5 mm which is weighted in
order to have the same IWC (8 mg m)3) as the size distribution
including the small particles. b Calculated cloud infra-red emissivity as
a function of the geometrical thickness for the three particle
distributions considered in Fig. 6a

H. Larsen et al.: Measurement errors in cirrus cloud microphysical properties 271



shows the infra-red emissivity (at a wavelength of
11 lm) as a function of the cloud geometrical thickness
for the same three particle distributions used in Fig. 6a.
For clouds with the same cloud ice water content, cases
(1) and (3), there is a noticeable increase (about 20%) in
the infra-red emissivity when the distribution of water
substance into the smaller particle sizes is taken into
account. As for the short wave properties, the e�ect of
the small particles is more marked (reaching 35% in the
example of Fig. 6b) if their contribution to the ice water
content of the cloud is not considered.

5 Integrated parameters

The radiative properties of cirrus are frequently expres-
sed in terms of the integrated (bulk, or macrophysical)
cloud parameters such as the ice water content IWC and
its vertical integral (ice water path), extinction coe�cient
(r) and e�ective radius (Re). This is particularly so for
the long wave emissivity (Paltridge and Platt, 1981), a
sensitive parameter in climate models (Liou, 1986). Ice
water contents reported in the literature have been
obtained from 2D probe measurements by integrating
the size-spectra. We give quantitative examples of the
errors which may arise due to the probe limitations
when the radiative properties are expressed in terms of
the integrated parameters.

5.1 Particle concentration

The di�erences in measured particle concentration
arising from di�erences between supposedly similar
probes, as shown in Fig. 1, can lead to large uncertain-
ties in IWC and r estimates (Gayet et al., 1990). In
Fig. 7 (from Gayet et al., 1993) the ice water contents
obtained simultaneously by two PMS 2D-C probes (P1,
P2) mounted close together on the same aircraft are
plotted. The results show that probe P2 overestimates
the IWC values by a factor of around 1.8 compared with
probe P1. The visible extinction coe�cient pro®les
estimated from probes P1 and P2 during cirrus cloud
sampling at di�erent levels (see Fig. 8) appear to be
quite di�erent and this leads to discrepancies in visible
optical depth values (d = 0.15 and 0.30 respectively).

Errors from the method of data processing are also
re¯ected in the integrated parameters, the di�erences in
Fig. 2 representing as much as 50% di�erence in the
IWC estimates.

5.2 Particle shape

The IWC determination is also strongly dependent on
the particle recognition scheme and on the uncertainties
in mass-size relationships (Darlison and Brown, 1988).
In cirrus clouds irregular shaped, bullet-rosette and
columnar ice particles are all commonly observed.
Figure 9 shows a comparison of IWC values obtained
using size-to-mass relationships relevant to bullet-ro-

settes (labelled R1 on Fig. 9) and irregular particles (R2)
respectively. The di�erences in the IWC estimates are
the same order of magnitude as those introduced by the
concentration uncertainties discussed already. The sub-
sequent accuracy of r is better because this parameter
can be derived from the cross-sectional area (A) of ice
particles (see Eq. 2 in Appendix) which is directly
measured by the 2D probe (Duroure et al., 1994).

Fig. 7. Comparison of the IWC obtained from two PMS 2D-C
probes (P1, P2) mounted close together on the same aircraft (cirrus
measurements performed near )30 °C during the mission 210 of the
International Cirrus Experiment ICE/EUCREX)

Fig. 8. Vertical pro®les of the extinction coe�cient at 1.06 mm
deduced from measurements of two PMS 2D-C probes (P1, P2)
during the sampling at di�erent levels of a cirrus cloud
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5.3 The contribution of small ice crystals
to IWC, r and Re

For the special case of the contrail measurements
discussed in Sect. 4, the contribution of the small ice
crystals to the cloud integrated parameters can be
determined. Table 1 gives two sets of cloud parameters
calculated from these data, for case (1) (from particles
with diameter larger than 12.5 lm (i.e. 2D-C data alone)
and (2) (those from all particles with diameter larger
than 1.5 lm (both FSSP and 2D-C measurements).
Details of the derivation of the parameters are found in
the Appendix.

Table 1 shows that merging in the FSSP measure-
ments introduces considerable changes, particularly to
the ice particle concentration (730 l)1 versus 200 l)1) and
to the e�ective radius (19 lm against 26 lm), and that
the IWC increases by around 33%.

Fig. 9. Comparison of the IWC obtained by using two size-mass
relationships (R1: bullett-rosette; R2: irregular) applied to the same
data set (cirrus measurements performed near )30 °C during the
mission 210 of the International Cirrus Experiment ICE/EUCREX)

Table 1

2D-C FSSP + 2D-C

Particle concentration 200 730 (l)1)
E�ective radius 26 19 (lm)
IWC 6 8 (mg m)3)

Fig. 10. a Fraction of IWC, b extinction coe�cient r and c e�ective
radius Re contributed by FSSP to total IWC, r and Re contributed by
both FSSP and 2D-C

c
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Despite the fact the FSSP-100 is known to overcount
when large ice crystals are present (Gardiner and
Hallett, 1985; Gayet et al., 1996a), data from this probe
is can be used to the estimate when the contribution of
particles smaller than 30 lm to IWC, r and Re is
important. Following the same form of presentation
given by Heyms®eld and McFarquhar (1996), we show
in Fig. 10 the apparent fraction of IWC, A and Re
contributed by the data from the FSSP compared to the
total IWC, A and Re as calculated using both FSSP and
2D-C data. (Note that A = r/2 in this size range; see
Appendix.) Despite the large scatter in the data points,
probably due to the natural variability of the clouds, the
results give order of magnitude indications of the
contribution of particles smaller than 30 lm (FSSP).
This contribution is signi®cant (greater than 30%) for
IWC and A smaller than about 1 mg m)3 and 10)2

mm2 l)1 respectively. The results show that the values of
the e�ective Re radius (Fig. 10c) are considerably
a�ected by the contribution of small particles. The
contribution remains about 30% for Re < 35 lm.
These results indicate the approximate mimimum values
from which the 2D-C estimates may be considered
reasonable. The values are the same order as those
found by Heyms®eld and McFarquhar (1996) in trop-
ical cirrus.

As a consequence of the these uncertainties, an
estimate of the accuracy of the IWC determination is
problematical in the absence of direct measurement.
Data from the evaporative technique described by
Nicholls et al. (1990) may be used as a guide to the
selection of the most appropriate size-to-mass relation-
ship in 2D data processing (Brown, 1993) and may have
some bene®t in identifying gross errors in 2D probe
measurements, whether the latter are caused by software
or hardware problems. However this technique itself can
be invalid in some cases (depending on the calibration
and the occurrence of subsatured air). The use of a high
performance radar operated simultaneously with
instrumented aircraft has also been used for IWC
accuracy estimation (Heyms®eld and McFarquhar,
1996). The results suggest the probe-derived IWCs are
accurate to �30% but only when the dimension of the
sampled particles is within the PMS probe size range.

6 Conclusions

Using examples of data obtained from aircraft mea-
surement ¯ights in mid-latitude cirrus clouds during the
EUCREX ®eld observations, we have shown that
shortcomings in the usual in situ probes (mainly PMS
2D-C and FSSP-100) can lead to signi®cant errors
(exceeding 30%) in the estimation of the cloud radiative
parameters. These have substantial implications for the
use of current data in climate modelling. Attempts are
being made to develop new instrumentation to address
these di�culties. These new instruments appear to give
reliable measurements of small ice crystals and may
provide useful complementary measurements for future
experiments.
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Appendix: derivation of cloud-integrated parameters
from PMS probe data

The integrated parameters of ice water content (IWC),
extinction coe�cient (r) and e�ective radius (Re) are
obtained from the PMS FSSP and 2D-C probe data
using the following relationships:

Ice water content:

IWC � p=6qw
X

Ni�Deq�3 �1�
Extinction coe�cient:

r �
X

Qext Ni Ai �2�
E�ective radius:

Re � p
X

Ni�0:5Deq�3 =
X

Ni Ai �3�
The parameter n represents the number of size classes

of the PMS probe, Ni is the size spectrum as a function
of the particle area Ai, qw is the water density, Qext is the
visible extinction e�ciency (assumed to have a value of
to 2 over the range of sizes measured, i.e., large particle
approximation, valid for particle sizes larger than about
2lm) and Deq is the diameter of a water drop which
would have the same mass as the crystal of area Ai. Note
that Ai is the area of the projected shadow image of the
particle. The Deq ÿ Ai relationships related to particle
habit can be found in Heyms®eld (1972).
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