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Abstract

In this study the density of hydrometeors in tropical clouds is derived from a combined
analysis of particle images from 2-D-array probes and associated reflectivities mea-
sured with a Doppler cloud radar on the same research aircraft. The mass—diameter
m(D) relationship is expressed as a power law with two unknown coefficients (pre-
factor, exponent) that need to be constrained from complementary information on hy-
drometeors, where absolute ice density measurement methods do not apply. Here,
at first an extended theoretical study of numerous hydrometeor shapes simulated in
3-D and arbitrarily projected on a 2-D plane allowed to constrain the temporal evolu-
tion of the exponent of the mass—diameter relationship with that of the exponent of the
surface—diameter relationship that is measured by the 2-D-array probes. The pre-factor
is then constrained from theoretical simulations of the radar reflectivities matching the
measured reflectivities along the aircraft trajectory.

The study has been performed as part of the Megha-Tropiques satellite project,
where two types of mesoscale convective systems (MCS) have been investigated: (i)
above the African Continent and (ii) above the Indian Ocean. In general, both mass-
diameter coefficients (pre-factor and exponent) decrease with decreasing temperature,
the decrease is more pronounced for oceanic MCS. The condensed water contents
(CWC) calculated from particle size distributions (PSD) and m(D) also decrease with
altitude while the concentrations of the hydrometeors increase with altitude. The calcu-
lated values of CWC are largest for continental MCS.

1 Introduction

The French—Indian satellite Megha-Tropiques, launched in 2011, is primarily devoted
to improve our knowledge on the understanding of the water cycle processes in the
tropical troposphere. In particular, the satellite allows studying the life cycle of tropical
convective systems over ocean and continents, the environmental conditions for their
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formation and evolution, their water budget, and the associated water vapor transport.
The overall purpose of our study is to improve the surface rain rate retrieval calculated
with the BRAIN algorithm (Viltard et al., 2006) from brightness temperatures measured
on the satellite. The most relevant instrument on the satellite for cloud studies is the
MADRAS microwave imager with 9 frequencies (18.7 to 157 GHz). One of the major
sources of errors in deriving rainfall rates from the brightness temperatures is the lack of
knowledge about the density of the complex shaped atmospheric ice particles. Within
the Megha-Tropiques project, two measurement campaigns (presented in more detail
in Sect. 2) have been conducted in order to get a better statistical description of the
microphysical properties of hydrometeors and finally, to improve the rain rate retrieval
from the Megha-Tropiques satellite but also from similar satellites measurements, like
TRMM (tropical rainfall measurement mission, Huffman et al., 2007) or SSM/I (Special
Sensor Microwave/Imager, Spencer et al., 1989).

The main focus of this study is more precisely to characterize the statistical rela-
tionship between the mass and maximum diameter m(D) of ice crystals by developing
a retrieval technique that combines radar reflectivity and particle imagery in order to
produce reliable calculations of the condensed water content (CWC). A series of ear-
lier studies already related cloud radar reflectivity (usually at a frequency of 94 GHz)
and in-situ measurements of cloud microphysical properties. However, the variability
of the ice crystal density in space and time has been rarely examined. For instance in
Protat et al. (2007), Hogan et al. (2006), and Pokharel and Vali (2011) the condensed
water content is calculated assuming a constant mass—size relationships for all clouds.

The most usual empirical expression used to predict the mass for various types of ice
crystals shapes (Locatelli and Hobbs, 1974; Mitchell, 1996, hereafter M96; Heymsfield
and Westbrook, 2010; McFarquhar et al., 2007) is formulated as a power law which
is usually a function of the maximum length (hereafter D,,,,), or the mean diameter
(average of the maximum length in the y axis and the maximum value of x axis; Brown
and Francis, 1995, hereafter BF95) of the 2-D hydrometeor images.
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In this paper the mass m (in gram) is presented as a power law function of D, (in
centimeters):

M(Dpnax) = @+ DBy (1)

In other studies the mass (and thus density) of hydrometeors has been determined
following various principles. For example, ice crystals have been collected on a sheet
of plastic or a Petri dish. After taking microphotographs of the crystals, these have
been melted to deduce their mass from the resulting hemispherical drops (Locatelli
and Hobbs, 1974; Mitchell et al., 1990). Another method used is to classify hydromete-
ors according to their crystal habits associated to specific m(D) relations for individual
habits, following the scheme given by Magono and Lee (1966). Furthermore, when
the CWC mass concentration is measured directly and simultaneously from the 2-D
images of hydrometeors, m(D) relations can be derived from integral CWC data and
corresponding particle size distributions (hereafter PSD) extracted from the images.
BF95 used simultaneously a Lyman-a absorption hygrometer (Nicholls et al., 1990)
and a 2-D Optical Array Probe (OAP) to determine coefficients @ and @ for cirrus
clouds. Heymsfield et al. (2002) developed an expression of the crystal mass as a func-
tion of D,,,,x and the area ratio A, (the projected area of an ice particle normalized by the
area of a disc having the same D,,,,) for bullet-rosettes present in cirrus clouds. This
approach was confronted with real measurements of CWC measured with a Counter-
flow Virtual Impactor (Ogren et al., 1985) and corresponding 2-D images (OAP 2-DC
and 2-DP) in cirrus clouds from airborne measurements. A detailed description of the
particle habits which is needed for the previous approach was provided by the high res-
olution 2-D images from the Cloud Particle Imager CPI (Lawson et al., 1998). Retrieved
m(D) relationships are finally used to compute Ka-band radar equivalent reflectivities,
which are in good agreement with measured reflectivities.

Baker and Lawson (2006) introduced a new scheme which is a combination of funda-
mentals geometric parameters (perimeter, width, D,,, and projected area) of the 2-D
images to deduce the mass of individual particles. This method was validated against
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the dataset of Mitchell et al. (1990) and has the advantage of not requiring particle
habit assumptions. McFarquhar et al. (2007) derived m(D) relationships from vertical
profiles in the stratiform part of Mesoscale Convective Systems (hereafter MCS) above
the North American continents within and below the melting layer. @ and G coefficients
were calculated from measured reflectivities and PSD deduced from the OAP 2-DC and
2-DP probes. With the improvement of the numerical simulations, Schmitt and Heyms-
field (2010, hereafter SH2010) have simulated the aggregation of plates or columns.
Fractal 2-D and 3-D analyses of these aggregates allowed them to derive a relation-
ship to calculate the exponent 8 from the 2-D images. Once ( has been fixed, these
results were confronted with aircraft in situ data from CRYSTAL-FACE (Cirrus Regional
Study of Tropical Anvils and Cirrus Layers—Florida Area Cirrus Experiment) and remote
sensing data from ARM (Atmospheric Radiation Measurement) project in March 2000,
which finally allowed to estimate dependencies of a and § as a function of temperature
Heymsfield et al. (2010, herafter H10) demonstrate that a strong relationship exists
between a and g coefficients and argue that the BF95 relationship overestimates the
prefactor a for stratiform clouds, whereas « is underestimated for convective clouds.

In our study, CWC was not measured directly in one of the two experiments. In order
to calculate CWC, cloud ice density of hydrometeors needs to be derived from joint
analysis of the radar reflectivity measured by the 94 GHz cloud radar RASTA (Pro-
tat et al., 2009), and cloud particle images measured simultaneously with 2-D array
probes on the same aircraft. The a and § coefficients are constrained from particle
imagery and from theoretical simulations of crystal images, combined with subsequent
simulations of cloud reflectivities compared to measured ones. In the following section
the two Megha-Tropiques aircraft measurement campaigns and corresponding in-situ
microphysical measurements are described. A general technique for the retrieval of
CWC is presented in Sect. 3. Then theoretical simulations of 3-D crystal shapes and
associated results are presented in a fourth section, while the fifth section presents
a sensitivity study of the parameterizations of g from real particle images and there
effects on m(D) relationships.
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2 Cloud data from the Megha-Tropiques flight campaigns

Two airborne measurement campaigns have been conducted with the French Falcon
20 research aircraft from SAFIRE (Service des Avions Frangais Instrumentés pour
la Recherche en Environnement). During the first campaign, The Falcon20 has been
flown out from Niamey (Niger), in August 2010 (hereafter MT2010) during the monsoon
season above the West African continent. The second campaign has been conducted
above the Indian Ocean between November and December 2011 (hereafter MT2011)
at Gan (Maldives). A brief description of the research flights and sampled convective
cloud systems selected for this study is presented in Table 1. Cloud systems observed
during MT2010 were typically MCS, with most of the flights performed in the stratiform
part of these MCS within the temperature range down to —35 °C. During MT2011, two
types of systems were observed: in the first part of the campaign two MCS systems
were sampled, whereas in the second part the convection has been much less orga-
nized and only more isolated smaller systems have been encountered.

The Falcon 20 has been equipped with active remote sensing and cloud mi-
crophysics in situ instrumentation. Next to the Doppler cloud radar RASTA (Protat
et al., 2009) in-situ measurements of microphysical properties were performed us-
ing a new generation of Optical Array Probes (OAP): the 2-D Stereo probe (2-DS)
from Stratton Park Engineering Company (SPEC) Inc. and the Precipitation Imag-
ing Probe (PIP) from Droplet Measurement Technologies (DMT). In addition, during
MT2011 a Nevzorov probe (Korolev et al., 1998) has been installed on the Falcon20 to
measure CWC.

In order to derive particle size distributions and aspect ratios from the 2-D images,
standard corrections of the OAP data have been performed. In particular, rejection of
2-D images due to shattering (Field et al., 2006; Korolev and Isaac, 2005) and also
rejection of splashes have been applied. Moreover, reconstruction of truncated images
which are partially recorded has been employed (Heymsfield and Parrish, 1978). Fi-
nally, the pixel resolution (10 um for the 2-DS, 100 um for the PIP) is corrected for the
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true air speed (Baumgardner and Korolev, 1997), in order to account for the fixed speed
setting during data acquisition.

2-D images recorded with 2-DS and PIP probes were processed using the software
developed at LaMP (Laboratoire de Météorologie Physique) for CPI images (Lefévre,
2007) and improved for black and white 2-D images in order to extract a large variety
of geometrical parameters, such as maximum diameter D,,,,, Width perpendicular to
D,ax direction, projected area (hereafter Sp), and perimeter. Then for each probe, the
number particle size distribution (PSD) and the mean aspect ratio distribution (hereafter
AsD) are calculated as a function of Dy, L™ um™". With these distributions we build
composite distributions for PSD and AsD from both probes. The size range of these
distributions spans from 50 to 6450 microns in D,,,,. Equations (2) and (3) describe the
simple interpolation scheme used to build the composite number PSD distributions, an
analogue scheme is used to derive AsD composite distributions.

D\nax <6450 Dinax <450
z N(Drmax) - ADpay = z N2ps(Dmax) - ADpmay
Dimax=50 Drmax=50
D1ax<950
+ C1 (Dmax) ’ z N2DS(Dmax) ’ ADmax
D\ax=450
D1ax<950 @)
+ CZ(Dmax) ' z NPIP(Dmax) ' ADmax
D\ax=450
Dpnax <6450
+ Z NPIP(Dmax) ’ ADmax
Dpax=950
with
C1 (Dmax) + C2(Dmax) =1; and Cz(Dmax) = (Dmax - 450)/(950 - 450) (3)
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These composite distributions are mainly composed of three parts. The first part, which
comprises the size range of 50—450 microns, is made of pure 2-DS distributions (N,pg),
whereas the third part between 950-6400 microns is purely taken from PIP (Npp)
distributions. The intermediate second part is obtained by weighting the 2-DS and PIP
distributions with a transfer function (Eq. 3) which increases the weight of the PIP and
decreases the weight of the 2-DS data with increasing D,,,.. The bin resolution of
the composite distributions is given by AD,,,, equal to 10 microns and the spectra are
averaged over time steps of 5s. Examples of PSD and TSD are presented in Fig. 1.
Overall the 2 probes are in good agreement in their common size range. Figure 1a
shows the PSD composite distribution and the individual PSDs of the individual probes.
The AsD composite distribution is shown in Fig. 1b. It can be seen that the transfer
function smoothes the transition from the 2-DS to the PIP.

3 CWC retrieval

In order to better understand the importance of the coefficients @ and @ in Eq. (1)
for the retrieved CWC simulations of reflectivity at 94 GHz have been performed and
compared with the measured ones. Simulations of radar reflectivity are complex when
considering non-spherical ice crystals. In this study, the backscatter properties of the
hydrometeors have been simulated with the T-matrix method (Mishchenko et al., 1996)
for crystals and/or with Mie theory for spherical properties. In order to model the scatter-
ing properties of the ice particles, these particles are assumed to be oblate spheroids
with a flattening that equals the mean aspect ratio As of all the hydrometeors recorded
in the 5s time step:

ZDmax N(Dmax) ’ AS(Dmax)
ZD N(Dmax)

where N(D,,.x) is the concentration of the hydrometeors and As(D,,,) their average
aspect ratio. Figure 2, shows the impact of As on the effective reflectivity for 94 GHz,
2990
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for varying As between 0.5 and 1. For As = 1 Mie theory was applied. For diameters
less than 600-900 um simulated radar reflectivities agree well with those calculated
using the Rayleigh approximation. As can be seen in this figure, the so-called “Mie
effects” appear only for larger diameters and decreasing aspect ratio As.

In general, we assume that hydrometeors consist of a homogeneous mixture of ice
and/or air. Their dielectric properties of the particles are therefore a function of the
mass—diameter relationship that represents the fraction of ice 7, (Eq. 5) in the hy-
drometeors. Equation (5) explains how the ice fraction of the solid hydrometeor are
calculated, with p;;, = 0.917gcm_3. The ice fraction f,;, cannot exceed 1.

B

a-D

f., = min <1—m3> (5)
E'pice'D

max

Once f,, is determined the refractive index is calculated using the approximation
of Maxwell Garnet (1904). The mass of the spheroid does not depend on the aspect
ratio As, but the backscattering properties do. By means of the T-matrix method the
backscattering coefficient of a particle is calculated assuming the particle volume as
a prolate spheroid with a diameter Dy arix:

1
DTmatrix = Dmax v A_S (6)

In order to calculate the 94 GHz radar reflectivity, the particle number distribution
N(Dnax), its mean aspect ratio As, and the ice fraction f,,, of the hydrometeors, also
the coefficients @ and @ of the mass—diameter relation (Eq. 1) must be given. Fig-
ure 3 gives an outline of the technique developed to retrieved the m(D) coefficients.
After imposing a fixed value B, the prefactor a (hereafter called a;) is determined by
minimizing the difference between the simulated and measured reflectivities. RASTA
reflectivity along the flight trajectory has been calculated using a linear interpolation
between the closest reflectivities above and below the aircraft (typically at 300 m range
from the aircraft).
2991
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The reflectivity simulations were performed for §; coefficients in the interval [1,3]
with a step of 0.01. With this set of 201 (a;, ;) solutions, the corresponding values for
CWC(a;, B;)in (g m‘3) were calculated:

D\ ax=6400pm
CWC(a;,8)=10° > N(Dpay)- @Dy ADay. (7)
Dmax=50um

Figure 4 shows an example of the retrievals for the flight number 18 of MT2010. In
Fig. 4a the concentration of the hydrometeors is shown as a function of flight time
and hydrometeor size. In addition, the radar reflectivity is added on a right y axis (black
curve). Figure 4b shows solutions for a; (see color legend) as a function of the imposed
B, value (see y axis). Figure 4c depicts the time evolution of all 201 curves of CWC
which were calculated from the coefficients a; and g;, using Eq. (7). Although the
spread of both coefficients, as illustrated in Fig. 4b, is fairly large, the ensemble of CWC
values for a given time remains well within the same order of magnitude. Maximum
differences of :|:29m'3 are found for very high CWC (e.g. at 13:45UTC), but for most
other times the spread between the calculated CWC(a;, B;) values is less than 30 %.

In order to better quantify the uncertainty in CWC resulting from the multiple possible
couples a;,0; the following error analysis was performed:

An average value CWC(a;, §;) is calculated from the set of CWC:

;=3
CWC(@;,B) = —— 3 CWC(a;,6,), ®)

NtOt :Bi=1

where CWC(a;, B;) is given in gm™2 and Not is the number of (a;, B;) solutions (with
Niot = 201).

We then define the maximum uncertainty (ACWC,,,,) of the retrieved CWC as the
maximum difference between the average value of all calculated CWC (for all solutions
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(a;,B;)) and the largest or smallest value of CWC for a given time. More precisely this
maximum uncertainty is calculated in terms of the relative error in percent:

MAX(|ICWC(a;, 8;) - CWC(a;, 8;)))

ACWC,,. = 100
CWC(a;, 8;)

9)

For both measurement campaigns MT2010 and MT2011, Fig. 5 shows the distribution
of ACWC,,,, in percent. For most of the calculated CWC values the maximum errors
remain below 30 %. Average values of the maximum deviations in CWC are 21 % for
MT2010 and 20 % for MT2011, respectively.

These uncertainties do not take into account the uncertainty related to the measure-
ments of the reflectivity by the cloud radar RASTA. Table 2 gives the impact of the
reflectivity on the retrieved m(D) coefficient a. For example, if the reflectivity is shifted
by +1 dBZ to simulate a radar calibration error, the CWC retrieval is increased by 11 %
with respect to the CWC given by the measured reflectivity. Furthermore, we tried to

quantify the impact of the As on the retrieved CWC, we estimate that for a shift of
+10 % of the flattening parameter, CWC increases by 6 % (Table 3). The CWC retrieval
of this method is pretty sensitive to uncertainties in measured reflectivities and also to
the shape (or flattening) parameter used to simulate the radar reflectivity.

In fact, Fig. 4b shows that it exists an infinity of solutions (a;, 8,;) which allows simu-
lating the measured reflectivity at a given time. If we would impose that one of the two
coefficients a or B stays constant during the flight, this does not imply that the other
coefficient will also stay constant. This demonstrates clearly that the spatiotemporal
variability of the microphysical properties of an MCS cannot be well represented by
a constant m(D) relationship. Thus, allowing variations of the m(D) relationship in time
still does not resolve the problem of deriving the best solution among all the possible
solutions (a;, B,). Further information from hydrometeor images is therefore used in the
next section to constrain G before running the reflectivity simulations in order to reduce
the number of unknowns down to one (the pre-factor a).
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4 Study of 2-D and 3-D aspects of hydrometeor images
4.1 Surface-diameter relationships of natural hydrometeors

This section focuses on the surface—diameter relationship (hereafter S(D); Eq. 10) and
also on the correlation which exists between D,,,,, projected area Sp and the mass of
hydrometeors.

S(Dmax) = yDr%ax (10)
Since ice crystals have complex and varied shapes, the description of their volume
(or mass) and their projected area Sp onto a 2-D plane as a function of the particle
diameter cannot be described unambiguously with constant exponents o (for S(D)) or
B (for m(D)). The work presented here is inspired by a study of Schmitt and Heyms-
field (2010) who improved the parameterization of m(D) relationships applying a fractal
analysis on aggregated ice crystals.

S(D) relationships are calculated by fitting the projected surface of the hydromete-
ors as a function of their D, thereby using a power law as described in Eq. (10).
Measurements of the projected surfaces are provided by the 2-DS and PIP in-situ mi-
crophysical probes. The calculation of a single S(D) relationship is difficult using both
probes since in their common size range the pixel resolution of both instruments dif-
fers significantly (by a factor 10). This impacts parameters such as the particle length
or width (which allow us to build composite distribution for this kind of parameters) to
some extent, but the projected surface to a larger extent. Therefore in this study S(D)
is calculated from the 2-DS probe only, since using the S(D) of the PIP would not make
sense for sub-millimetric particles (1 mm length corresponds to 10 pixels), where the
2-DS offers higher resolution images. Thus, by using the images of the 2-DS probe the
S(D) relationship is calculated along the flight trajectory with a constant time resolution
of 5s.
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4.2 Simulations of artificial ice crystals shape and associated S(D) and m(D)

Optical array probes (OAP) measure the shadow projection of randomly oriented 3-D
cloud particles on a 2-D plane. Theoretical simulations of 3-D crystals are described
in more detail in Appendix A. The corresponding 2-D projections are based on the
same principle of randomly oriented 3-D particles projected on a 2-D plane. These 2-D
images are processed with the same algorithm used for real particle images in order
to deduce particle projected area Sp and maximum diameter D,,, of each random
projection. Overall, 30 different kind of hydrometeors have been simulated and tested.
Figure 6 shows some examples of arbitrarily oriented 3-D crystals (stellar, columns,
plates, capped-columns and rosettes) that have been projected onto a plane. As for the
2-DS probe, a pixel resolution of 10 um has been chosen. The simulations explore the
effects of different types of crystal shapes and of different sizes of distinct shapes on the
statistical S(D) and m(D) relationships. Power law exponents o for S(D) and B for m(D)
have been calculated for all 30 individually tested particle types and are shown in Fig. 7
and reported in Table 4. In order to compare with existing values of o and G found in
the literature, we have added the values given in M96. In addition, Table 4 summarizes
the values and the associated symbols of each individual simulated particle shape. In
order to correlate the exponent B of the m(D) relation to the exponent ¢ of the S(D)
relation, all data points resulting from the 30 simulations presented here are fitted by
a linear function (Eq. 11). The fitted function B(o) is valid for o between 1 and 2, thus
yielding values for G in the range [0.95;2.99].

B(o)=2.30-1.7 (11)

From the obtained results one can notice that varying the linear ratio between H and
L for plates (also valid for slender stellars, solid stellars, and rosettes) does not im-
pact significantly o and 3, whereas a nonlinear ratio H = /L has more impact on both
exponents. The latter case produces results closer to measurements presented by
M96 (Table 2), with simulations from our study resulting in o = 1.80 and 8 = 2.49 and
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M96 measurements resulting in o = 1.85 (D5« < 100 um) and g = 2.45, respectively.
For D,,.x > 100 pm, results are not readily comparable with the M96 results as in their
study random orientation is not assumed. Regarding columns, an increase of the ratio
H/L has more impact on ¢ and (3. As stated for hexagonal plates, also for columns the
nonlinear ratio L = v/H brings the simulations closer to the M96 measurements, with
o =1.49 and g = 1.75 for simulations (this study) and ¢ = 1.41 and (B = 1.74 for the
M96 measurements. Other habits from the M96 measurements are not comparable to
our simulations.

In view of the results produced by the 3-D simulations, it seems that G (and also o)
does not relate much to the sphericity of the crystal shape, but more to how a population
of ice crystals is growing in the 3-D space (axis x, y, z). The behavior of the exponent
B for plates and stellars but also for rosettes shows that, if the crystal height grows at
the same speed as the length (which is a combination of the growth on 2 axis), then
is close to 3. In contrast, if the growth in length is two times larger than the height, then
[ is closer to 2.5. Finally, if the height stays constant while the length is growing, then
B gets close to 2.

5 Mass—diameter relationship

This part is focusing on the particular solution for m(D), where we relate the exponent
o of the §(D) relation to the exponent G of the m(D) relation. After the analysis of
the particle surfaces S(D,ax) given by the 2-D images of the OAP probes the coeffi-
cients o and y (see Eq. 10) are determined by a power law fit. Once ¢ is calculated,
the exponent @ can be calculated from Eq. (11) and this particular solution for G is
called hereafter G,. The remaining coefficient a of the m(D) relationship (Eq. 1) is
finally determined by means of the observed 94 GHz reflectivity according to the re-
trieval technique presented in Fig. 3. Then, m(D) is strongly related to the 2-D images
recorded by the OAP probes and the retrieved couple (a,, B,) is chosen such that B,
is resulting from Eq. (11) as a function of flight time.
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Subsequently, CWC(a,,0,) is calculated from Eq. (7) for the couple (a,,8,) of the

m(D) relationship. Figure 8 shows the temporal evolution of the PSD, aspect ratio As,
exponent (3, derived a,, and calculated CWC(a,, B,) for a cloud sequence of the
flight 18 during MT2010.

CWC(a,,B,) is compared with the B&L (Baker and Lawson, 2006) scheme comput-
ing CWCpgg, from the 2-D images. This method was chosen among others because it
does not make any assumption on particle habit and calculates the condensed mass
particle by particle. Figure 9 shows calculated CWC(a,;,8,) vs. CWCggq, . The two CWC
estimates are fitted using a power law. The exponent found is close to 1 which indi-
cates we are close to the linearity between the two calculations for the two campaigns:
1.06 for MT2010 (Fig. 9a) and 1.01 for MT2011 (Fig. 9b). For MT2010 CWC(a,,5,) is
70 % larger than CWC, zg, Whereas for MT2011 CWC(a,,5,,) is larger than CWC g5
by about 50 %. Of course the data set of hydrometeors coming from winter storms in
the central Sierra Nevada and collected at the ground, which was fitted to build the
B&L scheme is not necessarily best adapted for the hydrometeor data set used in our
study. Comparisons between the two CWC retrieval methods also exhibit good cor-
relation coefficients of 0.93 for MT2010 and 0.92 for MT2011, respectively. However,
strong deviations in the absolute values of calculated CWCs persist. In addition, error
bars for all analyzed CWC are given in Fig. 9 presenting their minimum and the max-
imum values which were determined by the retrieval technique for (a;, §,;) presented
in Sect. 3. Comparisons of CWC(a,,8,) vs. CWC measured by the Nevzorov (here-
after CWCpavz0rov) Probe are also shown in Fig. 9c. A very good agreement is reached
for values in the range [0.1;1.4] gm‘3 (Fig. 9c). CWCs are in the same order and the
correlation coefficient is equal to 0.93. Uncertainties on the retrieved CWC(a,, G,)
(e.g. Sect. 3) and also CWCyayz0r0v @re somewhat larger for small CWC values. For
CWCyevzorov the uncertainty is particularly related to the calculation of the Nevzorov
probe dry power. As a consequence the correlation coefficient decreases (0.9) when
taking into account CWC values below 0.1 gm's. Moreover, in the unattended version
of the Nevzorov probe we cannot oppress the offset during data acquisition, which

2997

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14, 2983-3041, 2014

Constraining
mass—diameter
relations

E. Fontaine et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

means that the probe saturates far below the nominally possible ng‘s. Therefore,
CWC saturation threshold has been taken into account as a function of calculated Nev-
zorov probe offset during flight conditions. Beyond that threshold of roughly 1.4gm‘3,
CWC(a,,B,) and CWCygyz0r0y C@NNOL be compared.

The two m(D) coefficients (a,,08,) appear to be strongly correlated with each other,
with a correlation coefficient (cc) that equals 0.81 for MT2010 (Fig. 10a) and 0.92 for
MT2011 (Fig. 10b). This type of results has already been found and discussed in H10.
Their dataset was divided into two types of cirrus: convective cirrus and stratiform cir-
rus. H10 obtained trends for each type of cirrus by fitting the mean of the prefactor
(here a), as a function of the exponent (here g). In Fig. 10, the power law fit obtained
for convective cirrus by H10 is added as a black line. We note in the semi-log repre-
sentations of Fig. 10 that the slope derived by H10 is exceeding the slopes calculated
for MT2010 and MT2011, respectively. This may be explained by the calculation of the
B coefficients in H10 which is different from this study.

Furthermore, Fig. 10 reveals that temperature has an impact on the relationship
between a, and ,, which was not discussed in H10. In particular, for a given exponent
B, the prefactor a, increases with increasing temperature.

In order to account for this temperature dependence of the a,—8,, relationship, two
parameterizations are proposed for continental (MT2010) and oceanic MCS (MT2011)
data, respectively. Equation (12) presents the two relationships between a,, B, and T
in [K], where the first part of the equation illustrates the impact of the temperature and
the second part of the equation the influence of B coefficient of the crystals.

MT2010: @, = (0.0194-T — 3.9093) -~ %1°.¢21%%5 } 12)

MT2011: @, = (0.0139-T — 2.5854). ¢~ 102" . g268%5

Our dataset also offers the opportunity to gain further insights into the continental

vs. oceanic variability of cloud parameters. Figure 11a—f shows vertical variations

of various cloud parameters such as a,, B, Nr = (D N(Dpax) ADmax), Zrasta, and

CWC(a,,B,) for the two types of tropical convective systems (MT2010 and MT2011,
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respectively). The vertical variation of these parameters is presented as a function of
temperature. The calculated profiles for MT2011data include solely the flights 45 and
46 in a well developed stratiform region of an extended convective system. Averages
have been calculated for temperature intervals of 5 K. Figure 11a indicates the number
of observations (i.e. 5s average data points) taken into account to deduce the aver-
age value for the corresponding temperature interval. The number of observations is
smaller for MT2011 relative to MT2010. The two data points for MT2011 for lowest tem-
peratures (240 K and below) have been calculated only from a few measurements. Also
values given in the melting layer (points at 275K and 280K) also need to be treated
with caution, since our retrieval method does not take into account the liquid water at
the surface of melting ice crystals.

Standard deviations are shown by the error bars, and represent the horizontal vari-
ability for measured and retrieved parameters. Figure 11b illustrates the trend of G,
which shows a small decrease with altitude for MT2010. For MT2011, the decrease of
B, with temperature is more pronounced in the upper altitudes (temperatures below
260 K), but with an eventual increase in the lower altitudes (beyond 260 K). However,
the horizontal variability of 3, coefficients is larger for MT2011. MCS systems sampled
over West Africa were typically squall lines, those systems are composed by a convec-
tive part in the front of the systems and a trailing stratiform part. MCS encountered over
the Indian Ocean were part of the Inter Tropical Convergence Zone and were not as or-
ganized as the continental MCS. Therefore microphysical processes seem to be more
heterogeneous in the stratiform part of oceanic MCS as compared to the stratiform
part of continental MCS over West Africa. In addition, our results are compared with
data from another study on cirrus tropical convective clouds (SH2010). Exponents pro-
posed in SH2010 are smaller and their decrease is more pronounced than for MT2011
and MT2010. As SH2010 give the vertical profile of m(D) coefficients as a function
of the temperature, it is worthwhile to compare the three profiles of m(D) coefficients
available for tropical clouds. In Fig. 11c, the pre-factors a for SH2010 are smaller than
those found for MT2010 and MT2011. In general, a decreases with altitude for both
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campaigns MT2010 and MT2011 and between 265 K and 245K, the vertical trends of
a for MT2010 and MT2011 are similar. Figure 12d shows an increase of the total num-
ber concentration of hydrometeors with decreasing temperature, with a larger number
concentration of hydrometeors encountered during MT2010 as compared to MT2011.

Figure 11e demonstrates that RASTA radar reflectivities decrease with temperature
and are larger for MT2010 than for MT2011. Below 260K the horizontal variability of
ZrasTa IS increasing, especially in the oceanic stratiform conditions (MT2011). Simi-
lar to the reflectivity profile also the CWC decreases with altitude. This decrease with
height is most pronounced for the observation under oceanic conditions during MT2011
(Fig. 11f). Comparing the stratiform regions of MCS systems between MT2010 (conti-
nental conditions) and MT2011 variations in the partitioning of CWC with altitude may
indicate different efficiencies of the aggregation process in oceanic and continental
anvils, but may also be caused by the smaller number of samples taken in the up-
permost levels, especially during MT2011. Figure 12 then provides average vertical
profiles of microphysical parameters (PSD, effective particle density, mass and calcu-
lated reflectivity at 94 GHz) as a function of particle diameter. Figure 12a and b shows
average PSDs for the entire size range measured with the 2-DS and PIP probes. For
MT2010 the smallest (< 70 um) and the largest particles sizes (> 500 um) stay quite
constant in number along the vertical, whereas the medium sized hydrometeors for
which the particle growth is dominated by water vapor diffusion (in the range from
150—400 microns) increase in number with altitude. For MT2011 the concentrations of
the smallest and largest hydrometeors decrease slightly with altitude, while the number
of medium sized hydrometeors (200-400 microns) increases with altitude, as already
discussed for MT2010. Figure 12c and d shows the effective density of cloud parti-
cles when hydrometeors are considered as spheres with the equivalent diameter D, ,,.
Since ice particles are considered in this paper as a homogeneous mixture of ice and
air their effective density p.4 can be determined by Eq. (13), reflecting the fact that this

3000

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14, 2983-3041, 2014

Constraining
mass—diameter
relations

E. Fontaine et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

value cannot exceed the density of pure ice (0.917 gcm‘3)

. 6 ao Bs—3
Pe(Dma) = min (0917, 22 D) (13)

As peii(Dmax) is @ function of a, and B, the density behavior comprises the impact of
the temperature on the m(D) coefficients. In general, for MT2010, the effective density
(Fig. 12c) continuously decreases with decreasing temperature, while this decrease
is less pronounced for MT2011 (Fig. 12d). The particle effective density increase for
small sizes. This observational result may be due to low number of samples available
in the high altitude during MT2011. Figure 12e and f shows the partitioning of the total
mass M(Dpay) i gm‘3 um‘1 for a given D, calculated as follows from the individual
crystal images:

M(Dinax) = 1000-N(Dpra) - @6 D

max-*

(14)

For temperatures from 260-270 K most of the total mass resides in the range 200 um <
Dpnax < 3mm. At these temperatures the impact of particles smaller than 200 microns
is not important. However, for colder temperatures much more of the ice mass is con-
tained in smaller particles, for example for temperature below 240 K the mass resides
mainly in the range from 200 to 700 pm. This vertical gradient is shifted to smaller par-
ticle sizes and is slightly more pronounced for MT2011, where for temperatures less
than 240 K the mass resides in the range 200 um < D, < 500 pm.

In Fig. 12g and h, we can see the simulated backscattering properties of the hydrom-
eteors at 94 GHz as a function of D,,,, and temperature. At this frequency the major
response of the reflectivity stems from hydrometeors in the size range of 0.2—-2 mm, for
MT2010 (Fig. 12g), and 0.3—2 mm for MT2011 (Fig. 12h), respectively. MT2011 reflec-
tivity shows a more pronounced decrease with altitude in the upper most part of our
observations for T < 245K (Fig. 13h). Mie effects of the larger particles are visible for
D hax > 2mm and are most pronounced in the levels from 260-275 K.

3001

Jaded uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14, 2983-3041, 2014

Constraining
mass—diameter
relations

E. Fontaine et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Basically cloud radar reflectivity is strongly correlated with the mass concentrations
of ice (e.g., Hogan et al., 2006; Protat et al., 2007). Figure 13 shows Z—CWC rela-
tionships derived from MT2010, MT2011, and the merged dataset of both campaigns.
Since the m(D) coefficients have been constrained by the RASTA radar reflectivity it
is not surprising to find a rather good correlation between CWC and the measured
RASTA radar reflectivity. Figure 13a—c also depicts the probability density functions
(see PDF color scale in Fig. 14) of the partitioning of mass concentrations CWC (a,,8,)
as a function of the radar reflectivity at 94 GHz. During MT2010 (Fig. 13a) the mea-
sured reflectivities are essentially found in the range from 10 to 20 dBZ, yielding CWC
from0.3to 4g m~2. For MT2011, (Fig. 13b) a significant part of the reflectivity values is
found between 5 and 20 dBZ, which corresponds to a mass concentration of CWC in
the range of 0.1-2g m~. The two Megha-Tropiques campaigns (MT2010 and MT2011)
are merged in Fig. 13c.

Z—-CWC relationship are fitted as power laws (Eq. 15a—c), with Z in mm®m~ and
CWCin gm’3. In Fig. 13a—c, Z is expressed in dBZ for convenience.
CWC(Z) = 0.08582°7%° MT2010 (15a)
CWC(Z) =0.07612%71  MT2011 (15b)
CWC(Z) =0.07832%7%8  MT2010 + MT2011 (15¢)

Pre-factors of these three power laws give CWC values at 0 dBZ (1 mm® m_3), namely
0.085¢g m~2 for MT2010 and 0.076 g m™~> for MT2011. This leads to a difference of about
0.0099m‘3 (although at low CWC values) between the 2 campaigns for one and the
same reflectivity.

Relative errors in the retrieved CWC, by using the Z-CWC fit (error), with respect
to the values of CWC(a,,0,) are calculated in the following way (Eq. 16):

|CWC(Z) - CWC(a,. B,

=1
error, = 100 CWC(ay,,0,)

(16)
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For MT2010 (Table 5) the majority of error, values are below 53 % (90th percentile),
with a mean error, of about 28 %. For MT2011 the mean errorz is about 41 % with
a majority of error, below 48 %. The mean error for the merged dataset (MT2010 and
MT2011) is 35 % and the majority of the error, are below 68 %.

Results of an inter comparison between the three Z—-CWC relationships deduced for
the Megha-Tropiques data (MT2010, MT2011, MT2010+MT2011) and two further rela-
tionships given by Protat and al. (2007), hereafter denoted P2007 are shown in Fig. 14.
Relationships given by P2007 are based on cloud in-situ observations using a tropical
dataset (Eq. 17a) and from a global dataset (Eq. 17b) which includes also mid-latitude
and tropical clouds. Note that the BF95 m(D) relationship has been assumed for all
clouds in their calculations.

CWC(Z) = 0.1492°68'  Global P2007 (17a)
CWC(Z) =0.1982%7°"  Tropics P2007 (17b)

Applying P2007 parameterizations for calculating CWC, results in significantly larger
CWC values, as compared to estimated CWC of this study for the Megha-Tropiques
dataset, which is particularly true for small reflectivities. Differences in CWC calculated
from P2007 and estimated from this study reach up to a factor of 4 for lowest reflectivi-
ties. This might be due to the fact that the in-situ database used in P2007 encompasses
a much larger variety of ice clouds, including low CWC cirrus clouds. However, it also
probably indicates (as was also highlighted in Protat and Williams, 2011) that the use
of a single m(D) relationship for all clouds is not appropriate because it excludes the
large natural variability of m(D) in these Z—CWC relationships.

The curves for MT2010 and MT2011 only differ for reflectivities above 5-10dBZ.
Below 0dBZ, Z-CWC relationships of MT2010 and MT2011 are close. The difference
occurring for the larger reflectivities may due to the presences of higher CWC accom-
panied by larger ice particles and stronger number concentrations encountered during
MT2010 (see Figs. 11 and 12). In fact about 70 % of RASTA reflectivities measured
during MT2010 are larger than 10dBZ, while for MT2011 only 40 % of measured val-
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ues of RASTA reflectivities are larger than 10 dBZ. The main reason is that for a given
reflectivity, different values of CWC are calculated for MT2010 and MT2011, which is
highly related to differences in the flattening parameter found for MT2010 and MT2011,
respectively. Figure 15 shows the average of the flattening of the hydrometeors as
a function of temperature. Overall the main feature is a weak increase of the mean

aspect ratio As with altitude and a larger value of As in the continental clouds relative

to oceanic clouds. In addition, the increase in As with altitude is larger for continental
MCS, thus impacting the Z-CWC relationships.

In the case of small reflectivities < 0-5dBZ, we can assume that larger ice particles
may be less present. The reflectivities of small ice crystals below 800 um are not influ-
enced by Mie effects and are not a function of the particles’ aspect ratio (see Fig. 2).
Thus the Z-CWC relationships for MT2010 and MT2011 almost agree for small cloud
reflectivity. Finally, the influence of the temperature on the Z-CWC relationships has
been studied, however no clear signature has emerged. It seems that using the T-
matrix method to simulate the reflectivity of the hydrometeors removes the impact of
temperature on the Z—CWC relationship, at least for the stratiform part of tropical MCS.

6 Discussion and conclusion

This study presents a method to calculate the exponent and the pre-factor of the m(D)
power law relationship, using 2-D cloud particle imagery (OAP 2-DS and PIP) and
measured cloud radar reflectivities at a frequency of 94 GHz. The T-matrix method has
been used to simulate the reflectivities of the hydrometeors which are represented as
oblate spheroids. The method has been applied to two different tropical stratiform anvil
datasets, one collected over the African Continent (MT2010) and the other one col-
lected above the Indian Ocean (MT2011). The two campaigns have been compared
using the derived parameters of the 2-D imagery in combination with measured radar
reflectivities. It is clearly found that the variability of the m(D) coefficients @ and g is
large, and that these coefficients both decrease with altitude, which implies a decrease
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of the density of the larger hydrometeors. The decrease of m(D) coefficients with al-
titude in the stratiform part of MCS is larger over the ocean than over the continent,
reflecting different efficiency of the microphysical processes over land and ocean. On
average it has been found that for MT2010 a = 0.0244 and ( = 2.44, and for MT2011
a =0.0266 and @B = 2.44, respectively. In contrast, the total crystal number concentra-
tion increases with altitude, and the number concentrations are larger over the conti-
nent (MT2010) than over the ocean (MT2011).

Furthermore, it has been noticed that the global reflectivity decreases with altitude for
both types of MCS. Over the African continent the concentration of hydrometeors larger

than 2 mm is rather constant with altitude. Since As increases with altitude, the reflec-
tivity of the larger hydrometeors decreases with altitude, thus impacting the reflectivity.
For the oceanic MCS the decrease of the concentration of the larger hydrometeors
(Dpmax > 2mm) with altitude is accompanied by an increase of the As, which impacts
more the reflectivity at small reflectivity values (~ —-5dBZ) around 240 K. This leads
to differences in the retrieved condensed water content at the 240K level of almost 1
order of magnitude (~ 0.8 gm™ for MT2010 and 0.1 gm™> for MT2011).

Continental MCS in the monsoon seasons are due to the convergence of wet colder
air masses from the ocean with dry warmer air masses, while over the Indian Ocean
convection is due to the buoyancy of wet air masses leading to weaker convection
in our case. Growth processes of hydrometeors in oceanic convection were to a non
negligible extent due to vapor diffusion producing many dendrites and plates that have
been observed. In contrast, for West-African MCS the hydrometeor growth was much
more dominated by riming and aggregation processes, thus leading to observations of
aggregates and graupels-like shapes. Figure 16 summarizes the observations of typi-
cal crystal morphologies observed during the 2 campaigns. 2-D images are presented
as a function of altitude. On the left side of Fig. 16 hydrometeors observed in conti-
nental MCS are shown, whereas on the right side hydrometeors observed in oceanic
MCS are presented. In the two first levels (-1 and —-5°C) hydrometeors are similar
with one exception where at —5°C a dendrite shows up for MT2011. For others levels
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ice crystal shapes are in general different. Observations of significant amounts of den-
drites (which typically develop due to water vapor diffusion only) occurred in MT2011,
while 2-D images for MT2010 generally look more like aggregates and graupels. These
differences are also underlined by a flattening of the hydrometeors which is smaller for
oceanic MCS as compared to West-African MCS.

Despite having a large variability of m(D) coefficients for one and the same altitude
level and despite having found significant variability of these coefficients with altitude,
the differences between continental and oceanic MCS may be significantly related to
the number of hydrometeors and also to the shape of the PSD. It appears that the
higher the number concentration of hydrometeors, the more dominant the aggregation
process. In contrast, when the number of hydrometeors is small the ice crystals grow
essentially by vapor diffusion.

Within this study, m(D) power law coefficients were calculated from an indirect
method, using particle images and their associated reflectivity signatures. The m(D)
retrieval and subsequent CWC calculation have been constrained by the 2-D images.
On the one hand, the exponent B of the m(D) relationship is calculated from the re-
lations between maximum lengths and projected surfaces of the hydrometeors. This
relation was established for simple but realistic hydrometeor shapes which could be re-
fined with more sophisticated simulations of aggregates of dendrites or more complex
shapes. On the other hand, the choice of the flattening of the oblate spheroid used to
simulate the reflectivity at 94 GHz is determined by the mean aspect ratio of the hy-
drometeors recorded within individual time steps of 5s. As a perspective and without
making the simulations of the cloud reflectivities too complex, the parameterizations
of the flattening might be further improved as a function of the maximum length of the
spheroids used in the T-matrix method. In a near future we will also include as an ad-
ditional constraint the surface roughness of the hydrometeors which might be a quite
important parameter to describe the backscattering properties of the hydrometeors.
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Appendix A

Description of 3-D simulations

Simulations of 3-D particle habits have been performed with the overall objective to
study the S(D) and m(D) relations including correlations between the two exponents of
the power laws. The simulated shapes aim to be realistic or at least comparable to the
variety of hydrometeors found in natural clouds. All crystal shapes considered have 3-D
characteristics with known volume or mass and for the simulation they are randomly
oriented in the 3-D space.

A1 Plates

The schematic of a plate type crystal is presented in Fig. A1. The geometric parameters
used are the thickness H and the height L between 2 opposed corners of the hexagon.
The simulations distinguish four types of plates, in order to explore the influence of
the ratio between H and L on the fitted power laws. Two simulations have a ratio of
H/L equal to 0.1 and 0.2, whereas in the third simulation H is equal to the square
root of L and in the fourth H is constant and equal to 4 pixels. In all these simulations,
L is chosen randomly out of the interval from 20 to 200 pixels with 1000 thousands
simulations of plates in each of the four cases.

A2 Columns

Figure A2, shows the principal schematic of a column with geometric parameters of
height H and thickness L between 2 corners of the hexagon. As has been performed
for the plates, four sets of simulations were performed for columns: two with a linear
ratio between H and L, with H/L equal to 10 and 5, whereas in the third simulation L
is equal to the square root of H and in the fourth L is constant and equal to 16 pixels.
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L has been chosen out of the size range of [10;100] pixels with 1000 simulations for
columns in each of the four cases.

A3 Slender stellars and more solid stellars

Two types of stellar crystals were simulated with a significant difference in the width of
their branches (Fig. A3). We call these two types slender stellars (lower picture) and
solid stellars (upper picture). For both types of stellars, four sets of 1000 simulations
were performed. Two simulations have a ratio of H/L equal to 0.1 and 0.2, whereas in
the third simulation H is equal to the square root of L and in the fourth H is constant
and equal to 4 pixels.

A4 Aggregates of spheres

Another type of crystals has been simulated, which subsequently is called aggregates
of spheres, see Fig. A4. N is the random number of spheres, ranging between 3 and
50, which are aggregated, and D is the diameter of one sphere which is set constant
and equal to 6 pixels. In total 1000 simulations of aggregated spheres were performed.

A5 Capped columns

One type of capped columns was simulated and processed, where the column is
capped by two plates. The schematic description of a capped column is shown in
Fig. A5. L, is the height of the two plates (and large stellars) at the top of the col-
umn, L, (=2.5L,) is the thickness of the column, and H (= L) is its height. For the
two simulations L, varied between 10 and 100 pixels and the width of the plates (or
stellars) has been set to 4 pixels. In total 1000 simulations of capped columns were
performed.
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A6 Rosettes

A rosette with six branches randomly oriented is shown in Fig. A6. To simplify the
scheme of the bullets that constitute the rosette, the bullets are assimilated as hexag-
onal columns. All the bullets belonging to the same rosette have identical size param-
eters, where H is the bullet’s height, L its thickness, and N the maximum number of
bullets building the rosette.

In total, nine series of simulations were performed, varying N between 3 and 6 bul-
lets. Three simulation series have been performed with N equal to 3 and where the
bullets are described either by L equal to the square root of H or L equal to 5 pixels,
or by the ratio L /H equal to 0.25. H has been chosen out of the size range of 5 to 50
pixels.

Two sets of simulations followed where N is equal to 4 and where the bullets are
described by L equal to the square root of H, or L equal to 10 pixels. H has been
chosen out of the size range of 10 to 100 pixels.

Two further sets of simulations were performed where N is equal to 5 and where the
bullets are described by L equal to 10 pixels, or by the ratio L /H equal to 0.2. H has
been chosen out of the size range of 10 to 100 pixels.

Finally, two additional sets of simulations were performed where N is equal to 6 and
where the bullets are described as L is equal to the square root of H, or by L equal to
10 pixels. H has been chosen out of the size range of 10 to 100 pixels. All series were
studied with 1000 simulations of rosettes.
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Table 1. List of Falcon 20 research flights used in this study. g E Fontaine et al.
(2}
Flight Flight Day Hour Cloud S
program number (UTC) type -
;,U Title Page
MT2010 Flight 15 6 Aug 2010 16:10-19:00 MCS squall line S
Continental  Flight 177 10 Aug 2010  08:45-11:60 MCS squall line .
Flight 18 13 Aug 2010 13:20-16:25 MCS squall line —
Flight 19 17 Aug 2010  10:30-13:40 MCS squall line .
Flight 20 17 Aug 2010 23:35-02:4 M i il BTSN
[o] 0 ug 2010 3:35-02:40 CS squall line @
MT2011 Flight45 27 Nov 2011 05:30-08:50 MCS ITCZ §
Oceanic Flight 46 27 Nov 2011 15:15-18:25 MCS ITCZ o
Flight 49 6 Dec 2011 13:25-15:40 Isolated Convective System % g g
Flight 50 8 Dec 2011 06:00-09:00 Isolated Convective System o
: / { K
.
(7]
2
8_ Printer-friendly Version
©
=}
;
g



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 2. Uncertainty of retrieved CWC and a as a function of the uncertainty of the measured

reflectivity.
AZ [dBZ] Aa (%) ACWC (%)
-2 +26 -26
-1 +12 -12
+1 -11 +11
+2 -21 +21
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Table 3. Uncertainty of retrieved CWC and a as a function of the uncertainty on the average

aspect ratio of 2-D images.

AAs (%) Aa (%) ACWC (%)
-20 +12 -12
-10 +6 -6
+10 -6 +6
+20 -13 +13
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Table 4. Ice crystal types and corresponding exponents (o) and (8) of S(D) and m(D) relations,
respectively. The symboils in the left column are subsequently used in Fig. 7 for individual ice
crystal shapes. The first part of the table stems from Mitchell (1996) where random orientation
is assumed for particles with D,,,, < 100 um, whereas for particles beyond 100 um horizontal

ACPD
14, 2983-3041, 2014

orientation is assumed. The second part of the table stems from simulations.

Jaded uoissnoasiqg

Constraining

Symbol Description Range ) B8 . mass—diameter

’ Ice crystal shapes from Mitchell (1996) o relations
hexagonal plates 15um < Dy < 100pm  1.85 245 (fg .
‘ hexagonal plates 100 < Dypay < 3000 pm 2 245 § = Fontaine etel
= hexagonal columns 30 < Dppay < 100 pm 2 291 g'
hexagonal column 1 D, m 1.5 1.91
| h:x:Z:n:I zZIEmnz OOD;;:)EBS;S:'\“ 1.4? 1.34 éU Title Page
= timed long columns 200 < Dy <2400pm 141 1.8 <
* crystals with sector-like branches (P1b) 10 < Doy < 40 um 1.85 242 —
* crystals with sector-like branches (P1b) 40 < Dppay < 2000 um 1.97 2.02 o
* broad-branched crystals (Plc) 10 < Dyjax < 100 pm 1.85 242 g
!:; broad-branched crystals (PIc) 100 < Dy < 1000 um 176 1.8 g
* stellar crystals with broad arms (P1d) 10 < Dppax < 90 um 1.85 242 g'
* stellar crystals with broad arms (P1d) 90 < Dppay < 1500 pm 1.63 1.67 -30 g g
* densely rimed dendrites (R2b) 1800 < Dy < 4000pm 176 2.3 '%; _ —
‘ side planes (S1) 300 < Dyax < 2500 pm 188 23 h
+ bullet rosettes, 5 branches at —-42°C 200 < Do < 1000pm 157 2.26
4 aggregates of side planes 600 < Dppayx < 4100 pm 188 22 g
‘ aggregates of side planes, columns & bullets (S3) 800 < Dppay < 4500 um 188 2.1 8
A assemblies of planar poly-crystals in cirrus clouds 20 < Dppay < 450 um 1.88 245 8 Printer-friendly Version
. lump graupel (R4b) 500 < Dyax < 3000 pm 2 28 g
@ hail 5000 < Dyay < 25000 pm 2 3 3,3
8
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Table 4. Continued.

Jaded uoissnosiq

ACPD
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Interactive Discussion

Symbol Description Range c B
Simulations of ice-crystals shape
’ plates (H=0.2-L) 200 < Dppay <2000pm  2.00 2.98 Constraining
0 plates (H=0.1-L) 200 < Dppay <2000pm  2.00 2.94 mass diameter
0 plates (H = 40 um) 200 < D <2000pum  1.86  2.02 T .
] plates (H = VI) 200 < Dy < 2000pm  1.80 2.49 o relations
| columns (H=5-L) 100 < Dpyax < 1000um 193 2.70 o
[ | columns (H = 10-L) 100 < Djpa < 1000um  1.85  2.46 Q E. Fontaine et al.
| columns (L = VH) 100 < Dpgy < 1000pm 149 1.75 7
| columns (L = 160 um) 100 < Doy < 1000pum  1.06  0.94 o
* thick star (H =0.2-L) 200 < Dyay < 1200um 1,98 2.90 %
x thick star (H = 0.1-L) 200 < Dy < 1200pm 195 2.87 ) Title Page
©
x thick stars (H = VL) 200 < Dy < 1200pm 1,73 2.48 @ .
¥ thick stars (H = 40 um) 200 < Dy, < 1200pm  1.61  2.03 Abstract Introduction
* thin Stars (H =0.2-L) 100 < Dppgy < 1000um  1.95 2.85 T o -
* thin Stars (H = 0.1-1) 100 < Dy < 1000pm 193  2.81 - Conclusions BSIEEEE
* thin Stars (H = VL) 100 < Dppay < 1000pm 171 2.49 o ﬁ Fi
* Thin Stars (H = 40 um) 100 < Dy < 1000pm  1.48  2.07 2 elafs
. Aggregates of spheres (D = 60; 3 < N < 50) 100 < Dppay < 1000pm 146 1.64 8
‘ Capped columns (2 plates: L, =2.5Ly; H=L4) 150 < D,, < 1400pm 1.91 255 g g g
+ Rosettes (L = VH; Nyay = 3) 50 < Doy < 500um 169 2.17 Q')U
+ Rosettes (L = 50 pm; N,y = 3) 50 < Dppax <500pm  1.19  0.95 8 _ _
+ Rosettes (L = 0.25-H; Ny = 3) 50 < Dypa < 1000pm 1,94 2.89 B
Back Close
+ Rosettes (L = 100 pm; Nyay = 4) 100 < Dppoy < 1000pm 125 1.14 T -
+ Rosettes (L = VH; Nyay = 4) 100 < Dpey < 1000pm 167  2.16 o Full Screen / Esc
+ Rosettes (L = 0.2H; Ny = 5) 500 < Dpay <2000pm  1.98 2.97 g
-+ Rosettes (L = 100 um; Ny, = 5) 500 < Dyyy <2500pm  1.26 1.16 = : : :
+ (7] Printer-friendly Version
Rosettes (L = 100 um; N,oy = 6) 100 < Dpyax < 1000um  1.28  1.16 o
S
+ Rosettes (L = VA; Npay = 6) 100 < Dy, < 1000um 172 226 -
Q
§e)
@
) CnOnd

O
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Table 5. Average and 90th percentile of error, (in percent) as a function of Z-CWC relation-

ships deduced for the Megha-Tropiques data.

error, MT2010 MT2011 MT2010+MT2011
Average 28 % 41 % 35 %
90th percentile 53 % 48 % 68 %
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Table A1. List of symbols.

2-DS
2-DC
2-DP

BRAIN

CPI

cwcC

CWCgq,

CWC(a;, B;)

CWCNevzorov
max

ADmax

DTm

CWC(a;, )

ACWC,

error,

fice
MADRAS
m(D)

M
MT2010
MT2011

1
1

2-D stereographic optical array probe with a resolution of 10 umbin™
2-D cloud particle optical array probe with a resolution of 25 umbin™
2-D precipitation particle optical array probe with a resolution of 200 pmbin
Vector of prefactor of mass—diameter relationship

Prefactor of mass—diameter relationship deduced by the area—diameter relationship
and the radar reflectivity

Vector of exponent of mass—diameter relationship with 8 € [1;3]

Exponent of mass—diameter relationship calculated from Eq. (6)

Area ratio: projected surface divided by (11/4-D,2nax)

mean aspect ratio for a given D, (= width/Dy,4,)

mean aspect ratio of all valid 2-D images recorded during a 5 s time period
Bayesian rain rate retrieval algorithm including neural network

Cloud particle imager, SPEC, Inc.

Condensed water content (in general)

CWC deduced from the Baker and Lawson scheme

Vector of CWC

Condensed Water ContentMeasured by the Nevzorov probe

Maximum length of the 2-D images of the hydrometeors

Bin resolution of size distribution in function of D,

Diameter of a oblate spheroid used by the T-matrix method

Mean value of the CWC(a,,5;)

Uncertainty on the retrieved CWC from RASTA reflectivity and 2-D imagery of OAP
Absolute error using Z-CWC power fit and the retrieved CWC

Ice fraction in the oblate spheroid used fort he calculation of the backscattering properties of the hydrometeors
Microwave analysis & detection of rain & atmospheric systems

mass—diameter relationship

Total mass concentration calculated in function of D, per bin

Megha-Tropiques Falcon 20 measurement campaign (Niger, Aug 2010)
Megha-Tropiques Falcon 20 measurement campaign (Gan, Nov-Dec 2011)

Number concentration of hydrometeors counted by the 2-DS

Number concentration of hydrometeors counted by the PIP

Number concentration of hydrometeors

Total number concentration of hydrometeors

Optical array probe

Precipitation Imaging Probe

Particle Size Distribution

French acronym for Radar Aéroporté et Sol de Télédétection des propriétés nuAgeuse
Ice density: 0.917gem™

Effective density of an ice sphere with a same mass than an ice hydrometeor with a same diameter D,
Surface—diameter relationship or area—diameter relationship

Projected surface of an hydrometeors recorded by an OAP

Aspect ratio distribution

Total backscattering coeficient in a cubic meter in function of D, ., per bin

-1
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10° 1
a) = C'omposite b) === Composite
101 i —PIP ] 0.9+ :f]g[;
N ---2DS§ |
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g 10° ¢ |
3
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g 10
E

N(D__)/AD
-
(=1

10°L
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‘2 ‘3 L L
10 D [wm] 10 100 D, [mm]  10°

Fig. 1. (a) Number size distributions (as a function of D,,,,) of cloud particles. The dashed grey
line represents the 2-DS data, the grey line the PIP data, and the bold black line represents the
composite particle number size distribution (PSD). (b) Aspect ratio of 2-D particles as a function
of Dk Symbols for 2-DS and PIP as above. All curves (number size distributions and aspect
ratios) represent an average over 5s of measurements.
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Fig. 2. Calculated effective reflectivity Z, (in mm”) as a function of the the maximum particle @
diameter D,,, (in um). Pink, blue, green, red and cyan curves are calculated for different aspect : : _
ratios by the T-matrix method, whereas the brown curve is based on Mie theory calculation for % IR 7 Ve
d . . oo o
a spherical particle. The black curve represents the Rayleigh approximation. -
3
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hydrometeors of PSD

Average aspect ratio of all morphology, size, and concentration

from in-situ measurements :

of hydrometeors

(within 94 GHz sensitivity)

—

PSD [#/L/um]

B.€[1.1;3] /

Closure hypothesis

Simulation of radar
reflectivities at

94GHz

(T-Matrix)

¥
=) |m,(D) = a,D*

Measured reflectivity

From remote sensing cloud radar
RASTA (94GHz)

at 94GHz (RASTA)
[mm~6/mmn3]

Fig. 3. Implemented method to retrieve the coefficients (pre-factor and exponent) of the mass—
diameter relationship from the combination of radar reflectivity and 2-D hydrometeor images.
Measured radar reflectivity and hydrometeor particle size distributions and average aspect ra-
tios serve as input for the T-matrix method used for reflectivity simulations for variable 8 ex-
ponents. Closure hypothesis between measured and simulated reflectivities then yield the pre-

factor a.
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Fig. 4. Flight 18 of MT2010. (a) Contour plot of the time series of the number PSD (as a function
of D,,.x) color coded with the number concentration in L™ pm
taneously measured radar reflectivity (secondary y axis). (b) Contour plot of solutions for a; (in
color) as a function of B, (y axis). (¢) All calculated CWC in gm™ for corresponding values of
a;, and ;.
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Fig. 5. Histograms of the maximum deviation (ACWC,,,,) on the retrieved CWC for (a) MT2010

and (b) MT2011.
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Fig. 7. Exponent 8 of the m(D) relationship as a function of the exponent ¢ of the S(D) relation-
ship. Each data point is deduced for a population of 1000 simulated shapes and correspond-
ing projections. Symbols with blue contours stem from Mitchell (1996), whereas all other data
points are from 3-D simulations. The legend for all symbols is given in Table 4. A linear fit of all
simulated data is shown by the black line.
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Fig. 8. (a) Same as Fig. 4a. (b) Mean aspect ratio along the flight. (¢) G, coefficient calculated
from Eq. (12). (d) Pre-factor a, subsequently deduced from the T-Matrix method. (e) All calcu-
lated CWC values (blue color) as shown in Fig. 4c, the black line is the CWC deduced from the
specific coefficients a,; and G,,. @O
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Fig. 9. CWC(a,,8,) retrieved with T-matrix method (y axis) including error bars vs. CWC (x
axis) calculated from Baker and Lawson (2006) for (a) MT2010 and (b) MT2011. Error bars
represent the minimum and the maximum of all possible CWC values (a;, 5;). The solid grey
line represents a power law fit relating the two calculations. The dashed grey lines represent the
standard deviation and the red line represents a 1 : 1 relation between CWC (a,,8,) and CWC
from Baker and Lawson (2006). (¢) CWC from Baker and Lawson (2006) (x axis) is replaced
by CWC measured by the Nevzorov probe operated during the MT2011 campaign.
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Fig. 10. Scatter plot of exponent G, (from Eq. 6) as a function of pre-factor a, (constrained
by T-Matrix simulations). Data points are color coded as a function of temperature; grey lines
represent power law fits. The black lines represent added m(D) power law fits from CRYSTAL-
FACE data from H10. (a) MT2010 and (b) MT2011.
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Fig. 11. Vertical profiles of various parameters as a function of temperature (averages for tem-
perature intervals of 5K): red lines for MT2010, green lines for MT2011, and black lines for
SH2010 dataset. (a) Number of observations in each temperature interval used for averaging.
Altitudes are indicated with horizontal grey lines. (b) G, coefficient as derived from Eq. (12), the
black line represents a fit given by SH2010. (¢) a,, coefficient constrained from T-Matrix simula-
tions. (d) Total number concentration of hydrometeors. (e) RASTA reflectivity, and (f) calculated

CwWC.
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Fig. 12. Contour plots (left MT2010, right MT2011) of average vertical profiles (averages for @
temperature intervals of 5 K) of microphysical parameters (particle density, total mass and cal-

culated reflectivities at 94 GHz) as a function of D,,,,,. (a—b) Particles size distribution as a func-
tion of D,,,,. (c—d) Effective density of a sphere of D,,,, having the same mass as the non-
spherical particle. (e—f) Total particle mass as a function of D,,,,. (g—h) Equivalent reflectivity
simulated with the T-matrix method for a frequency of 94 GHz.
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Fig. 14. Z-CWOC relationships. Measured RASTA radar reflectivities on the x axis and CWC de-
duced from the Z-CWC fit for the Megha-Tropiques data. In addition, two further relationships
given by Protat et al. (2007) are shown.
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Fig. A1. Schematic description of hydrometeors shapes for subsequent simulations of plate.
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Fig. A2. Schematic description of hydrometeors shapes for subsequent simulations of column.
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Fig. A5. Schematic description of hydrometeors shapes for subsequent simulations of capped
column.

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I\I I|

3040


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
14, 2983-3041, 2014

Constraining
mass—diameter
relations

E. Fontaine et al.

L
Title Page
Abstract Introduction
Conclusions References
H
Tables Figures
N

Back Close

Fig. A6. Schematic description of hydrometeors shapes for subsequent simulations of bullet
rosette. Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I\I I|

3041


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2983/2014/acpd-14-2983-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

