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Microphysical characterisation of West African MCS anvils

D. Bouniol,2* J. Delanoé,” C. Duroure,® A. Protat,9 V. Giraud® and G. Penide®

A8GAME/CNRM, CNRS/Météo-France, Toulouse, France
YMeteorology Department, University of Reading, Reading, United Kingdom
¢LaMP, CNRS, Clermont-Ferrand, France
dCAWRC, Melbourne, Australia

ABSTRACT: Deep convection in the Tropics is the source of large tropospheric extended clouds usually called anvils.
These anvils may produce precipitation (stratiform region of deep convective storms), and also cirrus shields persisting
from several hours to several days. Anvils impact the radiation budget, they induce a storage term in the whole water
budget which is still relatively poorly quantified, and dynamical feedbacks may be induced in the upper troposphere. The
AMMA field campaign which was held over West Africa during the 2006 wet season provided a unique opportunity to
document the microphysics of these anvils from unprecedented airborne observations.

Airborne in situ measurements of ice crystals and observations from a 95 GHz Doppler radar are used to characterize
the microphysical properties of tropical anvils. The dataset is binned into stratiform and cirriform regions. Some data in
the stratiform regions were likely obtained close enough to convective cores that the particles may have grown primarily
within those cores. The data obtained over the continent and over the ocean are also characterized separately. Particle habit
and growth processes are inferred from an examination of the collected particle images, from quantitative comparisons
of 95 GHz reflectivities calculated from the in situ microphysical observations with the measured radar reflectivities, and
from a statistical analysis of the two-dimensional particle images. The predominant precipitation particles above the 0°C
isotherm in the stratiform anvil region are rimed aggregates. These rimed aggregates seem to get less dense and of smaller
diameter when moving rearward of the system towards the cirriform region. The retrieved density laws (assumed to be
power laws) lie close to the relationship for rimed particles of Locatelli and Hobbs.

Particle size distributions in tropical anvils are also studied. The exponential shape seems to be a good approximation
for these particle size distributions overall. The decrease in concentration with diameter is also found to be faster for
cirriform regions than for stratiform regions. Normalising these particle size distributions produces a relatively invariant
shape (in agreement with earlier studies), with however an increased variability for the smallest and largest values of the
normalised diameter.

The characterisation of the bulk microphysical properties using these in situ microphysical observations shows that the
ice water content, the effective radius and the reflectivity-weighted fall velocity generally increase with air temperature,
in agreement with earlier studies. These parameters are found to be systematically smaller on average in cirriform regions
than in stratiform regions, and this is true at all temperatures. These values are then compared with statistical relationships
used in cloud-resolving models and general circulation models, since a realistic representation of microphysics in models
is very important to understand not only the processes at work, but the dynamical feedbacks and effects on climate.
Large differences are found, the current parametrizations being unable to reproduce the large values of the considered
microphysical parameters.
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Introduction

Tropical deep convection is the ultimate source of
extended clouds, i.e. tropical anvils (Houze, 1977, 1982;
Webster and Stephens, 1980; Caniaux et al., 1994; Mace
et al., 2006; Cetrone and Houze, 2009). The anvil life-
time, typically 6—12 hours (Leary and Houze, 1980;
Ackerman et al., 1988), exceeds the duration of deep
convection (that may itself last several hours and even as
long as a day) by many hours (Houze, 1989). Far from the
active centre of the convective core, the anvil structure

*Correspondence to: D. Bouniol, CNRM/GAME, CNRS/Météo-France,
42 avenue Gaspard Coriolis, 31057 Toulouse Cedex, France E-mail:
dominique.bouniol @meteo.fr

becomes optically thinner but still has significant radia-
tive and chemical impacts. The microphysics of crystals
in this type of cloud is an important parameter impact-
ing the radiation budget, the amount of water stored in
the ice phase (that may lead to precipitation) within the
troposphere, and chemical concentrations for both solu-
ble species and species that adsorb onto ice. Regarding
more specifically the African monsoon mechanisms, the
convective anvils are expected to play a significant role
in modulating some of the monsoon components (e.g.
modulation of the subtropical jet, warming of the upper
troposphere, modification of the radiative budget, dynam-
ical feedbacks with the convective part of the squall lines,
moistening of the environment of the convective anvils,



modification of the precipitation efficiency...) through
their modification of the atmospheric dynamics on a large
area. Then, through the strong modulation of radiation
at ground level, the surface fluxes will be subsequently
modified, which will have a strong impact on the re-
evaporation of water at the ground (the so-called ‘recy-
cling’ process).

During the African Monsoon Multidisciplinary Anal-
ysis (AMMA) campaign, a Special Observing Period
(Redelsperger et al., 2006) was dedicated to the micro-
physical characterisation of the Mesoscale Convective
System (hereafter MCS) anvils. It is known that con-
vective upward motions are more intense over land than
over the ocean (Zipser and LeMone, 1980) and there-
fore differences in cloud microphysics may be expected.
These two regions were sampled during AMMA: with
the first part of the field experiment (5—15 September
2006) dedicated to continental MCSs (with an aircraft
based in Niamey, Niger), and the second (16—30 Septem-
ber 2006) dedicated to MCSs propagating into a coastal
environment (with an aircraft based in Dakar, Senegal).
A documentation of the microphysical characteristics of
these anvils was performed using a set of in sifu mea-
surements onboard the French Falcon 20 (2D-P, 2D-
C, 1D-P, FSSP, covering a size range of ice particles
from 3 pm to 6000 pum). In order to extend this docu-
mentation to a vertical cross-section and to describe the
internal organisation of the anvils, remote-sensing mea-
surements from a 94 GHz Doppler radar (sampling the
anvils with downward and upward-looking antennas) and
from a triple-wavelength lidar (355, 532, 1064 nm) were
also implemented on the same platform. Several types
of MCSs were sampled during this two-phase experi-
ment: large-scale long-lived continental systems, sporadic
convection (continental and coastal) and systems arriv-
ing over the ocean. Particular attention will be given
to characterising the region of the system (stratiform
or cirriform) that has been sampled during a particu-
lar flight. Large differences may be expected in micro-
physical properties owing to the processes acting in the
various regions and to different updraught intensities pro-
ducing different ice particle growths (e.g. Stith et al.,
2004).

The scientific objective of this paper is to analyse these
observations in order to characterise the microphysical
properties of the West African anvils.

In the second section, the collected airborne dataset
and the meteorological environment of these observa-
tions are described. In the third section, in situ and radar
measurements are analysed to determine the most rep-
resentative types of hydrometeors sampled in different
parts of the anvils and their density as a function of
their maximum diameter. Two complementary analyses
are conducted to address this objective. The first anal-
ysis consists in estimating a radar reflectivity from the
microphysical particle size distributions, assuming dif-
ferent particle density—diameter relationships. The com-
puted reflectivities are then directly compared to the radar
measurements to indirectly estimate which density law

best reproduces the radar observations. Second, a two-
dimensional (2D) analysis of 2D-C images is performed
by seeking a power-law relationship between the surface
and the perimeter of each 2D-C image, assuming that
the value of the power-law exponent is related to the ice
growth process. In the fourth section, particle size dis-
tributions (PSDs) are derived and binned as a function
of air temperature, and also as a function of where the
measurements have been taken in the sampled systems
(stratiform or cirriform regions, and also ocean versus
land environments). Since it is well known that PSDs and
drop size distributions (DSDs) are highly variable even
within a single cloud (e.g. Testud er al., 2001; Delanog
et al., 2005), the representation of the PSD using a sin-
gle analytical expression (parametrized by one or more
parameters) is rather difficult. To overcome this difficulty,
a normalisation process (Testud et al. (2001), generalised
to the ice phase by Delanog et al. (2005)) is applied and
the resulting shape function of the normalised PSDs is
studied. In the fifth section, the bulk microphysical and
radiative parameters of the tropical ice anvils produced by
deep convection (ice water content, effective radius and
fall velocity) are derived using the ice particle density
laws derived in the third section and analysed. Existing
trends are identified and existing model parametrizations
are evaluated against these retrieved values. Concluding
remarks are given in the final section.

2. Description of the Dataset

The present study makes use of 95 GHz Doppler radar
measurements and a set of in situ microphysical and
thermodynamic measurements performed onboard the
French Falcon 20 (hereafter F-F20) aircraft.

The RASTA (French acronym: Radar Aéroporté et
Sol de Télédétection des propriétés nuAgeuses: Protat
et al.,, 2004) radar is a multi-antenna (three antennas
downward, two antennas upward) 95 GHz Doppler cloud
radar. Radar calibration was performed during a dedicated
flight over the ocean (following the technique proposed
by Li et al. (2005)) on 28 September 2006. This technique
is expected to produce a calibration accurate to within
1 dB or so (e.g. Li er al., 2005). Its application to the
present experiment (including technical characteristics)
has been detailed in Bouniol et al. (2008). These RASTA
radar observations have also been compared with the
CloudSat radar reflectivities using direct underflights of
the CloudSat track (Stephens er al., 2002), showing
very good agreement for both ocean surface backscatter
and ice cloud reflectivity comparisons (Protat et al.,
2009). During AMMA, the radar switches from one
antenna to the next in 0.5 s and then takes a total of
2.5 s to sweep through the five antennas with a gate
length of 60 m. A major issue for this field campaign
was the degraded RASTA sensitivity (Bouniol et al,
2008) estimated as —6.6 dBZ at 1 km for the nadir-
looking antenna, —9.0 dBZ at 1 km for the upward-
looking antenna, —2.4 dBZ at 1 km for the down-
backward antenna, 1.9 dBZ at 1 km for down transverse



antenna, and 2.3 dBZ at 1 km for the up-backward
antenna. This sensitivity is not sufficient to investigate
the microphysical and radiative properties of the vast
majority of thin cirrus from decaying anvil clouds but
is sufficient for the investigation of the ice anvil of the
MCS:s.

The data recorded by the microphysical in situ probes
consist of 2D images of the individual cloud particles.
The analysis techniques use standard algorithms (Heyms-
field and Parrish, 1986) applied to the image of each
particle to identify the particle shape and size allowing for
construction of the PSD at a given time resolution. The
diameter for non-spherical particles is computed as the
surface equivalent circle diameter (also called ‘maximum’
diameter, which will be referred to as diameter in the
following). For AMMA, a composite spectrum has been
built at the 1 s resolution from the 2D-C (sampling from
25 to 750 wm with a 25 pm bin resolution) and from 2D-
P probes (sampling from 200 to 6000 pum with a 200 um
bin resolution). Following Heymsfield ez al. (2002), com-
posite PSDs are generated from the two probes by making
use of the spectrum region for which the size distributions
from each probe overlap or where the concentrations are
comparable.

During some flights, icing occurred on the 2D-P
array (see Bouniol er al., 2008), thereby producing
corrupted PSDs. In the icing regions and when possible,
the 2D-P data have been replaced by the 1D-P data
(mainly during flights 72, 75 and 77, see Table I).
To document the smaller particle classes, a Forward
Scattering Spectrometer Probe (FSSP, sampling from 3
to 47 um) was used in the F-F20. However due to
acquisition problems, the dataset cannot be used. 2D-
C concentrations for particles smaller than 100 microns
may also contain large errors due to uncertainties in
the probe’s sampling volume and are therefore not used
in this study. Deng and Mace (2008) argued that in
cirrus, the majority of the mass occurs at sizes of several
hundred microns. In addition, virtually all studies devoted
to cirrus so far have used the same truncations (Field
and Heymsfield, 2003; Heymsfield, 2003b; Delanog et al.,
2005; for instance) and the measurement of small crystal
concentration remains controversial due to the recently-
discovered shattering effect on the protruding tips of
the probes (Korolev and Isaac, 2005; Field et al., 2006;
Heymsfield et al., 2007; McFarquhar et al., 2007). Cloud
systems sampled in the framework of AMMA correspond
to deeper clouds for which higher ice water contents
are expected. The results derived in this study should
therefore be less affected by the omission of small
particle concentrations than the cirrus studies (where
smaller crystals are expected). The physical interpretation
of radiative parameters from this dataset must be done
cautiously since the lack of particles in the 3 to 100 um
range will lead to an overestimation of the mean size
of the crystal and an underestimation of the visible
extinction. Zender and Kielh (1994) have shown for
tropical cirrus clouds at temperature lower than —40°C,
that the truncation of the distribution for particles lower
than 20 um (for a given ice water content (IWC),

for which they represent less than 2%) was producing
persistent changes in heating rates, albedos and cloud
forcing larger than 10%. This overestimation is expected
to decrease toward cloud base (Heymsfield, 2003b).

Table I summarises the seven flights with microphys-
ical objectives (and usable datasets) during the AMMA
experiment. Five flights were performed over the conti-
nent (the first four in the Sahel region and one east of
Dakar) and the remaining two correspond to coastal and
oceanic cloud systems. Documenting the microphysics
of the anvil is challenging, since strong heterogeneities
exist within the cloud shield. It is very important to
know where the measurements were taken with respect
to the main convection cores and when they are located
in the cloud system life cycle. Heymsfield et al. (2002)
also stressed the problem of horizontal cloud heterogene-
ity and suggested using a Lagrangian spiral to charac-
terise the vertical variability of a given cloud system by
deriving a vertical profile. This flight strategy was not
adopted for the AMMA experiment since the payload of
the aircraft, with simultaneous in situ and remote-sensing
measurements provides a documentation of the vertical
distribution of the ice cloud properties. It has rather been
chosen to cover a horizontal domain as large as possible
in order to obtain a three-dimensional view of the system.
However, even within a given flight, data were collected
at different altitudes, which is information that can be
exploited for the in situ observations.

Before studying the microphysical properties, insights
into the life cycle of the various cloud systems sampled
must be gained. To do so, a useful tool is the geostation-
ary imagery that provides an image over the West African
zone every 15 minutes. Figures 1 and 2 show Meteosat
Seconde Génération (MSG) images in the 10.8 um chan-
nel at different selected times of each MCS’s life cycle.
To better describe the life cycle, the outputs of a track-
ing algorithm (Arnaud et al., 1992; Mathon and Laurent,
2001; Fiolleau et al., 2009) have been used. The tech-
nique consists in delineating continuous clusters in the
full-resolution infrared imagery by using a single bright-
ness threshold. Using an overlap assumption, clusters are
then identified from one image to another and followed in
time. The morphology (spatial extension, brightness tem-
perature distribution. . . ) of the cold cloud shield is hence
characterised over the life cycle of the associated MCS.
The tracking algorithm attributes a number to each cloud
cluster that allows an easy identification in the images
(these numbers are also reported in Table I). For each
sampled cell, the surface area of the tracked cloud shield
is shown at two different infrared temperatures as an indi-
cator of the horizontal extent (233 K contour, in red)
and of the colder region (213 K contour, in green). The
growing, mature and decaying phases and duration of the
cloud system are observable in the first panel in Fig-
ure 1 for flights in the Niamey region, and in Figure 2
for flights in the Dakar region. When another cell merges
with the tracked cell, a black cross appears on the red line
indicating that the increase in cloud cover is associated
with the inclusion of a cell. Several lines are super-
imposed in this panel. First the yellow shaded surface
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Figure 1. Description of the life cycle and cloudiness situation for each sampled cloud system and each segment performed by the F20 in the
Niamey region with (a) flight 59, (b) flight 62, (c) flight 63 and (d) flight 64. For each cloud system, the life cycle as obtained by the MSG
tracking algorithm is shown, with surface area of MSG 10.8 um brightness temperature lower than 233 K in red, and lower than 213 K in green.
Dash, dotted and dash-dotted vertical lines represents overpass of microwave radiometers: TMI (TRMM), SSM/I (F13 and F14) and AMSRE
(Aqua) respectively. When the MSG 233 K contour is fully enclosed in the radiometer swath the PCT surface area lower than 250 K are reported
on the corresponding line with a dark blue diamond, or a light blue square for PCT lower than 150 K. The yellow square corresponds to the flight
time with black solid line symbolising the segment time. The following images (one per segment) are MSG 10.8 wm brightness temperature
(in K, grey level) threshold at 270 K and superimposed on a geographical map. The black contour shows the is0-233 K. Temperatures lower
than 213 K are shown in yellow, those lower than 200 K in orange. When microwave radiometer overpass exists, green contour corresponds
to the iso-PCT 250 K and red contour to 150 K. The system barycentre trajectory as obtained by the tracking algorithm is shown with linked
symbols, and each system is numbered. The ground-based radar’s location is also indicated by an open circle. The F20 trajectory during the
segment is shown as a bold black solid line. For each segment a short sample of typical particle images from the 2D-C probe (each pixel being
approximately 25 x 25 pm?) is shown.



Table I. List of AMMA flights with microphysical objectives where in sifu microphysical measurements and radar measurements
have been collected at the same time

Flight number/tracking Location/Flight Available Segment time

number Flight date objectives data (hours)/Temperature

Time (hours) O

Fig. 1(a): 59/395 Continental/Large S1: cirriform S1: 9.501-9.951/—45.36

08 September 2006
8.7-12.16

Fig. 1(b): 62/1365
10 September 2006
7.83-9.16

Fig. 1(c): 63/2359
10 September 2006
14.37-16.15

Fig. 1(d): 64/1372
11 September 2006
15.26-17.44

scale MCS in
decaying phase

Continental/ MCS
in growing phase

Continental/ MCS
in growing phase

Continental/Cell
at the rear of

larger size MCS,
rapidly evolving

Fig. 2(a): 72/5174
22 September 2006
13.83-16.90

Coastal +
Continental/A-Train
overpass within
precipitating system
in mature phase

Fig. 2(b): 75/2427 Oceanic/Exporting
26 September 2006 MCS

9.78-12.6

Fig. 2(c): 77/7506 Oceanic/Exporting
27 September 2006 MCS

13.25-16.0

S2: stratiform/some S2:10.34-10.43/—47.22
icing on instruments

S1: stratiform/some S1: 8.225-8.305/—18.28

icing
S2: cirriform S2: 8.683-8.7/—37.55
S1: stratiform S1: 14.565-14.6505/—17.81

S2: cirriform/some S2: 15.47-15.64/—33.79

icing on instruments

S1: stratiform S1: 15.72-15.86/—37.33

S2: stratiform/some S2:16.12-16.215/—37.62
icing on instruments

S3: cirriform S3:16.322—-17.13/—37.49

S1: stratiform S1: 14.32-14.7/—17.60

S2: cirriform S2: 14.7-15.354/—17.28
S3: stratiform S3: 15.354-15.7/—17.46
S4: cirriform S4: 15.7-15.85/—17.67

S5: stratiform S5: 15.85-16.38/—17.65
S1: stratiform S1: 10.57-10.85/—16.85
S2: stratiform S2: 10.85-11.15/—17.10
S3: cirriform S3: 11.36-11.64/—17.47
S1: stratiform S1: 13.56-13.72/—29.16

2009Dec04 074138

corresponds to an F-F20 mission, indicating which phase
of the life cycle is documented. The dashed, dotted and
dash-dotted lines correspond to overpasses by spaceborne
microwave radiometers TMI (TRMM) (Tropical Rainfall
Measuring Mission Microwave Imager), SSM/I (F13 and
F14)(Special Sensor Microwave/Imager) and AMSRE
(Aqua)(Advanced Microwave Scanning Radiometer E),
respectively. The more rigorous way of locating convec-
tive and stratiform regions within a cloud shield is to use
thresholds (Mohr and Zipser, 1996) in Polarisation Cross
Temperature (PCT). When possible (i.e. when the system
of interest is fully located in the microwave radiome-
ter swath) the surface areas of PCT lower than 250 K,
which characterise the stratiform regions and differenti-
ate them from surrounding cirriform regions (Mohr and
Zipser, 1996), are computed and reported as dark blue
diamonds in the first panel. The surface areas with PCT
lower than 150 K (characterising strong deep convec-
tion regions according to Cecil et al. (2005)) are also
shown as light blue squares. When there is a common
sampling by MSG and the microwave radiometers over a
given system, it appears that both measurements provide

a very similar evolution of the cloud systems. The system
sampled during Flight 62 (Figure 1(b)) is characterised by
a short lifetime (3 hours) and only a growing phase. Its
life cycle ends by a merging at 1130 UTC with the sys-
tem number 2359 (see Table I), sampled during Flight 63,
as shown by the black cross in the 233 K surface area
in Figure 1(c), left panel. Therefore two distinct regions
of the system 2359 were sampled with the F-F20 at two
different times of its life cycle.

One of the aims of this paper is to provide typical
values of microphysical and radiative properties of anvil
clouds (ice water content, fall velocity, and effective
radius). For this purpose, the different flights are sep-
arated according to the cloud region and/or the flight
altitude. While the separation by altitude is an objective
criterion, the separation by similar regions (stratiform,
cirriform) in the different clouds is trickier, as there is no
objective criterion available. Since there is generally no
overpass of microwave radiometer available as the air-
craft flew in the clouds, the MSG brightness temperature
was used as a ‘proxy’ of convective activity in order
to separate the flights into segments. The cold region



&

it LAl AMESHE P14

162 fu] -[ P ™
‘_-.r. | .'I*\,
5 bad | A .ll '1\ \
2y i | || A
B . ft' £y \
R w I i\ \
I= A f \ M
= 1
2 4 Inlsvur»%\ \

= JU ¢ ¢ n

o

24080 AT 26300 DEDAL 2GRN0 26070 28600

e felay]

(o}

wrtnca aras [107 4]
He % & 2 E 3 R B B

srmon

Surdace mwa (107 ko]

Time ctay]

BEHREERES

Fakd

EEEEeEIEHERLH

BEERES

HE

Figure 2. Same as Figure 1 but for flights in the Dakar region with (a) flight 72, (b) flight 75 and (c) flight 77.

(213 K), even if generally larger than the stratiform region
(according to the PCT definition, see comparison of blue
diamonds with green curve in Figures 1 and 2, first panel),
has been used to locate what is called the stratiform region
within the cloud shield, an unknown fraction of which
may be rather close to convective cores. The remain-
ing region of the cloud shield (larger 233 K) is called
hereafter the cirriform region.

Each segment (denoted S in Table I) was extracted for
each flight where the aircraft was flying at constant alti-
tude (or nearly constant temperature) and sampled only
one defined cloud region with usable data (i.e. at least one
part of the segment does not present instrumental icing).
The time intervals corresponding to each segment are

given in Table I. State parameters (dynamical and thermo-
dynamic measurements) were provided from the aircraft’s
standard suite of instruments. The mean temperature is
given for each segment in the last column of Table 1.
The flight track during each segment is shown in
Figures 1 and 2 (black solid line), superimposed on the
MSG infrared (10.8 um) channel image. Typical 2D-
C particle images are also shown below each panel.
The MSG images have a threshold at 270 K and the
lower brightness temperatures are shown in grey levels
(233 K is shown by the black contour). Temperatures
lower than 213 K are shown in yellow, and those
lower than 200 K in orange. Figure 1 and 2 show that
different system types (in size, region or stage in their



life cycle) have been sampled, with avoidance of the
most active convective regions (if it is assumed that the
intense ascending motions are collocated with the colder
brightness temperature, shown in orange in Figures 1
and 2) for safety reasons. Following Mohr and Zipser
(1996), PCT lower than 250 K may be associated with
moderate rain (larger than 3 mm h~'). By extension,
we may then assume that regions associated with MSG
brightness temperature lower than 213 K corresponds to
precipitating regions. All the flight segments presented in
this study have then been sorted using the MSG images
and the outcome of this classification is given in Table 1.
Our intention was to include only stratiform and
cirriform anvil ice cloud properties in the present dataset,
although it is likely that some segments were quite close
to intense convective regions (see for instance the first
segment of Figure 2(a) where an AMSRE onboard Aqua
overpassed the system at the same time the aircraft
was in the area). Other means exist (such as ground-
based radar) and were deployed during the AMMA
campaign (Redelsperger et al., 2006) in order to document
the convective region of the MCSs. In particular, two
polarimetric Doppler radars were deployed in north Benin
(Djougou site, see Figure 1) and the other in the Dakar
region (N-Pol radar, see Figure 2). The polarimetric signal
from these radars can be used to infer microphysical
properties of the MCSs. However, even if very sensitive,
these radars’ capabilities remain insufficiently sensitive
in particular to document the cirriform anvils for which
our dataset is particularly valuable. In addition to these
two polarimetric radars, the MIT C-band Doppler radar
was also deployed at the Niamey site (see Figure 1).
Figure 3(a) shows the mean vertical profiles of reflec-
tivity (computed as the average of reflectivity values at
a given height) provided by the nadir and the upward-
looking antennas of the RASTA radar for each individual

segment listed in Table I. A large spread in the shape
of the profiles is observed in Figure 3(a). It is note-
worthy that all profiles exhibit the same general trend
of decrease in reflectivity with height. The dataset is
separated according to the previously described strat-
iform/cirriform classification, and re-plotted using the
same colour code in Figure 3(b) and (c) respectively. Two
distinct behaviours are observed: the cirriform profiles
show a decrease in reflectivity with height while others
present a decrease in reflectivity with increasing distance
from the radar or rather constant reflectivity profiles that
may signal possible attenuation. Within these profiles, the
melting level is identifiable (by a local ‘step’ in the reflec-
tivity profile). From looking at ground-based 94 GHz
radar profiles from the Atmospheric Radiation Measure-
ment (ARM) Mobile Facility (installed at Niamey) and
from the conceptual schemes of anvils, a decrease of the
reflectivity values toward the cloud base is expected for
cirriform segments since such regions do not produce pre-
cipitation. The cirriform profile of Flight 64 in Figure 3(c)
is a good illustration of this ‘expected’ shape. The dif-
ferent shapes of the other profiles may be explained by
the way the profiles are built. These are averaged pro-
files over temporal segments. Therefore even if very few
profiles display a step in the reflectivity profile indicating
the melting level (or data at relative low altitudes), they
appear in the resulting profile. It does not mean that pre-
cipitation exists throughout the segment in such profiles.

3. Analysis of the Microphysical Dataset

The main parameter responsible for the natural variability
of the microphysical and radiative properties within ice
clouds is the particle habit. Therefore it is a major issue
to infer which type of particle is most often encountered

(a) (b) (c)
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within the various regions of the tropical ice anvils
sampled during AMMA. This is also mandatory if one
wants to accurately identify which process is playing
a role in the anvil life cycle and quantify the typical
values of radiative and microphysical parameters in such
systems.

Some insights about the most representative types of
ice particle encountered in the various regions of the
cloud systems can be first obtained from a visual exam-
ination of 2D-C images shown in Figures 1 and 2.
An overall examination would classify most observed
hydrometeors as undetermined shape and would con-
clude that smaller diameters are present within cirriform
regions. A more careful examination (separating in partic-
ular stratiform and cirriform regions, see Table I) reveals
that less dense hydrometeors are present within the cir-
riform region with more complicated shapes and inclu-
sion of holes within the 2D images. Particles observed
in the stratiform regions correspond to complex-shaped
rimed crystals and aggregates of rimed crystals compa-
rable to those described in Heymsfield ef al. (2002) in a
deep anvil during the Large-scale Biosphere— Atmosphere
experiment (LBA) in Brazil. There were no supercooled
water measurements included in the experimental design
of AMMA and therefore the regions where the riming
occurred could not be clearly identified. However, due
to the range of temperatures sampled (—16 to —45°C)
it is likely that riming had been occurring in the con-
vective region and the particles were then advected into
the anvil by the upper-level outflow. Bullet-rosettes were
only observed at the very edge of cirriform regions (not
shown). This indicates that the majority of the particles
sampled in the cirriform regions are related to genera-
tion processes different from those activated in synopti-
cally generated cirrus that are characterized by very large
occurrences of bullet-rosettes. Finally no vapour-grown
crystals (columns, capped columns, hexagonal plates or
branched crystals) that generally correspond to sixfold
symmetry crystals (Pruppacher and Klett, 1978) were
identified in the 2D-C images.

Complementing this visual examination, two different
analyses are applied to the AMMA dataset in order to
more objectively establish the most probable growth pro-
cess of the particle and the associated density—maximum
diameter relationship.

3.1. Density—maximum diameter retrieval

The calculation of the various microphysical and radiative
parameters requires the knowledge of the relationships
between the ice particle density and mass as a function
of the maximum particle diameter, notated p(D) (Heyms-
field et al., 2004). Unfortunately, during the AMMA
experiment, no probe such as the Cloud Particle Imager
(CPI) was available onboard the aircraft to determine the
distribution of particle habits, mainly due to the space
and power limitations of the F-F20. An indirect method
is therefore used in what follows to get an estimate of
the most representative particle habit in the stratiform
and cirriform regions of the West African MCSs. To do

so the reflectivity measured by the 95 GHz radar onboard
the F-F20 is compared to that calculated from the PSD
measured by the in situ probes and a set of p(D) rela-
tionships of the literature. The ice particle density (in
g cm ™), is expressed as a power law based on diameter,
p(D) =a D’ (with D in mm). Such a relationship is
widely used in order to represent the decrease of density
with increasing diameter (see for instance the early work
of Zikmunda and Vali (1972) or Heymsfield (1972)), b
being generally negative. Exceptions are noted for some
graupel-type particles, where p(D) can increase with size
(Heymsfield and Kajikawa, 1987). A limit diameter (D,
with pice =a Di?) under which the obtained density
exceeds the density of solid ice (pjce = 0.917 g cm’3) is
introduced, following Heymsfield et al. (2007). The solid
ice density is used in the calculation when the ice parti-
cle diameter is less than this limit diameter. Figure 4(a)
shows a graphic representation of D; values (lines) in
a 2D space with the a coefficient on the x-axis and
the b coefficient on the y-axis. The p(D) relationships
published in the literature (Locatelli and Hobbs, 1974;
Mitchell, 1996; Brown and Francis, 1995; Francis et al.,
1998; Heymsfield er al., 2004) are superimposed in this
diagram. All literature laws are corresponding to D; lower
or equal to 100 pm defining half of the array (upper left
corner) where the density can be predicted. A 100 um
threshold thus appears as a reasonable limit for defining
the domain where the a and b coefficients can be sought.

A 95 GHz reflectivity is computed using the in situ
measurements for each pair (a,b) according to the fol-
lowing expression:

A41018
e = |Kw|2 3 /N(Deq)absc(Dem )\)dDeq (1)
where Z. is the equivalent reflectivity factor expressed
in mm®m~! and converted to dBZ by taking 10 log of

Eq. (1), A is the wavelength (3.21 mm in the present case),
Ky, is the refractive index of water (that depends on tem-
perature and A), N is the PSD, oy the surface backscat-
tering cross-section and Deq the ‘equivalent melted diam-
eter’ (i.e. the diameter a liquid droplet of the same mass
as the ice particle would have, see Testud et al. (2001)
or Delanoé et al. (2005) for further details). Each diam-
eter bin is converted to an equivalent melted diameter
(Deq = (p(D)/ Pwater) /> D) using the ice-diameter den-
sity. The corresponding oy is computed using Mie the-
ory and makes use of the refractive index of ice Kj that
also depends on the ice density. Donovan et al. (2004)
demonstrated using discrete dipole approximation (DDA)
that for spherical particles (or equivalent spherical par-
ticles), the Mie theory could be employed for accurate
calculation of radiative or microphysical parameters as a
good compromise between an exact calculation (but very
costly in computation time) and the Rayleigh approxima-
tion (not accurate enough). They estimate the differences
in reflectivity between DDA and Mie calculation for sin-
gle particle population generally below 20% for hexago-
nal columns and stellar crystals and below 30% for plates
(in linear units). The (a,b) pair for which the difference
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Figure 4. (a) Two-dimensional representation of the density law expressed as a power law: aD? with D in mm and the density in g cm™>. Lines
represent iso-values of limit diameter D (see text for explanation). Density laws from the literature (not all labelled) are superimposed in this
diagram: conical graupel, hexagonal graupel, graupel-like snow and lump graupel (2) and (3) from Locatelli and Hobbs (1974), cirrus from
Brown and Francis (1995) and Francis et al. (1998), CRYSTAL H94 from Heymsfield (2004) for low-latitude convectively generated ice cloud
layers and the remaining ones from the synthesis paper of Mitchell (1996). Symbols linked by dotted lines belong to the same particle habit
but for different diameter ranges (larger symbols corresponding to larger diameter range and cross for smaller diameter, square for mid-size and
circle for the larger or when no separation in diameter classes exists). (b) Comparison of the computed reflectivity (grey lines) for the flight 72 S4
with the RASTA reflectivity (solid black line). Three simulated reflectivities are shown; Best Fit (solid grey line) corresponding to the simulated
reflectivity for the (a,b) pair that minimises in the least-square senses the difference with the measured reflectivity, the simulated reflectivity
using the density for solid ice particles (dashed grey line) and the simulated reflectivity using the Brown and Francis (1995) density law (dotted

grey line).

(in the least-squares sense) between the measured and
the simulated reflectivity is minimum is retained as the
most representative p(D) relationship for a given flight
segment. The process is repeated for each flight segment.
It could be argued that this method might be question-
able because the particles dominating the reflectivities
(measured or re-computed from in situ measurements)
are located at the larger end of the PSDs. However at
94 GHz, for relatively large particles, the Mie effect does
reduce the dependency on size since reflectivity cannot
be any longer considered as the sixth power of particle
size, but a lower power depending on size itself and the
density—diameter relationship. This retrieval process is
illustrated in Figure 4(b) where the measured reflectivity
(the closest to the aircraft in black) is shown for the fourth
segment of flight 72 (see Table I). The first usable gate
in the RASTA system is located at 240 m from the air-
craft (see Bouniol et al., 2008), however to ensure a good
quality of the reflectivity measurements the reflectivity
from radar gate 9 (540 m) is used in this study assum-
ing that attenuation does not occur. To ensure this point,
reflectivity measurements from above and below the air-
craft have been compared and the comparison process is
also repeated for the two following gates. The simulated
reflectivity time series for the (a,b) pair that minimises
the difference in a least-squares sense between observa-
tions and simulations is shown in solid grey. In order to
highlight the variability that may be expected by changing
the p(D) relationship in these calculations, the reflectiv-
ity time series using the Brown and Francis (1995) p(D)
relationship (o (D) = 0.07 D~!! with D in mm, in dotted
grey) and the solid ice assumption (in dashed grey) are
also shown. The Brown and Francis (1995) relationship

is identical to the Locatelli and Hobbs (1974) relationship
for aggregates of unrimed radiating assemblages of plates.
It is widely used in radar—lidar retrievals. It appears from
this example that this relationship may not be adapted for
the radar—lidar retrieval of the West African anvils.

The p(D) relationships producing the smallest differ-
ence for each segment are depicted in Figure 5(a), over-
laying those from the literature discussed previously in
Figure 4(a). It must be noted that the reported p(D)
relationships do not necessarily correspond to particles
sampled in the same situations. For instance the relation-
ships for the various graupel particles are coming from
the Locatelli and Hobbs (1974) measurements collected in
the early 1970s winter in the Cascade Mountains of Wash-
ington at altitudes of 750 and 1500 m above sea level.
Differences in thermodynamic profiles may lead to dif-
ferent formation processes for ice particles (see Cetrone
and Houze, 2009) and particle density will be different
depending on the sampled system. Williams and Zhang
(1996) highlight this point for rimed particles. These
‘classical’ laws are well organised in the two dimensional
(a,b) space with rimed particles located in the top right
corner, columns or cirrus particles of Brown and Fran-
cis (1995) at the bottom and aggregates being located in
the middle region of the domains. The exponent b of the
diameter density law represents the decrease in density as
size increases. Heymsfield et al. (2007) noted that increas-
ing b reduces p for smaller particles and increases it for
larger ones. The a coefficient fixes the range of density.
All the retrieved p(D) are located in the upper-right cor-
ner, i.e. in the region of the 2D-space where were located
the p(D) for rimed particles. The relatively high values
of a lead to density values in the range 0.1 to 0.8 g cm™>



(depending of the diameter), in the range of natural rime
proposed by Macklin (1962). This range corresponds to
density encountered for rimed particles by Williams and
Zhang (1996). Heymsfield et al. (2004) found mean den-
sity value of 0.2 to 0.3 g cm ™3 (between 8 and 10.5 km)
in CRYSTAL-FACE (Cirrus Regional Study of Tropical
Anvils and Cirrus Layers — Florida Area Cirrus Exper-
iment) anvils. In this dataset dedicated to convectively
generated anvils, aggregates were the dominant particle
habit with however rimed particles observed at temper-
ature as low as —50°C. They also found mean density
as large as 0.5 g cm™> (between 4.2 and 6.7 km) in
cirrus uncinus where rosettes were the dominant par-
ticle habit (their Atmospheric Radiation Measurement,
ARM dataset). The retrieved density laws present gener-
ally exponent values (b) lower than —0.4 which signifies
a more rapid decrease in density with size with respect to
the rimed particles of Locatelli and Hobbs (1974). This
point agrees with the aspect of individual particles shown
in Figures 1 and 2.

Flight 59 segment 1, and flight 62 segments 1 and 2
present the larger (a, b) pair. However Flight 59 segment
1 and flight 62 segment 2 were taken at low temperature
(—45.36 and —37.55°C) in cirriform segments. The 2D-
C images for these two segments do not correspond
to very dense hydrometeors. A plausible explanation of
the very large density retrieved in these segments may
be the truncation of the PSD for diameters larger than
100 pm. 2D-C images in Figures 1 and 2 have shown that
particles look smaller in these segments and according to
their temperature high concentration of small particles
may be expected at these altitudes (Sherwood, 1999).
An overestimation of the density of the particle is then
necessary if one wants to be able to match the measured
reflectivity. Concerning Flight 62, it may be possible
according to the temperature of this segment (—18°C)
that the encountered particles were denser with respect to
the other segments.
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As summarised in Table I, the data were collected
at different locations within the cloud system but also
at different altitudes (i.e. different air temperatures). To
analyse further the retrieved p(D) relationships, they
are analysed as a function of temperature, Figure 5(b),
keeping the exponent b as the y-axis. It is observed
in this figure that all the data collected in the Dakar
regions correspond to the higher temperatures (about
—20°C) and the two segments of flight 59 to the lower
temperatures (about —45°C). No particular trend with
temperature of the exponent of the p(D) relationship is
observed in Figure 5(b); for a given temperature the full
range of b values is encountered. In contrast, Heymsfield
et al. (2004) found a systematic decrease in mean density
with increasing temperature.

3.2. Analysis of 2D particle populations

Additional indirect information about the particle habits
can be obtained from the qualitative inference of their
dominant growth mode. Duroure et al. (1994) proposed to
use for this purpose the ‘roughness’ exponent, which links
the surface area and the perimeter of a population of ice
particles. This roughness exponent is a geometrical mea-
surement of the ‘complexity’ of the image and provides a
complementary analysis to that presented in the previous
section. The 2D surface area and the perimeter of each
particle image (in pixel units, see Duroure et al., 1994)
of a given sample are measured and reported as a single
point in the perimeter—surface area plane (with log—log
scales). The scatter is then fitted with a linear relationship,
where the slope is defined as the roughness exponent.
Duroure et al. (1994) show empirically that this roughness
exponent is related to the growth mode. Indeed for rim-
ing and low supersaturation vapour deposition growth the
surface irregularities (increasing the number of perimeter
pixels) always grow linearly with the 2D surface area of
the particle. For dendritic (high supersaturation vapour
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Figure 5. (a)Two-dimensional representation of density laws expressed as a power-law: aD? with D in mm and the density in g cm~ superimposed

on (small black symbols) laws encountered in the literature, see Figure 4(a). (b) Retrieved exponent b of the density law as a function of

temperature in °C. Stars with the grey levels (one for each flight) show the retrieved density laws for the Niamey region as squares correspond

to flights in the Dakar region. Filled symbols are associated with density laws retrieved in cirriform segments as open symbols show the laws
for stratiform segments.



deposition) and agglomeration growths the surface irreg-
ularities grow faster than the size of the particle, leading
to the number of pixels of the perimeter increasing faster
than the number of pixels of the 2D surface area. Two
limit cases may be considered: a slope of 0.5 could occur
with images from a population of particles formed by
the diffusional growth of a single form of simple crys-
tal with fixed growth rate on each axis. A slope larger
than 0.5 corresponds to a crystal population in which
the complexity is increasing with size (small plate crys-
tals taking on dendritic arms, for instance). The upper
bound of this roughness exponent is unity, corresponding
to cases where the number of pixels for the perimeter
equals the number of pixels of the 2D surface area. A
highly rimed particle will have a lower roughness expo-
nent, while particles growing through aggregation will
have a higher roughness exponent (values about 0.8).
Each segment of the AMMA flights is analysed using
this roughness exponent and a mean value is computed
for each segment. Figure 6(a) shows the stratification of
this mean roughness parameter as a function of tempera-
ture. Two features are observed. First, for temperatures
higher than —20°C, a wide range of roughness expo-
nent values is found. The lowest roughness exponents are
found for stratiform segments and the highest for cirri-
form regions. This stratiform/cirriform behaviour may be
interpreted as a function of the distance to the deep con-
vection core (according to our conceptual scheme), where
rimed particles are detrained from the convective core in
the stratiform region (Heymsfield et al., 2002; Cetrone
and Houze, 2009). Some data in the stratiform regions
were likely obtained close enough to convective cores
that the particles may have grown primarily within those
cores. This is particularly true for Flight 72 segments
(open black square in Figure 6(a)) for which an AMSRE
overpass exists and shows PCT lower than 150 K close
to the sample region (Figure 2(a)). For temperatures less
than —20°C, the roughness exponent of cirriform seg-
ments increases with decreasing temperature, suggesting
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less rimed particles at low temperature in cirriform seg-
ments. This observation is in agreement with the less
dense hydrometeors found in 2D-C images for cirriform
segments (see Figures 1 and 2).

Figure 6(b) shows the exponent of the den-
sity—diameter relationship (b) as a function of the rough-
ness parameter. The variability in shape of the observed
particles is reduced as may be seen in Figures 1 and 2.
However, it appears also that the larger roughness expo-
nents (between 0.65 and 0.7) that would correspond to
more complex particle shapes are observed for cirriform
segments. Lower roughness exponents (between 0.58 and
0.65) are found within stratiform segments (even at rela-
tively high altitude) suggesting the encountered particles
in these segments grown mainly through the riming pro-
cess. Houze and Betts (1981) proposed rimed aggregates
and hexagonal graupel as probable ice particle types just
above the melting layer. Their observations from the
GARP Atlantic Tropical Experiment (GATE) experiment
suggest active anvil clouds, with enough lifting present to
maintain liquid water in the presence of ice. The present
observations were taken at higher altitudes and it is likely
that these rimed hydrometeors originated from the con-
vective updraughts. A low roughness parameter could be
due to growth by water deposition, but if that were the
case, one would find a rather different predominant den-
sity—diameter relationship and different 2D images.

In this section the particle habits encountered within the
different segments were investigated. p(D) relationships
are found to be similar to the rimed particles relationships
of Locatelli and Hobbs (1974). However no obvious vari-
ability can be established between the p(D) relationship
and temperature or the segment type (stratiform or cirri-
form). The analysis of the relationship between surface
area and perimeter of individual particles shows that more
aggregation occurred in cirriform profiles with respect
to stratiform segments where more rimed particles were
found, even at relatively high altitudes. These rimed par-
ticles may originate from expulsion of rimed particles
by the internal dynamics from the convective core to
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Figure 6. (a) Stratification of the roughness exponent as a function of temperature. (b) Exponent of the density law (b) as a function of the
roughness parameter of each flight of the AMMA experiment. Filled symbols correspond to cirriform segments.



the stratiform region, as suggested in Cetrone and Houze
(2009) or Heymsfield et al. (2002). These results broadly
agree with the visual examination of the 2D-C images
shown in Figures 1 and 2.

4. Statistical Study of the Particle Size Distribution

The microphysical and radiative cloud properties are
related to the particle habits as mentioned earlier on.
They are also directly related to the PSD of hydrometeors.
The PSD is known to be highly variable from one cloud
to another and from one region to another. First, PSD
properties are compared between the different segments
and from one flight to another. Then, the same properties
are investigated after the PSDs are normalised following
the Testud et al. (2001) normalisation concept generalised
for ice clouds by Delanoé er al. (2005).

4.1. Variability of the particle size distribution

Figure 7 shows the average PSD for each segment of
each flight (one panel per flight). Cirriform and stratiform
segments are respectively represented by dashed and
solid lines. The main difference between stratiform and
cirriform segments appear for the large diameter particles
(larger than 200 pm) where cirriform segments exhibit
systematically lower concentrations (for a given altitude)
than the stratiform segments. This result agrees with the
visual examination of the 2D-C images of section 3,
where particles appeared to be smaller within cirriform
segments. In agreement with Heymsfield et al. (2002) and
Delanoég et al. (2005), it is found that for particles larger
than 500 um for the flight in the Niamey region (a) to
(d) and about 800 wm for the flight in the Dakar region
(e) to (f) that the concentration (plotted with logarithmic
scale) decreased linearly with size (plotted with linear
scale), indicating that above these sizes the PSDs are of
exponential shape. This linear shape occurred for both
stratiform and cirriform segments but, as seen in Figure 7,
with a larger slope for the cirriform segments (since
concentration of larger particles are reduced in cirriform
segments). Generally speaking, for particles smaller than
the above-mentioned thresholds, a linear decrease is not
obvious (when plotted on a logarithmic scale, not shown),
suggesting that the PSDs cannot be represented with a
power law in this region (see Heymsfield et al., 2002).
An overall comparison of these PSDs may be per-
formed by accumulating all of them on the same plot
as illustrated in Figure 8(a) (on a log—log scale). This
figure compares the Niamey region segments in solid
lines to the Dakar region segments in dashed lines.
If the two segments of flight 59 and one segment of
the flight 63 (corresponding to rather low temperatures,
about —45°C and —33°C respectively) are not consid-
ered, PSDs measured above the ocean appear less convex
than the PSDs measured above the continent, owing to
larger concentrations of both small and large particles
above the ocean. Two reasons could explain the differ-
ences in the tails of the distributions. First, most segments

of the oceanic flights were collected at rather ‘warm’ tem-
peratures (about —17°C except for Flight 77 which was
collected at —29°C, see Table I). Growth processes gov-
erning the PSD evolution are then expected to be intrin-
sically different. Second, Field and Heymsfield (2003)
suggest that the evolution of the larger particles in PSDs
is driven by aggregation. This would imply that aggrega-
tion is more efficient to generate large particles over the
ocean than over the continent. This point does not agree
with what is found with the roughness exponent results
presented in Figure 6(a) which show that the whole range
of roughness exponents (0.53 to 0.69) is found for these
segments (Flight 72 and 75, squared segments).

As discussed in section 2, 2D-C concentrations
may contain large errors for diameters smaller than
100 microns. Therefore quantitative use of those mea-
surements is not possible. Qualitative examinations can
however be conducted here. A large quantity of small
particles (smaller than 100 um) is found in continen-
tal colder segments, in particular for Flight 59 (with a
temperature of about —45°C). The origin of this higher
concentration of small-size crystals is unknown but this
observation suggests that even if a part of the observed
particles within these segments is advected from the con-
vective core, another generation process acts to increase
the concentration within the well-developed cloud shield
(see Figure 1(a)) at high altitude. To confirm this hypoth-
esis, it is interesting to compare the mean PSD obtained
from Flight 64 (middle grey in Figure 8) during which the
ice anvil of a just-emerging/fast-developing system was
sampled (see Figure 1(d) and Table I for a documentation
of the life cycle). For this MCS, the more convex PSDs
are observed with reduced concentration of small parti-
cles, suggesting that most particles are advected from the
convective core. This observation (see also Figure 7(d))
is in agreement with Rickenbach et al. (2008), who exam-
ined an anvil generation in Florida on 23 July 2002 during
the CRYSTAL-FACE experiment. They observed a PSD
clearly skewed towards large particles close to the con-
vective part and a concentration that decreased steadily
when moving away from the convective core. Figure 7
shows also the same results, with for each flight, cirri-
form segments (thus further from the convective core than
stratiform segments) exhibiting lower concentration of
large-size particles. Oceanic flights present less variabil-
ity in the collected altitude and situations. The evolution
of the PSD as a function of location into the MCS is more
difficult to study due to the lack of organisation of the
oceanic MCSs, as may be observed in Figure 2(b) and (c).
Sherwood et al. (2006) mention a generally higher con-
centration of small-size crystals in the upper part of the
continental MCS with respect to oceanic systems. They
relate this observation to higher lightning occurrence in
continental MCSs. They propose different explanations
related to the intensity of the updraughts within conti-
nental MCSs. In such circumstances a greater number of
aerosols can be activated as ice nuclei and then enhance
homogeneous freezing. Another explanation is the ability
of the liquid water to ascend higher in the cloud, because
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Figure 7. Mean PSD in 17! um~! as a function of diameter in pm for all the segments of the AMMA experiment (one level of grey per flight
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(f) flight 75 and (g) flight 77. Solid/dashed lines are for stratiform/cirriform segments.

of aerosol suppression of the warm-rain process and/or
increasing ice splinters (Sherwood et al., 2006).

4.2. Normalised particle size distribution

Testud et al. (2001) proposed a formalism that allows
comparison of very different drop size distributions
(DSDs) in the liquid part of precipitating systems.
Delanoé et al. (2005) extended the same formalism to
the ice phase. In their paper, they selected a unique

mass—density relationship for all the datasets. The
normalisation process of Testud et al. (2001) consists of
scaling the diameter and concentration axes in such a way
that the DSDs are independent of water content and mean
volume-weighted diameter (Dy,). They show that within
tropical rain, the normalised DSD or shape function is
fairly stable and that the intercept parameter has a distinct
behaviour between convective and stratiform rains.

The extension of the Testud er al. (2001) normalisation
process to the ice phase by Delanoé er al. (2005) allows
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the PSD to be written as:

N(Deq) = ]\/0>i< F(Deq/Dm) (2)
where Nj = ﬂp‘\‘}:{er IL‘;V—f expressed in m™*, D=

J N(Deq) Dy dDeq
J N(Deq)Deg dDeg
the following the shape function. pyaer (10° g m™3) is the
density of water, IWC expressed in g m™3 is the ice water
content (defined as /WC = "2 [N (Deq)ng dDeq)
and D is the equivalent melted diameter.

Mean normalised PSD shape (i.e. N(Deq/Dm)/No*)
as a function of Deq/Dy, is shown for each segment
of each flight in Figure 9. In the present study the
density law from Brown and Francis (1995), which was
used systematically in Delanoé et al. (2005), is replaced
by the density law diagnosed in the previous section
for each flight segment. It appears that the shape is
rather invariant from one segment to another (except
for Flight 59, Figure 9(a)) between normalised diameters
ranging from 0.5 to 2, which correspond to the diameters
with the largest amount of data. In contrast, the tail
of the distribution shows a higher variability, which
could also be due to a lower amount of data within this
part of the PSD. The results obtained with the AMMA
dataset are similar to the ‘tropical’ dataset of Delanoé

expressed in m, and F will be named in

et al. (2005) mainly coming from the CRYSTAL-FACE
and CEPEX (Central Equatorial Pacific Experiment),
their ‘midlatitude’ dataset consisting mainly of frontal
systems. The same invariance as in this study of the
normalised PSD shape is observed between 0.5 and 2,
as well as the lack of a ‘bump’ in the vicinity of
Dey/ Dy = 1, which was found to be a unique feature of
the midlatitude normalised PSDs in Delanoég et al. (2005),
as compared to the tropical PSDs. Wider distribution in
the Tropics with respect to midlatitudes are attributed in
Delanoé et al. (2005) to the growth process of ice particles
in the Tropics (i.e. intense mesoscale convection) that
leads to a wider distribution of particle diameters around
the volume-weighted diameter.

Interestingly, it appears that the shape functions for
a given flight are similar for all segments regardless of
nature (stratiform or cirriform as in Flight 72 or 64,
Figure 9(d) and (f) respectively) where rather strong dif-
ferences were observable in Figure 7 or in temperature as
in Flight 62 (Figure 9(b)). Both shape functions aligned
nearly perfectly for Deq/ Dy values larger than 0.5. These
figures suggest that the expression of the PSD using the
Testud et al. (2001) normalisation, generalised to the ice
phase, would be useful for developing model parametriza-
tions of the tropical ice clouds in the Tropics. As observed
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in rain events, the same shape may be used for differ-
ent regions of the simulated systems. There would be no
need to assume different PSD shapes depending of the
particles encountered in the various regions of the sys-
tem if this normalized PSD approach was implemented.
It would also be very interesting to extend this normali-
sation process to a larger dataset of microphysical mea-
surements, in particular to the NAMMA dataset (Zipser

et al., 2009), which was collected during the same period
(15 August—15 September 2006) further west over the
Atlantic.

One step further in the analysis of the shape func-
tion consists in comparing the shapes from one flight to
another (top panel of Figure 10(a)) or between the dif-
ferent segment types (Figure 10(b) and (c)). As observed
for the individual flights, all the PSDs exhibit the same
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characteristics with an invariant shape for all flights
between 0.5 and 2 and nearly linear behaviour in Fig-
ure 10(a), which correspond on these plots to an exponen-
tial shape. The variability increases below 0.5 and above
2. If one now compares the behaviour between stratiform
and cirriform profiles (Figure 10(b) and (c)), it appears
that the cirriform profiles are characterized by a smaller
variability for Deq/Dy, larger than 2.

This section was dedicated to the study of the PSD
in West African ice anvils, with and without normalisa-
tion. Differences were evidenced between stratiform and
cirriform flight segments as well as between continental
and coastal flight segments suggesting different growth
processes or different efficiencies of growth processes in
the different regions. Once the PSD is normalised, the
resulting shape function is rather invariant for Dey/Dp
lower than 2 and greater than 0.5 and appears to be well
approximated by an exponential shape (in agreement with
the tropical results of Delanog et al. (2005)).

5. Microphysical and Radiative Properties of West
African MCSs

The AMMA experiment is the first campaign where
microphysical measurements in African MCS anvils (in
particular continental) are available. The purpose of this

section is to provide the ‘typical’ microphysical and
radiative parameter values that are encountered within
such systems. The characterization of particle habits,
associated density laws, and studies on particle shape
variability carried out in the previous sections are of
particular importance to reduce the errors associated with
the calculation of these parameters from the PSDs. This
can be seen in the following equations defining the
effective radius (Re, Eq. (3)), the reflectivity-weighted fall
velocity (V;, Eq. (4)), the IWC being defined in section
4.2:

_10° [ N(De) D, dDeq

© 2 [N(Deg)D2, dDey’

[ v(D)ovse(p, D, \)F(D/Dyy)dD
[ vsc(p, D, })F(D/Dy) dD

3)

V, =

“

Heymsfield (2003b) examined the effect of sub-50 um
particles on IWC and total concentration (N, defined as
the first moment of the PSD) and found that for all but
the very uppermost part of the cloud layer (300 m depth),
almost all of the IWC was contained in sizes measured
by the imaging probes (i.e. larger than 100 pm). Within
the AMMA experiment the only flight that took place
at very low temperatures was Flight 59 (about —45°C).
Therefore larger errors (underestimation of IWC) on the
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estimates of the microphysical and radiative parameters
are expected for this flight.

Generally, in models, the interaction of radiation with
ice cloud is incorporated through the parametrization of
single scattering properties in terms of effective radius
R.. Although it can be defined without ambiguity for
liquid water clouds, there are lots of definitions of R,
for ice clouds in these parametrizations, owing to the
underlying assumptions in the radiation code about the
non-sphericity of ice crystals and their optical properties
(see McFarquhar and Heymsfield, 1998). The definition
by Stephens ef al. (1990) (Eq. (3)) has been chosen in this
paper because it is expressed in term of Deq. At this step
it must also be recalled that the small particles (smaller
that 100 um) are not included in the PSDs. As a result,
R, derived from this study may be overestimated.

Figure 11(a), (b) and (c) show the stratification of
these parameters as a function of temperature. The
general trend of these parameters is, as expected from
previous studies of tropical cloud systems (Heymsfield
and McFarquhar, 1996 or McFarquhar and Heymsfield,
1996; Heymsfield et al., 2002; Heymsfield, 2003a, for
instance), to increase with temperature, with a large
variability for a given temperature.

Temperature ranges between —15 and —50°C in the
present study. In particular for IWC (Figure 11(a))
it appears that cirriform profiles (filled symbols) are
characterised by the lowest values of IWC. They also
correspond to segments furthest from the convective
cores (according to the conceptual scheme proposed by
Houze and Betts (1981) where the convective core is
followed by a stratiform region and then a cirriform
anvil), suggesting that a part of the IWC present in the
anvil is originating from the convective core as suggesting
by Cetrone and Houze (2009). The same behaviours are
also observed for the other parameters: lower R. and V;
in cirriform segments compared to stratiform ones. The
segments where the density law corresponds to less dense
hydrometeors is also associated with lower terminal fall
speeds.

The coastal and oceanic profiles are for most of them
collected at the same temperature (—17°C). It is therefore
difficult to interpret their stratification with temperature. It
is noted that at this temperature the values of IWC span
more than one order of magnitude. For the continental
flights, a larger range of temperature was sampled within
the various flights. It is found for the stratiform segments,
in agreement with Griffith er al. (1980) who analysed
data collected primarily in anvils and dissipating thick
stratiform precipitation regions, that the magnitude of
IWCs are mostly from 0.1 to 0.5 g m—> and change by
only a factor of two or three with height.

A second purpose of this section is to highlight the
ability of some commonly used microphysical or radia-
tive model parametrizations in reproducing the observed
values in African MCSs. It must be noted that most
mesoscale models now hold very sophisticated ice micro-
physics schemes and use several ice hydrometeor species.
The problem may be different for general circulation
models (GCMs) or radiative parametrizations. In such

circumstances it is not directly a particle habit that is
assumed but statistical relationships that link the micro-
physical or radiative parameters to the state variables of
the model (for instance temperature). More sophisticated
GCMs provide prognostic schemes for microphysics for
instance but it remains necessary to evaluate whether or
not such models are able to reproduce the observed val-
ues and are therefore able to correctly take into account
the feedbacks associated with the MCS ice anvils.

Some statistical relationships (Ou and Liou, 1995;
Sun and Rikus, 1999; Heymsfield, 2003b), fitted to
observational datasets, the two first ones being used
for instance in the radiative scheme of the French
mesoscale model MESO-NH (Lafore et al., 1998), have
been superimposed in Figure 11.

Heymsfield (2003b) (solid black line in Figure 11(a))
proposed a relationship that captures the tendency of IWC
to increase with temperature. It is observed (and it was
also noted in this study) that the spread of IWC is large
but his fitted law represents rather well the observed value
in the West African anvils. Following the same idea, the
stratification of R. with temperature is compared to the
statistical relationships proposed by Heymsfield (2003b)
and Ou and Liou (1995) (solid black line and dashed
black line respectively in Figure 11(b)). This comparison
must be undertaken carefully, since several definitions
of R. may be found in the literature as noted by
McFarquhar and Heymsfield (1998) in their review paper.
For instance, Heymsfield (2003b) makes comparison of
the Fu (1996) and Mitchell (2002) definitions for the
same particle habit and shows the R. values computed
from the definition of Mitchell (2002) are 30% larger
than those computed from the definition of Fu (1996).
Moreover, the various laws, even if they generally use
these definitions, are not all computed using the same
assumption on particle habit and therefore are not directly
comparable. Another point is the range of diameter
considered in order to build these relationships: 50 wm
to 1 cm for Heymsfield (2003b) (2D-C and HVPS data),
20 to 200 pm (1D-C and 1D-P data) for Ou and Liou
(1995), 5 um to 1 mm (VISP and 2D-C) for Sun and
Rikus (1999) since, as stressed by Zender and Kiehl
(1994), the omission of small-size particles leads to an
overestimation of the size parameter. Heymsfield (2003b)
estimates that the effective diameter computed in his
paper may be overestimated by about 20% near cloud
top and by a lesser amount deeper into the cloud layers.
The small diameters are not considered in the present
study leading to overestimated R. but it must be noted
that it is the case of virtually all in situ microphysical
studies so far, as recalled in section 2 (Heymsfield,
2003b, for instance). Such laws are also derived using
a very limited dataset like tropical or midlatitude cirrus
measurements for instance. However a given law is
generally used in models indifferently at all geographic
locations. These reasons explained why R, values derived
from these relationships are shown as they are (no re-
scaling depending for instance on the particle habit has
been attempted) in Figure 11(b) and superimposed on the
effective radius computed using the definition of Stephens



et al. (1990). The idea is mainly to provide an order-of-
magnitude estimate and more work will be needed in
the near future to compare our measurements to previous
results, results from the Niamey ARM Mobile Facility
(Protat et al., 2009), and estimates from the RASTA
radar observations, which will be the focus of future
research. In particular the mean cross-sectional area of
the observed particles is needed. It appears from the
comparison displayed in Figure 11(b) that the measured
R, values are about twice as large as those obtained
from the statistical relationships with large differences
between Ou and Liou (1995) and Heymsfield (2003b)
also. The same kind of comparison is also undertaken
for the terminal fall speed and the Heymsfield (2003b)
relationship (black line in Figure 11(d)). It is often the
mass-weighted fall speed that is parametrized. Matrosov
and Heymsfield (2000) compare the mass-weighted and
reflectivity-weighted fall velocities and show that the ratio
of the reflectivity-weighted to mass-weighted fall speed
generally ranges between 1.2 and 2, and recommend a
value of 1.5. The thin black line corresponds to this
‘corrected’ reflectivity-weighted fall speed and despite
this correction, the Heymsfield (2003b) fall velocities are
found to be smaller than the fall speeds estimated in the
present study.

A second family of statistical relationships makes use
of the IWC in order to derive R, or V; in models. Com-
parisons for R. are proposed in Figure 11(d) with Sun
and Rikus (1999) (dotted line, that also includes a tem-
perature dependency) and with Lohmann and Roeckner
(1996) (solid grey line). As for the parametrization with
temperature, it appears that the computed R. are more
than a factor 2 smaller than the estimated values from
the present study. Figure 11(e) shows the comparison of
fall speeds (corrected reflectivity-weighted in thin black
line and mass-weighted in black line) from the Heyms-
field (2003b) relationship. Even if a systematic bias is
observed the (corrected) velocities tend to be rather good
‘proxies’ of the V;—IWC relationship for oceanic seg-
ments. For continental flights, the reflectivity-weighted
fall velocities increase more rapidly with IWC compared
to those derived from the corrected Heymsfield (2003b)
relationship.

6. Conclusions

Insights into the particle habits, the characteristics of
the particle size distributions and microphysical and
radiative properties of tropical ice anvils and cirriform
clouds observed during the AMMA campaign have been
described in this paper. It has to be remembered that
before the AMMA experiment, no in situ measurements
existed of continental African MCS ice anvils. Despite
some measurement limitations detailed in section 2, this
dataset is therefore of particular importance.

A major goal of this paper was to infer the more
representative density—size relationship and the growth
processes involved within such ice clouds within various
regions of the MCSs anvils (edge or non-precipitating

‘cirriform’ segments and more active or precipitating
‘stratiform’ regions). 2D-C images show a rather small
variability of encountered particles within rimed aggre-
gates observed whatever the sampled region or altitude
considered. In agreement with this result, the retrieved
density—size relationships for the various segments have
been found close to relationships for rimed particles pro-
posed by Locatelli and Hobbs (1974) (see Figure 5(a)).
This diagnostic has been indirectly validated by looking
at the roughness exponent and 2D-C images. There is
a relatively low scatter in the roughness exponent val-
ues, but relatively larger values (indicating a growth by
aggregation) in the cirriform segments, while lower val-
ues (corresponding to more rimed particles) are found
in stratiform segments even at relatively high altitudes.
According to Houze (1997) it is likely that upward ver-
tical motions in stratiform regions are too weak to uplift
high concentrations of cloud liquid water in order to form
rimed particles within the anvil. Yuter and Houze (1995)
suggested that the moderately sized particles formed in
the convective cells are spread by the expanding buoy-
ant parcels over a wider area, and they form the raw
material of the stratiform cloud deck that becomes thick
and persistent in the MCS. They stated that the growth
of glaciated precipitation particles that were rising in
the storm was occurring in the range 2 to 5 m s~
At these moderate vertical velocities, sufficient vapour
and liquid water are available for depositional and/or
accretional growth. Differential reflectivity observations
in this Florida MCS suggest graupel. Vertical motions in
continental West African MCSs can locally reach higher
vertical velocity (see for instance Zipser, 1994) and are
then more likely to produce larger rimed particles. The
advection of rimed particles from the deep convection
core toward the anvils may rather explain the presence
of rimed particles in stratiform segments, as proposed by
Cetrone and Houze (2009) or Heymsfield et al. (2002).

As stated in Houze (1997), if high-resolution numerical
prediction models are to forecast accurately the loca-
tion, amount and type of precipitation, they must rep-
resent (either explicitly or by using parametrizations) the
microphysical growth processes accurately. This determi-
nation has also great importance if one wants to make
use of spaceborne microwave radiometer observations
over the continent to derive rainfall rates produced by
these MCSs since for such instrumentation only the high-
frequency channels (sensitive to ice) can be used (the
lower-frequency channel being saturated by the ground
emissivity), and particle habits have to be assumed. The
insights on particle habit obtained in this paper contribute
to better constrain these algorithms.

Differences in the PSD characteristics between strat-
iform and cirriform segments and between continental
and coastal segments have been investigated. All sampled
MCSs were well characterized by exponential shape dis-
tributions for particle diameters larger than 500 um for
continental systems or 800 wm for coastal and oceanic
systems respectively. The decrease of concentration with
size is found more rapid for cirriform segments than
in stratiform regions. A large amount of small-diameter



particles is also found for the colder continental cir-
riform segments. A normalisation has been applied to
the observed PSD following Delanog et al. (2005). The
resulting shape function is found to be virtually invari-
ant for values of Deq/ D, lower than 2 and greater than
0.5. Between these limits, the shape appears exponen-
tial. These results may be extended to larger normalised
diameter for the cirriform segments where the scatter is
smaller. However it appears that the shape is rather sim-
ilar for both types of profiles suggesting that it would be
interesting to parametrize the processes acting in the anvil
using the Testud et al. (2001)/Delanoé et al. (2005) for-
malism and approximated normalised PSD shapes since
the microphysical variability would then be fully included
in the No* and Dy, parameters.

The microphysical and radiative properties of West
African anvils have been estimated for all the flights
and sorted according to the segment type, the altitude,
and their location with respect to the convective cores.
Expected trends obtained in previous tropical anvils are
found with the IWC, R. and V, increasing from cloud
top to cloud base. These results have been obtained
from a composite of several constant altitude segments
(ensuring that temperature is close to constant and that
several cloud systems or cloud regions are not mixed).
Although incomplete, this dataset may be used as support
for evaluating the ability of a given parametrization to
realistically represent the ice anvils and the associated
feedbacks within models. This aspect has been illustrated
for several relationships and it is found that the proposed
laws in the literature (Heymsfield, 2003b; Ou and Liou,
1995; Sun and Rikus, 1999 or Lohmann and Roeckner,
1996) are not able to provide R. and V; as large as
observed. The Heymsfield (2003b) relationships show
the best agreement for IWC parametrized as a function
of temperature and of V; parametrized as a function of
IWC, suggesting that these relationships are suitable for
simulating African MCS anvils.

More generally, a primary objective of our studies
using the AMMA dataset was initially to study in
detail the evolution of a given MCS anvil in order to
better understand the processes acting at the various
stages of the life cycle at the different altitudes and the
relationship that exists between the anvil microphysics
and the leading deep convection. Due to the strong
limitation of the present dataset it appears necessary for
such a study to use a mesoscale model implementing
a detailed microphysical parametrization. This is the
work proposed by Penide er al. (2010, this issue). An
important step for this purpose is to ensure that the
microphysical or radiative schemes are able to reproduce
the observed values. The present study contributes to such
an evaluation, as shown in Penide et al. (2010, this issue).

A generalisation of these results is also of major inter-
est since, as stressed in this paper, the data in this region
are very sparse. Since 2006 the CloudSat—CALIPSO tan-
dem has provided continuous measurements of cloud
properties, in particular of ice clouds, and passes at
least twice a day over this African region. By mak-
ing use of clustering techniques, the climatology of ice

anvil microphysical and radiative properties may be con-
structed within the different regions of the anvil, for
different convective intensity within different life stages
(emerging, mature or decaying for instance) over land or
ocean and with consideration of the diurnal cycle. The
present results may be used as a reference for evaluating
the spaceborne retrievals of microphysical and radiative
parameters.

The results enclosed in this paper let us think that
additional flights with additional microphysical measure-
ments, in particular of small crystals (size and concentra-
tion) and liquid water content would be of great inter-
est to go further in the diagnostics presented in this
paper. It would also be very interesting to extend the
documentation to the aerosol properties. In this region
desert dust can serve as ice-forming nuclei and thus may
alter the cloud microphysical structure. Van den Heever
et al. (2006) examined the full range of convective cloud
microphysical and dynamics sensitivities to ice nuclei
within mesoscale model simulations of a CRYSTAL-
FACE case. Enhanced ice nuclei concentrations resulted
in more ice mass (less liquid and vapour mass) pass-
ing into the anvil and a deeper anvil. Such factors in
turn influence the radiative forcing properties of anvils
and differences may be sought with respect to oceanic
or continental location due to differences in atmospheric
composition.
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received funding from NERC grant NE/C519697/1. This
work has also been strongly supported by the French
Space Agency (CNES) through the funding of the
RASTA instrument and of a significant portion of the
flight hours during AMMA.
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