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Probabilistic model of shattering effect on in-cloud measurements

A probabilistic model of the ice shattering effects on in-cloud measurements performed with instruments designed with inlets, which have the circular cross-section, is presented. Applications are made for the Polar Nephelometer and PMS FSSP instruments. The model provides rough estimates of the effects on microphysical measurements and assigns the key parameters that govern the efficiency of ice shattering. It is shown that experimental data are less affected by the shattering for clouds that have a lower proportion of large particles. The effects on derived integral microphysical parameters are shown to be very sensitive to the effective diameter of the ice fragments. The smaller the fragments from a given cloud particle are, the higher their effects are.

Errors on Polar Nephelometer measurements were evaluated. It is shown that the ice particle shattering leads to the overestimation of the extinction coefficient. For example, for a given distribution with the effective diameter of 68 µm and with fragment effective diameters of 10 µm the extinction is overestimated by 25%. With larger particles having an effective diameter of 89 µm, the error increases up to 37%. As for the FSSP-300 instrument, under the same conditions the extinction coefficient is overrated by 17% and the number particle concentration is overestimated by 30%. The discussion of the results points out the main hypothesis which may seriously limit the reliability of the modelling results. Nevertheless, the magnitudes of the errors on extinction and particle concentration are of the same orders of those reported in the literature from experimental assessments.

Introduction

Airborne in situ instruments have intensively been used on aircraft to measure microphysical characteristics of warm, mixed and ice clouds for several decades. The observed experimental data are widely used for cloud parameterizations for many applications such as cloud process studies, general circulation models, validation of remote sensing techniques, assessment of cloud radiative forcing and so on. At the same time, for many years it has been recognized that some aircraft cloud microphysical measurements may be contaminated by hydrometeors shattering or splashing when they collide with the probe inlets [START_REF] Heymsfield | On measurements of small ice particles in clouds[END_REF]. [START_REF] Gardiner | Degradation of in-cloud Forward Scattering Spectrometer Probe measurements in the presence of ice crystals[END_REF] showed that in the presence of large, irregular ice crystals the FSSP droplet spectra may be artificially enhanced by 2-3 orders of magnitude. [START_REF] Gayet | The reliability of the PMS FSSP in the presence of small ice crystals[END_REF] compared FSSP and 2D-C measurements and concluded that FSSP concentrations are exaggerated in cirrus with large crystals (i.e., maximal particle size up to 700 µm). [START_REF] Field | Ice particle interarrival times measured with a fast FSSP[END_REF] came to the conclusion that shattering may result in overcounting of ice particles measured by FSSP in the midlatitude cirrus by factor of 2 to 5. Techniques were proposed by [START_REF] Field | Ice particle interarrival times measured with a fast FSSP[END_REF][START_REF] Field | Shattering and interarrival times measured by optical array probes in ice clouds[END_REF] to separate genuine small particles from shattering artefacts using ice particle interarrival times (from either Fast-FSSP or 2D-C probes), thus making objective corrections possible. [START_REF] Korolev | Shattering during sampling by OAPs and HVPS. Part I: Snow particles[END_REF] concluded that the fraction of shattered particles may make up more than 10% of the total number of particles sampled by the OAP-2DP. [START_REF] Heymsfield | On measurements of small ice particles in clouds[END_REF] showed that there are linear relationships between the ice water content (IWC) in large particles and those detected by the FSSP and the cloud and aerosol spectrometer (CAS). The within-cloud condensation nuclei measurements may be an artifact of the sampling process because of droplet splashing on the edge of the inlet [START_REF] Hudson | Cloud condensation nuclei near marine stratus[END_REF]. [START_REF] Baker | Drop size distributions and the lack of small drops in RICO rain shafts[END_REF] pointed out that splashing events on the 2D-S probe are a regular occurrence in the presence of raindrops. Moreover, [START_REF] Jensen | On the References Tables Figures Back Close Full Screen / Esc Printer-friendly Version Interactive Discussion importance of small ice crystals in tropical anvil cirrus[END_REF] emphasized that the observed difference in 2D-S measurements from DC-8 and WB-57 flight legs during the Tropical Composition, Cloud, and Climate Coupling (TC4) campaign may be an indication of shattering off the leading edge of the WB-57 wing affecting the 2D-S measurement at the wing-hatch location. In the following, we discuss only shattering artifacts, which are directly related to the instrument itself. On the other hand, it is reasonable that not all data of in-cloud measurements should be considered as erroneous. For example, [START_REF] Garrett | Comments on "Effective radius of ice cloud particle populations derived from aircraft probes[END_REF] concluded that the Cloud-Integrating Nephelometer (CIN) is insensitive to shattering of precipitation-sized particles on its aperture. At the same Figures
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Printer-friendly Version Interactive Discussion time, [START_REF] Heymsfield | Responses to comments on "Effective radius of ice cloud particle populations derived from aircraft probes[END_REF] suggested that measurements from both the cloud integrating nephelometer (CIN) and the FSSP instruments may be similarly contaminated by ice particle shattering.

A large dataset of microphysical and optical characteristics of cirrus clouds (see Gayet et al., 2006 and citations therein) was obtained during the INCA (INterhemispheric differences in Cirrus properties from Anthropogenic emissions) experiment [START_REF] Str Öm | Aerosol and cirrus measurements at midlatitudes on the Southern hemisphere: An overview based on the first INCA experiment[END_REF]. The instruments used for the measurements have already been thoroughly described by [START_REF] Gayet | Cirrus cloud microphysical and optical properties at southern and northern midlatitudes during the INCA experiment[END_REF]. Three independent techniques were used in that study: (1) the PMS (Particle Measuring System) FSSP-300 (Forward Scattering Spectrometer Probe) operated by the DLR (Deutsches Zentrum f ür Luft-und Raumfahrt), (2) the PMS 2D-C and (3) the Polar Nephelometer (PN) probes, both operated by the LaMP (Laboratoire de M ét éorologie Physique). The same set of instruments was employed in several campaigns during recent years. Thus, it is of importance to estimate the ice shattering effects in relation to those instruments. This work concerns only the Polar Nephelometer and the FSSP instrument. As for the PMS 2D-C probe, we note in passing that since 2001 the LaMP's operational algorithm rejects frames with three and more isolated images. Consequently, shattering could result in an undercounting of real large particles (see, [START_REF] Korolev | Shattering during sampling by OAPs and HVPS. Part I: Snow particles[END_REF].

The shattering of actual ice particles into several smaller ice fragments may occur due to 1) mechanical impact with the probe arms (PN, FSSP, 2D-C) and/or the inlet shroud (PN, FSSP) prior to their entering the sampling volume, and 2) fragmentation due to interaction with turbulence and wind shear generated by the probe housing (see, e.g., [START_REF] Korolev | Shattering during sampling by OAPs and HVPS. Part I: Snow particles[END_REF]. The shattering efficiency depends on a large set of parameters, namely, the habit, size, and density of cloud particles, probe inlet-shroud design [START_REF] Korolev | Shattering during sampling by OAPs and HVPS. Part I: Snow particles[END_REF], the airspeed and the impact angle with respect to the airflow [START_REF] Weber | Spurious aerosol measurements when sampling from aircraft in the vicinity of clouds[END_REF]. Thus, a number of physical processes have to be considered in an effort to evaluate effects of the shattering on airborne measurements. The exact solution of this problem is extremely arduous, if not to say impossible, task. Thus, the use of simplified models or approximations could be useful tools that are able to provide rough estimates of the shattering effects on in-cloud measurements.

Because the Polar Nephelometer and the FSSP probes have inlets with circular crosssection (see sketches on Fig. 1) a common model of the shattering can be proposed for these two instruments. The aim of this paper is to present a probabilistic model of ice shattering effects on Polar Nephelometer and FSSP measurements. This work is a first attempt to obtain rough estimates of measurement errors caused by the shattering or the splashing of cloud particles. The concept and the results may initiate more sophisticated models and may be used for the design of oriented wet wind tunnel experiments.

The paper is organized as follows: the probabilistic model is described first, thereafter the results of case study are presented. Finally, the last section is devoted to the discussion and to the practical application.

2 The model of ice particle shattering

Description of the probabilistic model

When the shattering effect is discussed in the literature, the emphasis is usually on fragments that are measured as cloud particles. In other words, the main attention is given to the additional component that may result in overestimation of derived cloud properties (extinction coefficient for instance) and in overcounting of ice particles concentration measured by the FSSP. Generally, impacting cloud-particles are identified as the source of fragments. At the same time, the question whether the ensemble of the sampled non-shattered particles differs from the ensemble of actual cloud particles is usually neglected.

To get an answer on this question, it will suffice to imagine an instrument inlet having a crosssection diameter, for example, of 100 µm. It is obvious that such an instrument cannot measure particles having a size of 100 µm or higher. Therefore, for all in-cloud instruments which are designed with an inlet to drive cloud particles into the sampling section, not only ice fragments resulting from the shattered particles may affect the measured data, but the size distribution of the sampled cloud particles may be altered as well. Consequently, we consider the shattering effects on in-cloud measurements that are governed by two processes. The first one is the loss of cloud particles (which are assumed to be shattered) due to collisions with the tip of the probe inlet shroud.

Thus, the measured size distribution of the particles, which are not shattered, is not equal to the actual size distribution of cloud particles. Moreover, we consider the loss of cloud particles as the unavoidable source of fragments for an instrument designed with an inlet or a shroud. The second process is a direct consequence of the first one, that is, some fragments of the shattered particles are sampled by the probe as cloud particles.

Hereafter, we will use the term "shattered particles" to mean actual cloud particles that will impact with the probe inlet tube and shatter. The term "fragments" will be used for particles resulting from shattering. A "sampled" or "measured" particle (nonshattered particle and/or fragment) is a particle, which goes through the probe sampling volume and then is recorded.

As it was mentioned above, the use of simplifications or approximations is inevitable in an effort to evaluate effects of the shattering on measurements. At the same time, any approach has to take into account the stochastic nature of the problem. Our simple, if not to say simplest, model does not consider physical processes associated with the air flow through an instrument. The model is wholly probabilistic, i.e., it is based on the probability that a particle is shattered and on the probability that a fragment is sampled as a cloud particle.

In this study the Polar Nephelometer [START_REF] Gayet | A new airborne Polar Nephelometer for the measurements of optical and microphysical cloud properties. Part I: Theoretical design[END_REF] and the FSSP [START_REF] Baumgardner | Interpretation of measurements made by the Forward Scattering Spectrometer Probe (FSSP-300) during the airborne arctic stratosphere expedition[END_REF] probes will be considered. They both have inlets designed with a circular cross-section (see sketches on Fig. 1). We note in passing that the methodology described in this paper can easily be applied to airborne instruments, which also have circular inlets, for example, the Cloud Particle Imager (CPI, [START_REF] Lawson | An overview of microphysical properties of Arctic clouds observed in May and July 1998 during FIRE ACE[END_REF].

Let us consider the idealized Polar Nephelometer (PN) and FSSP inlet-shroud cross- sections shown by the bold circle labelled A (see scheme on Fig. 2). Therefore the particles go in the direction that is perpendicular to the figure plane.

The spatial distributions of cloud particles and of all fragments (which result from of the shattered particles) within the inlet cross-section are assumed to be homogeneous. Generally, the homogeneous distribution of particles in a sampled cloud is not a simplification.

The spatial distribution of the fragments is likely related to the design of the probe inlet and/or shroud via both the aerodynamic flow inside the probe inlet and/or shroud and the aerodynamic size (and morphology) of the particles [START_REF] King | Air flow around PMS canisters[END_REF]. Therefore the spatial distribution of the fragments will depend on the airspeed and the distances (i) between the sampling volume (represented by red lines on Fig. 1) and the inlet inner-edge, and (ii) between the sampling volume and the leading edge of the inlet (see Fig. 1). Specific modelling of fragments trajectories inside of probe inlets is not available to our knowledge. This issue is beyond the scope of this paper and could be the object of forthcoming works. Oriented wet wind tunnel tests could also help in a better understanding of the spatial distribution of the fragment particles along the probe inlet. The spatial distribution of fragments is assumed to be homogeneous in our model for simplicity sake. The PN data are expected to be less sensitive to that simplification because the PN sampling area is large with regard to the inlet cross-section (50 mm 2 versus 80 mm 2 respectively) and thus most of fragments are sampled (see Fig. 1).

The FSSP sampling area is much smaller than the inlet cross-section (0.5 mm 2 versus 1300 mm 2 respectively). Therefore, if the fragments are inhomogeneously distributed, the ice water content (IWC) carried by the sampled fragments could significantly differ from the IWC of the shattered particles. In the case when most of fragments go preferentially along the inlet axis and are measured by the FSSP, the IWC of fragments will be larger than the IWC of shattered particles. That is, the ratio of the IWC of fragments to the IWC of shattered particles will be greater than one. This IWC ratio will be smaller than one when most of fragments go preferentially near the inlet border and miss the sampling volume. In the following, that ratio is assumed to be equal to one. The width of the inlet leading edge schematized by the width of the line A on Fig. 2, is assumed to be a negligibly small quantity. The validity of that assumption depends on the design of the inlet tip. It seems to be appropriate for the Polar Nephelometer, but not for some designs of the FSSP (see Fig. 1). The larger the width of the leading edge (represented by the line A) is, the higher the shattering effect should be.

All particles in a sampled cloud and all fragments are assumed to be spheres. Despite the fact that particle fragments and ice crystals of cirrus or mixed clouds are not spherical, this assumption is used because it provides a radical simplification of all following calculations.

Because the spatial distribution of particles is homogeneous, the 2D distribution of centre-of-masses of the cloud particles over the cross-section (see Fig. 2) is homogeneous as well. The particles having their centre-of-masses inside the circle A, hereafter are referred to as the particles that "have to be sampled". That term and the corresponding quantity serve for the normalization, i.e., they allow the determination of the considered probabilities in the following.

The probability that a cloud particle is shattered, i.e., is withdrawn from the sampled population due to a collision with the probe inlet, strongly depends on the particle diameter d with respect to the diameter of the inlet. For example, a particle with the diameter higher than the diameter D of the inlet (i.e., the diameter of the A circle on Fig. 2) is always shattered. The inlet diameter D values are of 10 mm and of 40 mm for the Polar Nephelometer and the FSSP-300, respectively. The both values are large with respect to cloud-particles sizes. That is why the case d > D is ignored in our model.

In order to illustrate the determination of the loss-process probability, we use in the inlet without interaction with the tip. Such a particle is referred to as a particle that has to be sampled and it is measured without shattering (case 1 on Fig. 2).

(2) If the centre-of-mass of a particle falls inside the ring between the circles B and A, the particle collides with the inlet tip and shattering occurs. All subsequent fragments will be sampled and measured. Such a particle is referred to as a particle that has to be sampled and it is shattered (case 2 on Fig. 2).

(3) If the centre-of-mass of the particle is inside the ring between the circles A and C, shattering happens. Because the centre-of-mass is outside of the circle A, such a particle is referred to as a particle that must not be sampled and it is shattered (case 3 on Fig. 2).

The probability p 1 (d ) that a cloud particle is measured without shattering (case 1) is proportional to the area S B of the circle B. As it was mentioned above, we use for the normalization the area S A of the circle A. That is,

p 1 (d ) = S B S A = (D -d ) 2 D 2 , d ≤ D (1)
For d >D, p 1 (d ) is set to zero. The probability p 1 (d ) depends on the diameter of a particle and on the inlet diameter. It follows from Eq. ( 1) that the larger a particle is, the lower the probability p 1 (d ) is. The probability p 2 (d ) that a particle has to be sampled and it is shattered (case 2) is proportional to the area S 2 of the ring between the circles B and A; and it is inversely proportional to the area S A of the circle A:

p 2 (d ) = S 2 S A = D 2 -(D -d ) 2 D 2 = 2Dd -d 2 D 2 , d ≤ D. (2) For d > D, p 2 (d ) is set to zero. It is reasonable that p 1 (d ) + p 2 (d ) = 1. It is seen from Eq.
(2) that p 2 (d ) tends to zero when the diameter of the particle tends to zero. That is, the smaller a particles is (with respect to the diameter D of the inlet), the lower the shattering effect is. By the same way the coefficient p 3 (d ) can be determined. The coefficient p 3 (d ) is proportional to the probability that a particle must not be recorded and it is shattered (case 3). It is proportional to the area S 3 of the ring between the circles C and A:

p 3 (d ) = S 3 S A = (D + d ) 2 -D 2 D 2 . ( 3 
)
Strictly speaking, the quantity p 3 (d ) is not a probability because it can be greater than 1. Nevertheless, we consider it as a useful coefficient. It should be pointed out another time that Eqs. ( 1), ( 2) and ( 3) are the direct consequence of the homogeneity of the cloud-particle spatial distribution. When a particle collides with the inlet tip (the cases 2 and 3), its fragments can go inside or outside the inlet. Generally, the proportion and the size distribution of fragments, which go inside, are governed by a number of characteristics and, first of all, they strongly depend on the design of the tip. As for a particle of a given diameter d , the proportion depends on the position of the centre-of-mass of the particle with regard to the A circle. Having no basis to estimate that proportion and for simplicity sake, we assume that all fragments of case 2 enter into the inlet, and all fragments of the case 3 go outside the inlet. This assumption overestimates the proportion for case 2. That overestimation is partly compensated by the underestimation of the number of the fragments, which are related to the case 3 and could be sampled by the instrument.

We recall that the size distribution of particles that are measured by an instrument consists of two parts. The first part is the cloud particles that are not shattered; and the second one is the fragments of shattered particles. As it was mentioned above, the particle number size distribution n 1 (d ) of the measured particles, which were not shattered, is not necessary equal to the actual size distribution n 0 (d ) of the cloud particles. This feature is a consequence of the loss process. It follows from Eq. ( 1) that the size distribution n 1 (d ) (case 1) is as follows: Equation ( 4) shows a non-linear relationship between n 1 (d ) and n 0 (d ). In other words, the larger the diameter d is, the higher the difference between n 1 (d ) and n 0 (d ) is. And, it is important to keep in mind that the distribution n 1 (d ) represents a fraction of particles, which are measured by an instrument.

n 1 (d ) = n 0 (d )p 1 (d ) = n 0 (d ) (D -d ) 2 D 2 . ( 4 
The second part of particles, which are measured, consists of fragments of the shattered particles (case 2 in our model). Generally, the size distribution of the measured fragments depends on the size distribution of the shattered particles. Therefore we define the number size distribution n 2 (d ) of the shattered particles, which produce all subsequent measured fragments. According to Eq. ( 2) n 2 (d ) can be expressed as follows:

n 2 (d ) = n 0 (d )p 2 (d ) = n 0 (d ) D 2 -(D -d ) 2 D 2 . ( 5 
)
The relationship

n 1 (d ) + n 2 (d ) = n 0 (d ) is valid, it follows from the equality p 1 (d ) + p 2 (d ) = 1.
It should be emphasized that the number size distribution n 2 (d ) of the shattered particles is generally much smaller than the actual size distribution n 0 (d ) of the cloud particles as we will see below.

Effects on integral microphysical parameters

When the particle size distribution n 0 (d ) is known, Eqs. ( 4) and ( 5) serve to compute the integral parameters like the particle total concentration N, the extinction coefficient Ext, the ice water content IWC, and the effective diameter d eff . For example, the extinction coefficient Ext 2 and the effective diameter d eff2 are computed on the basis of the size distribution n 2 (d ).

As for the effect of fragments, additional simplifications and assumptions have to be introduced because the size distribution of the fragments depends on a number of physical processes and parameters, some of which are not known. We list some, but not all of them: the habit, size, and density of particles [START_REF] Korolev | Shattering during sampling by OAPs and HVPS. Part I: Snow particles[END_REF], the airspeed and the impact angle [START_REF] Weber | Spurious aerosol measurements when sampling from aircraft in the vicinity of clouds[END_REF] subsequent effects on the recorded and derived cloud properties depend on the spatial distribution of fragments over the inlet cross-section with respect to the effective sampling area of the probe. The Polar Nephelometer data are expected to be less sensitive to that feature while it is of particular importance for instruments with relatively small sampling area regarding the inlet diameter, e.g., the FSSP. As previously indicated, for simplicity sake the spatial distribution of fragments is supposed to be homogeneous in our model. Furthermore, it is assumed that conservation of mass holds true. That is, the total volume of the shattered particles (the case 2) is converted into fragments, which are measured as cloud particles. Under the assumption that the spatial distribution of the fragments is homogeneous, conservation of mass leads to the property that the IWC of the fragments is equal to the IWC of shattered particles (conservation of IWC). This assumption could be justified from the estimates by [START_REF] Heymsfield | On measurements of small ice particles in clouds[END_REF] who suggest that IWC from FSSP measurements could be overestimated by only 15% by shattering effects. It is self-evident that a shattering model cannot employ the fragment size distribution in an analytic or tabulated form. There are too many unknown parameters and characteristics. That is why only integral parameters of the size distribution are used in our model. Such a choice is based on the fact that the concept of the integral parameters works well in ice-clouds physics (see e.g., Heymsfield et al. 2006 and citations therein).

The effective diameter d eff of an ice particle population is composed of two variables: extinction (Ext) and the ice water content (IWC):

d eff = α • IW C E xt , ( 6 
)
where α is a coefficient. Generally, both Ext and IWC, as well as α, are dependent upon the particle size distribution and the ice particle habit. For example, from [START_REF] Gayet | Cirrus cloud microphysical and optical properties at southern and northern midlatitudes during the INCA experiment[END_REF] α is of 3.0 from with Ext and IWC expressed in m -1 and g m -3 , respectively.

In our model, the coefficient α is supposed to be constant, i.e., it is of the same value for cloud particles and fragments. It follows from Eq. ( 6) that :

E xt = α • IW C d eff , (7) 
i.e., when IWC is fixed, the extinction is inversely proportional to the effective diameter.

In other words, the smaller the fragments of a given cloud particle, the higher their effect on the measured extinction. If the conservation of IWC holds true, the key parameter is the effective diameter d effF R of the fragments with respect to the effective diameter d eff2 of the shattered cloud particles; and the extinction coefficient E xt F R of the fragments can be expressed as follows:

E xt F R = E xt 2 d eff2 d effF R , ( 8 
)
where E xt 2 is the extinction coefficient of the shattered particles (the case 2).

The Polar Nephelometer measures the scattering phase function of an ensemble of particles from a few micrometers to about 1 mm diameter. Thus, all assumptions taken together lead to the following value E xt mes of the extinction coefficient measured by the PN:

E xt mes = E xt 0 + E xt F R -E xt 2 , ( 9 
)
where E xt 0 is the actual extinction coefficient of the cloud particles. It follows from Eqs. ( 8) and ( 9) that the shattering effect can be written for the Polar Nephelometer in fraction terms as:

δE xt P N = E xt mes -E xt 0 E xt 0 = E xt 2 E xt 0 d eff2 d effF R -1 , ( 10 
)
Considering now the FSSP, the size range of that instrument is typically from 2 µm to 22 µm with the series 300 used during cirrus studies [START_REF] Gayet | Cirrus cloud microphysical and optical properties at southern and northern midlatitudes during the INCA experiment[END_REF]. This limited Figures
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E xt mesFSSP = E xt 0FSSP + E xt F R FSSP -E xt 2FSSP , ( 11 
)
where the subscript "FSSP" means that the corresponding values are computed for the sampling size range of the FSSP-300 instrument. If the size of all fragments is within that range, the shattering effect on the extinction coefficient deduced from FSSP-300 data is expressed as follows:

δE xt FSSP = E xt F R FSSP -E xt 2 FSSP E xt 0 FSSP = E xt 2 E xt 0 FSSP d eff 2 d eff F R - E xt 2 FSSP E xt 0 FSSP , ( 12 
)
It follows from Eq. ( 10) that the key parameters of the shattering effect on PN data are: (i ) the ratio d eff2 / d effF R of the effective diameters of the shattered particles and of the fragments, and (ii) the ratio Ext 2 / E xt 0 of the extinction coefficients of the shattered particles and of the cloud particles. Concerning the FSSP, our simulations revealed that the second term on the right-hand side of Eq. ( 12) is, as a rule, negligibly small. Thus, the key parameters of the shattering effect δ Ext FSSP are the same. The difference is that the extinction coefficient Ext 0FSSP should be used in the ratio Ext 2 / Ext 0FSSP .

The last part of this section deals with the shattering effect on the number concentration measured by the FSSP instrument. The effect is estimated under all assumptions discussed above. Let N 0FSSP be the actual number concentration of cloud particles within the FSSP size range and N mesFSSP be the number concentration recorded by the instrument. Then, the shattering effect written in percentage terms is:

δN FSSP = N mesFSSP -N 0FSSP N 0FSSP = N F R -N 2FSSP N 0FSSP , ( 13 
)
where following relationship between the extinction coefficient Ext and the number concentration N of particles (see, e.g., [START_REF] Korolev | Microphysical properties of continental clouds from in-situ measurements[END_REF]):

N mesFSSP = N 0FSSP + N F R -N 2FSSP , N F R
E xt = β • N • d 2 eff , ( 14 
)
where β is the coefficient, which is expressed as β = π Q/ 4 for spherical particles; Q is the extinction efficiency (equal to 2 according to the large particle approximation).

In our model, the coefficient β is supposed to have the same value for cloud particles and fragments. It follows from Eqs. ( 8), ( 13), and ( 14) that the shattering effect on the number concentration δN FSSP can be written as:

δN FSSP = E xt 2 E xt 0FSSP • d eff2 d effF R • d 2 eff0FSSP d 2 effF R - E xt 2FSSP E xt 0FSSP • d 2 eff0FSSP d 2 eff2FSSP . ( 15 
)
As above, it is supposed that the size of all fragments is within the FSSP's sampling size range. It should be mentioned that the shattering effect is expressed by Eqs. ( 10), ( 12) and ( 15) in relative units, that is, the relationships are independent of the absolute value of the total concentration of cloud particles.

Estimation of the effects of ice particle shattering on in-cloud measurements

The model discussed above, treats of the shattering effect as a direct problem, i.e., all characteristics are computed on the basis of the size distribution n 0 (d ) of cloud particles. On the other hand, all experimental data on cloud particles reported in the scientific literature are more or less affected by an instrument or a set of instruments. Thus, any case study must uses a size distribution that could already be affected by the shattering. Nevertheless, experimental data provide opportunities to obtain quite distribution labelled D2 and represented on Fig. 3 is the average cirrus ice-crystal size distribution computed for the dataset, which was recorded during the field campaign performed at midlatitudes in the Southern Hemisphere. The particle size distributions D1 and D3 (see Fig. 3) were generated using the technique of principal component analysis (PCA) (see details in [START_REF] Shcherbakov | Assessment of cirrus cloud optical and microphysical data reliability by applying statistical procedures[END_REF]. We recall that the PCA provides the possibility of reproducing almost all the variability of a dataset with reasonably good accuracy while considering only a few principal components. The number size distributions are shown on Figure 3 and they are considered as n 0 (d ) functions in subsequent calculations. The size ranges from 3.0 to 21.8 µm and from 22.5 to 800 µm correspond to the FSSP-300 and to the PMS 2D-C data, respectively. We note in passing that the jump in the concentration from the FSSP and the 2D-C on Fig. 3 may be due to shattering effects on FSSP measurements and/or 2D-C problems at small size due to electronic probe response [START_REF] Strapp | Laboratory measurements of the response of a PMS OAP-2DC[END_REF]. We consider in a first guess these size distributions as representative in order to assess shattering effects on FSSP and Polar Nephelometer measurements. The corresponding values of the integral parameters are shown on Table 1 and they agree well with the data reported by [START_REF] Gayet | Microphysical and optical properties of midlatitude cirrus clouds observed in the southern hemisphere during INCA[END_REF]. It should be mentioned that the effective diameter d eff0 values vary from 36 µm to 89 µm (see Table 1), that is, the proportion of large particles varies within a large range.

The number size distributions n 1 (d ) and n 2 (d ) were computed according to Eqs. ( 4 the same time, the proportion of the large particles (see the effective diameter values in Table 3) is much higher in n 2 (d ) because the probability p 2 (d ) increases with the particle diameter d . The main properties of the distributions n 2 (d ), computed for the FSSP-300 inlet diameter D = 40 mm, are the same. The difference is in the absolute values that are about four times lower because the FSSP inlet diameter is four times larger compared to the PN geometry.

Effect of the Ext 2 / Ext 0 ratio

In order to quantify the shattering effect in reference to the cloud particles, we will first deal with the integral parameters of particles, which are shattered and produce measured fragments (the case 2), relative to the corresponding values of the actual cloud particles. We recall that n 2 (d ), which is obtained from Eq. ( 5), is not the size distribution of fragments, but addresses the shattered cloud particles. The particle total concentrations (N 0 and N 2 ), the extinction coefficient (E xt 0 and E xt 2 ), and the ice water content (IW C 0 and IW C 2 ) were computed on the basis of the number size distributions (n 0 (d ) and n 2 (d )) according to well-known relationships (see, e.g., [START_REF] Korolev | Microphysical properties of continental clouds from in-situ measurements[END_REF].

Table 2 shows the percentages (δ) of the shattered particles to actual particles expressed in terms of particle concentration, extinction and ice water content for the Polar Nephelometer and FSSP inlets. We recall that on all figures and tables, the notations D1, D2, and D3 correspond to the three size distributions n 0 (d ) shown on Fig. 3. For example the percentages are 0.19%, 1.34% and 3.81% for the particle concentration, extinction and ice water content, respectively, with the Polar Nephelometer inlet. As expected, the values for the FSSP-300 instrument are lower than those for the Polar Nephelometer. As already indicated, the four-fold increase of the inlet diameter resulted in a four-times decrease of the integral parameters of the shattered particles.

These relative values depend on the size distributions of cloud particles, i.e., they increase with increasing d eff0 . We recall that the total volume (or IWC) of the shattered particles is assumed to be converted into fragments, which are measured as cloud 11025 Figures
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Full 2 means that the higher the proportion of the large cloud particles is, the higher the shattering effect is, all other factors being the same.

As follows from Eq. ( 10), the ratio δE xt = E xt 2 / E xt 0 is one of the key parameters that govern the shattering effect on PN data. At first glance the values of δExt would seem small. Nevertheless, we show below that such values would have a significant importance in shattering effects on measurements.

Effects of the effective diameter of the particle fragments and of large particles

Another key parameter of the shattering effect is the ratio In contrast to d eff2 , the assessment of the effective diameter d effF R is the challenge since microphysical parameters of fragments are not sufficiently studied to date. There is little information on this matter. [START_REF] Vidaurre | Particle Impact and Breakup in Aircraft Measurement[END_REF] concluded that the impact kinetic to surface energy ratio serves as a useful breakup criterion and indicates that both drops and ice crystals larger than a few microns often break apart if they happen to impact on any aircraft-mounted instrument. And, they showed that an ice crystal of a few hundreds microns diameter can be broken up into hundreds of fragments. Moreover, [START_REF] Vidaurre | Particle Impact and Breakup in Aircraft Measurement[END_REF] speculated that a total conversion of impact kinetic energy into surface energy could be achieved by breaking the entire crystal into hexagonal columns of 30-nm dimension. On the other hand, Heymsfield et al. (2007, Appendix A) found that that the mass-weighted mean diameters were around 14-16 µm for particles recorded by the Cloud and Aerosol Spectrometer (CAS) in the conditions 11026 Introduction
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Printer-friendly Version Interactive Discussion that were favourable to the shattering. As a consequence of such a large uncertainty, we estimated the shattering effect on integral parameters for a set of values of d effF R that are in the most expected size range.

Polar Nephemometer measurements

The effects on the extinction coefficient derived from the Polar Nephelometer data, were computed according to Eq. ( 10). The estimated values of δExt P N are shown on Fig. 4 as function of d effF R for the three considered size distributions (D1, D2 and D3). As expected, the results highlight that ice particle shattering leads to the overestimation of the extinction coefficient. The effect is very sensitive to the value of the effective diameter of the fragments (d effF R ) and it depends on the actual particle size distributions (D1 to D3), i.e. on the proportion of the large cloud particles. For example, with the distribution D2 (characterized by the effective diameter of 68 µm see Table 1), δExt P N increases from 12% to 50% with d effF R decreasing from 20 µm to 5 µm. The effects of the proportion of large particles are exemplified on Fig. 5 (upper panel). For a given effective diameter of the particle fragments (d effF R = 10 µm for instance), the overestimation factor (δExt P N ) increases from 9% to 37% as the effective diameter of the actual particle size distribution (d eff0 ) increases from 36 µm to 89 µm respectively.

FSSP-300 measurements

The shattering effects on FSSP-300 data were computed according to Eqs. ( 12) and ( 14). The values of δN FSSP and δ Ext FSSP are given on Figure 6 5 µm, these values increase to 235% and 34% respectively. If the effective diameter of the fragments is of 5 µm, the errors on the particle concentration also increase significantly from 50% to 550% with the proportion of the large cloud particles (D1 d eff0 = 36 µm and D3d eff0 = 89 µm, respectively). This result is in support of the conclusion that shattering may result in large overcounting of ice particles measured by FSSP in midlatitude cirrus by factor of 2 to 5 [START_REF] Field | Ice particle interarrival times measured with a fast FSSP[END_REF]. As for extinction, the results on Fig. 5 (bottom panel) show a similar feature regarding the Polar Nephelometer but with smaller errors for d effF R = 5 µm.

It is interesting to highlight that the extinction overestimations are of the same orders for the Polar Nephelometer and the FSSP (25% and 20% respectively) for identical simulated conditions (d effF R = 10 µm and d eff0 = 68 µm, D2). This could nicely explain the very good consistency of comparison results between extinctions calculated from two different techniques (combination of FSSP-300 and CPI probes and Polar Nephelometer) even in presence of large ice crystals in cirrus clouds where shattering is likely occurring with a similar efficiency on the two instruments [START_REF] Mioche | Validation of the CALIPSO/CALIOP extinction coefficients from in situ observations in mid-latitude cirrus clouds during CIRCLE-2 experiment[END_REF] see their Fig. 7). This consistency could be fortuitous but may also give an indication that the ice water content (IWC) of fragments over the sampling cross section of the FSSP-300 is close to the IWC of the shattered particles.

Furthermore, [START_REF] Mioche | Validation of the CALIPSO/CALIOP extinction coefficients from in situ observations in mid-latitude cirrus clouds during CIRCLE-2 experiment[END_REF] compared CALIOP and airborne PN co-located observations in terms of extinction coefficient in different cirrus cloud situations. Very good agreements were observed when small irregularly-shaped ice crystals (d eff0 ∼20-40 µm) are present, while systematic larger PN extinction values (with regard to CALIOP data) were evidenced for cirrus with large irregularly-shaped ice crystals (d eff0 ∼80 µm). Assuming the CALIOP data to be unbiased, the shattering of larger ice crystals seems to be a plausible explanation for the PN large extinction values (∼38% of overestimation). If this hypothesis holds true for the PN overestimation of 38% and for an actual effective diameter of 80 µm, the effective diameter of the fragments would be around 10 µm following the results on Fig. 5a. With these inputs the overestimation of the FSSP extinction would also be about 30% (confirming the results above) and the error on the measured particle concentration would be about 70% (see Fig. 6a).

Considering that the mean effective diameter (d eff0 ) of 68 µm (see Table 1 and size distribution D2 on Fig. 3) is representative of the observations made during INCA, the above estimated errors on PN and FSSP measurements are, on the average, of the same order of the usual random uncertainties (i.e., 85% and 75% on the extinction and the particle concentration respectively, see Table 1 in [START_REF] Gayet | Quantitative measurement of the microphysical and optical properties of cirrus clouds with four different in situ probes: Evidence of small ice crystals[END_REF]. Therefore most of the published results on mid-latitude cirrus during INCA would be reliable within the measurements accuracies. Only about 20% of the observations made at temperatures higher than -40 • C could have greater shattering errors due to subsequent larger effective diameters of cloud particles [START_REF] Gayet | Cirrus cloud microphysical and optical properties at southern and northern midlatitudes during the INCA experiment[END_REF].

As for previous results obtained in contrails [START_REF] Febvre | On optical and microphysical characteristics of contrails and cirrus[END_REF], we believe that the observations are not affected by shattering effects because small particles were measured with effective diameter smaller than 25 µm.

Discussion and practical application

Discussion

It was pointed out above that our model is simple, it is wholly probabilistic, and a number of simplifications and assumptions were used. The validity of the assumptions is under question. In this section, we discuss point by point the possible consequences.

(i ) The spatial distribution of all fragments is supposed to be homogeneous, it doesn't depend on the size of a cloud particle or of a fragment, and there is no any correlation. Generally, the spatial distribution of the fragments should be inhomogeneous and it should depend on the distances (i) between the sampling volume and the inlet inner-edge and (ii) between the sampling volume and the leading edge of the inlet. In addition, it should depend on the inlet design, on the airspeed through the probe, on the change in the flow field due to the probe itself, and on physical characteristics of cloud particles. The PN data are expected to be insensitive to that simplification be- cause the PN sampling area is large and thus most of fragments are recorded. To the contrary, the FSSP sampling area is small with reference to the inlet diameter. It might be expected that most of fragments go preferentially near the inlet border and miss the sampling volume. In this case, our assumption leads to overestimation of the shattering effect. At the same time, it could lead to underestimation, because we cannot exclude that the fragments go preferably along the probe axis due to the lateral forces involved in the breakup of a cloud particle. If experimental data demonstrate spatial inhomogeneous distribution of fragments, a coefficient, which relates IWC of the fragments to IWC of the shattered particles, should be assumed.

(ii) The width of the tip of the inlet is assumed to be a negligibly small quantity. Largewall leading edges may significantly increase the shattering effect. Thus, it should be highly recommended to optimize the inlet design of FSSP instruments.

(iii) All particles in a sampled cloud and all fragments are supposed to be spheres. That assumption is widely used in our model. Ice breakup mechanisms may occur likely depending on the ice particle structure (dense graupels or delicate branched crystals).

(iv) The fragments, which go inside the inlet, originate from and only from the particles that have to be sampled and are shattered (case 2). Generally, some fragments of particles of the case 2 can go outside the inlet, and some fragments of the case 3 can go inside the inlet.

(v) The model is probabilistic and physical processes are not considered. It could be expected that airflow modelling could improve the assessment of the shattering effect. In our opinion, the most important question to be addressed by airflow modelling is the spatial distribution of fragments inside the inlet. Of course, the modelling should be based on a reliable model of breakup of ice particles.

(vi) It is assumed that the conservation of mass holds true. That is, the total volume of the shattered particles is transformed into fragments, which are recorded as cloud particles. This assumption seems to be quite reliable for the Polar Nephelometer because it measures the cloud property of an ensemble of particles ranged from a few microns to 1 mm. As for the FSSP instrument, the fragments, which have a size beyond the sampling range (2-22 µm for the series 300), do not affect the recorded data. Thus, a portion of the mass of the shattered particles is definitively lost and this decreases the shattering effect.

(vii) In our estimations, we employed experimental data that are already somewhat affected. Generally, the shattering decreased the fraction of large particles in favour of the small ones, and in turn this somewhat decreased the estimated values.

Practical application

As it was pointed out above, our model treats the shattering effect as a direct problem, that is, the equations employ an unaffected size distribution of cloud particles. On the other hand, there is an obvious need to quantify the shattering effect on the basis of measured data.

Our simulations with a thorough analysis of the Eqs. ( 10), ( 12), and (15) revealed that the principal contribution to the shattering is from the size range of large particles. Thus, a size distribution, which is measured by 2D-C, CPI or 2D-S probes, can be used for rough assessments. In absolute units, the shattering effect on Polar Nephelometer and FSSP data can be expressed as follows:

∆E xt P N = E xt 2 • d eff2 d effF R -1 , ( 16 
) ∆N FSSP = IW C 2 π 6 ρd 3 effF R , ( 17 
) ∆E xt FSSP = α • IW C 2 d effF R , ( 18 
)
where ρ is the ice density, α is a coefficient (see Eq. 6 its turn, is calculated using Eq. ( 5), where n 0 (d ) is the size distribution measured by 2D-C or 2D-S probe. Equations ( 17) and ( 18) were obtained from Eqs. ( 12) and ( 15) by neglecting small quantities, i.e., the second terms in the right-hand side.

If one deals with data measured by a FSSP instrument having the usual inlet design, the value C 2D,F SSP • IW C 2D-C should be used instead IWC 2 in Eqs. ( 17) and ( 18), where IWC 2D-C is the ice water content of the size distribution n 0 (d ) measured by 2D-C probe. C 2D,F SSP is an empirically derived-shattering coefficient; the basis assumption being that large particles shatter and increase the mass (IWC) or extinction (Ext) of ice in the probe measurements (see details in [START_REF] Heymsfield | On measurements of small ice particles in clouds[END_REF].

At the same time, that coefficient should depend on the effective diameter of n 0 (d )

because the larger particles are, the higher the probability of the breakup is.

Conclusions

We present in this paper a probabilistic model of the effects of ice particle shattering on in-cloud measurements performed with instruments designed with inlets which have circular cross-section. The model provides rough estimates on microphysical measurements and assigns the key parameters that govern the efficiency of ice particle shattering. The model disclosed for the first time that not only cloud IWC governs the shattering effect, but a number of other factors as well. Due to the model we specified the priority factors such as the effective diameter of fragments, the effective diameter of shattered cloud particles, and the spatial distribution of the fragments inside the FSSP inlet.

The results show that experimental data are less affected by the shattering for clouds that have a lower proportion of large particles and confirm the results from previous studies [START_REF] Field | Ice particle interarrival times measured with a fast FSSP[END_REF][START_REF] Heymsfield | On measurements of small ice particles in clouds[END_REF][START_REF] Mcfarquhar | Ice properties of single-layer stratocumulus during the Mixed-Phase Arctic Cloud Experiment[END_REF]). The effects on the derived integral parameters are very sensitive to the effective diameter of the fragment particles and to the proportion of the large cloud particles, i.e., to the effective diameter of cloud particles. The smaller fragments of a given cloud particle are, the Figures
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Printer-friendly Version Interactive Discussion higher their effect is. It is expected that the effective diameter of fragments depends on the inlet design and on the habit, size, and density of cloud particles. A reliable model of breakup of an ice particle is sorely needed. The airspeed should also play a key part in that model. Concerning the Polar Nephelometer measurements, the ice particle shattering leads to the overestimation of the extinction coefficient. For example for a given distribution with an effective diameter of 68 µm and with a fragment effective diameter of 10 µm the extinction is overestimated by 25%. With larger particles (d eff = 89 µm) the error increases up to 37%.

As for the FSSP-300 instrument, with the same conditions the extinction coefficient is overrated by 17% and the number particle concentration is overestimated by 30%. It is interesting to underline that the extinction overestimations above are of the same orders for the two instruments. This could explain the very good consistency of comparison results between extinctions calculated from two different techniques (FSSP-300 and Polar Nephelometer) even in presence of large ice crystals in cirrus clouds where shattering is likely occurring with a similar efficiency on the two instruments.

Most of the published results on mid-latitude cirrus during INCA would be reliable within the measurements accuracies. Only observations made at temperatures higher than -40

• C could have greater shattering errors due to subsequent larger effective diameters of cloud particles. As for previous results obtained in contrails [START_REF] Febvre | On optical and microphysical characteristics of contrails and cirrus[END_REF], the observations are likely not affected by shattering effects because small particles were measured. The discussion of the results points out the main hypothesis which may seriously limit the reliability of our modelling results. Nevertheless, the magnitudes of the errors on extinction and particle concentration are of the same orders of those reported in the literature from experimental assessments. Some of the hyphothesis could be verified from oriented experiments for instance by using cloud wind tunnels with controlled conditions for the assessment of different inlet designs, airspeed, range of particle size distributions, and so on. 

  Fig. 2 the dashed B and C circles that are concentric with the A circle. The diameters of B and C are D -= Dd and D + = D + d , respectively, and therefore depend on the diameter d of a particle.For a cloud particle of diameter d , there are three following possibilities:(1) If the centre-of-mass of a particle falls inside the B circle, this particle goes into

  and N 2FSSP are the number concentrations of the fragments and of the shattered cloud particles, respectively. All magnitudes are computed only within the FSSP size range. In addition to Eq. (13), we employ the

  reliable estimates and to assign key parameters that govern the shattering effect.The results below are based on the data obtained during the INCA experiment[START_REF] Str Öm | Aerosol and cirrus measurements at midlatitudes on the Southern hemisphere: An overview based on the first INCA experiment[END_REF]) and reported by[START_REF] Shcherbakov | Assessment of cirrus cloud optical and microphysical data reliability by applying statistical procedures[END_REF]. For comparison purposes, three following particle number size distributions were chosen. The particle size 11023

  ) and (5) for the inlet diameter D values of 10 mm and of 40 mm for the Polar Nephelometer and the FSSP-300, respectively. The both values of the inlet diameter are large with respect to cloud-particles sizes. This explains the fact that the size distributions of actual cloud particles (n 0 (d )) and non-shattered particles (n 1 (d )) are close together on Fig. 3 and cannot be clearly distinguished in log-log scale. The size distributions n 2 (d ) of the shattered particles, computed for the PN inlet diameter D=10 mm, are shown on Fig. 3 as well. We note in passing that the same colour convention is used for the size distributions n 0 (d ) and n 2 (d ). There is an analogy between n 2 (d ) and n 0 (d ) because n 2 (d ) is directly related to n 0 (d ) by Eq. (5). At

  increase of the ratio δIW C(%) = 100 • IW C 2 / IW C 0 with d eff0 in Table

  as a function of d effF R for the three considered size distributions (D1, D2 and D3). As with the Polar Nephelometer, the results show that the both parameters are very sensitive to the values of the effective diameter of the fragments and to the proportion of the large cloud particles. For example, considering the size distribution D2 (d eff0 = 68 µm) with a fragment effective diameter (d effF R ) of 10 µm the particle concentration (see Fig. 6a) and the extinction (see Fig. 6b) are overestimated by 30% and 17% respectively. With d effF R =
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 12 Fig. 1. Sketches of the inlets of the Polar Nephelometer (upper panel) and FSSP probe (bottom panel). Red lines represent the sampling volume. D is the inlet diameter.

  . Moreover, as indicated above the Figures
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  R . The values of the effective diameter d eff2 of the shattered particles (the case 2) are reported in Table3. The first line of numbers of Table3corresponds to the size distributions n 2 (d ) shown on Fig.3. The effective diameter d eff2 is much larger than d eff0 due to the increased proportion of large particles (192 µm against 68 µm for the Polar Nephelometer inlet). It is seen that d eff2 depends on the size distribution of cloud particles and it is less sensitive to the inlet diameter.

Table 1 .

 1 Integral parameters of the size distribution D1, D2, and D3.

		D1	D2	D3
	-3 ) N 0 (cm -1 ) Ext 0 (km IWC 0 (mg m -3 ) 5 2.6 0.47 0.55 0.68 1.8 1.4 11 18
	d eff0 (µm)	36	68	89
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