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ABSTRACT
A simple scheme that is based on the shape and intensity of the radar bright band is used to infer the density of
hydrometeors just above the freezing level in Sahelian mesoscale convective systems (MCS). Four MCS jointly observed by a ground-based X-band radar and by an instrumented aircraft as part of the Megha-Tropiques algorithmvalidation campaign during August 2010 in Niamey, Niger, are analyzed. The instrumented aircraft (with a 94-GHz
radar and various optical probes on board) provided mass–diameter laws for the particles sampled during the flights.
The mass–diameter laws derived from the ground-radar vertical profile of reflectivity (VPR) for each flight are
compared with those derived from the airborne measurements. The density laws derived by both methods are consistent and encourage further use of the simple VPR scheme to quantify hydrometeor density laws and their variability
for various analyses (microphysical processes and icy-hydrometeor scattering and radiative properties).

1. Introduction
The physical and scattering properties of icy hydrometeors
need to be better characterized to improve precipitation
estimation from satellites [see Johnson et al. (2012) and
Stephens and Kummerow (2007) for documented reviews].
Over the continental tropics, there is need for better documentation of ice scattering properties as linked with passive
microwave satellite rain retrievals (Kummerow et al. 1996;
Bennartz and Petty 2001). Over land where the lowest microwave frequencies are affected by the surface emissivity,
the estimation of surface rainfall intensities is based on
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quantifying the precipitating ice particles aloft. The accuracy of these estimators is strongly dependent on 1) the
physical link between the quantity of icy hydrometeors
aloft and surface rain (Viltard et al. 2006) and 2) a
quantitative knowledge of the icy hydrometeors’ scattering properties that need to be represented in radiative
transfer models. This was the main motivation for the
Megha-Tropiques Ground Validation (MTGV) algorithmvalidation campaign that took place in Niger, Sahelian
Africa, in August 2010.
The Megha-Tropiques mission from the French space
agency [Centre National d’Etude Spatiales (CNES)]
and the Indian Space Research Organization was
launched in October 2011 (http://meghatropiques.ipsl.
polytechnique.fr/). Megha-Tropiques is a member of
the Global Precipitation Measurement constellation.
In preparation for the launch and to improve the Bayesian
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Rain Retrieval Algorithm including Neural Network
(BRAIN; Viltard et al. 2006), a prelaunch campaign dedicated to exploring the microphysics of tropical convective
systems was set up in 2010. The specific objectives of the
campaign were to document the properties—in particular,
the density—of the icy hydrometeors that contribute most
to the scattering signal of the 89-GHz radiometer on land.
According to the BRAIN developers, the critical region is
from 4 to 7 km above the ground or, in other words, just
above the freezing level for Sahelian convective systems.
During August of 2010, a Falcon research aircraft from
the Service des Avions Français Instrumentés pour la Recherche Environnementale (French Service of Instrumented
Aircraft for Environmental Research; SAFIRE) that was
brought to Niamey, Niger, for the campaign flew inside the
stratiform region of 11 convective systems that are representative of the Sahelian region. As during the African
Monsoon Multidisciplinary Analyses (AMMA) campaign
(Bouniol et al. 2010), the aircraft was equipped with microphysical probes and the Radar Aéroporté et Sol de
Télédétection des Propriétés Nuageuses (RASTA; Protat
et al. 2009) 94-GHz radar. This combination of instruments
allows retrieval of the particle size distribution but also the
inference of other properties such as the density of the hydrometeors (Fontaine et al. 2014, hereinafter FO14). A
ground-based X-band polarimetric radar was also deployed
in Niamey in 2010 for the MTGV campaign. A companion
paper (Cazenave et al. 2016, hereinafter Part I) explores the
classification of hydrometeors on the basis of the polarimetric variables using a fuzzy-logic algorithm (Dolan and
Rutledge 2009). The current paper investigates another
method for characterizing the properties of icy hydrometeors just above the freezing level. It is based on exploiting
the shape and intensity of the radar bright band (BB). The
simple implementation presented here is based solely on the
apparent vertical profile of reflectivity (VPR). Three main
hypotheses are used to simplify the BB model. First, we
consider no aggregation or breakup of particles as they fall;
the total number of hydrometeors remains the same during
the melting process. We also consider the observed apparent
VPR to be the real VPR (no beam-broadening effects). The
degree of melting inside the BB is parameterized as a function of height below the 08C isotherm because this study does
not aim to describe the complex thermodynamics processes
inside the melting layer, unlike Fabry and Zawadzki (1995).
Many studies (Fabry and Zawadzki 1995; Fabry and
Szyrmer 1999; Uijlenhoet et al. 2003) have shown that
the properties of the BB are an indicator of the microphysical processes aloft. One salient feature is that when
the particles above the 08C level are dense and rimed
then the BB peak is less marked than when large unrimed aggregates are the most common particles.
Kirstetter et al. (2013) have used these principles to
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propose a ‘‘physical’’ inversion of the VPR. They retrieved the vertical profile of particle size distribution as
well as the density of the hydrometeors above the BB.
Kirstetter et al. (2013) built on the previous work by
Andrieu and Creutin (1995) and proposed a full inversion
of the VPR that accounts for radar beam enlargement
effects. Our paper uses a simplified version of their
model. The focus is on inferring the density law of the
hydrometeors just above the BB and not on VPR correction for quantitative precipitation estimation (QPE).
The BB properties are analyzed relatively close to the
radar so that beam-broadening effects can be neglected
and the apparent VPR directly inverted. Following recent
findings by FO14, the mass–diameter relationship for icy
hydrometeors is modeled as a power law with a fixed
exponent. The VPR inversion retrieves the prefactor of
the mass–diameter law and its temporal variability as the
mesoscale convective system (MCS) crosses over the radar site. The values retrieved by the radar technique are
compared with those inferred from in situ measurement
using the FO14 technique for four flights for which the
aircraft was close enough to the X-band ground radar.
Section 2 presents the radar and inflight-probe data and
the MCS case studies. Section 3 presents the BB model
and the method used to fit the model to observations.
Section 4 provides a quantitative comparison between the
radar-retrieved and in situ mass–diameter laws.

2. The Megha-Tropiques Niamey 2010 campaign
dataset
The Megha-Tropiques algorithm-validation campaign
was set in Niamey in August 2010. The experimental
setup has been described in Part I and in FO14. Eleven
flights were scheduled, mostly in MCS. For obvious
safety reasons, the flights are restricted to the stratiform
region and do not penetrate the intense convective cells.
Four of the flight trajectories were close enough to the
X-band radar to allow the VPR analysis to be compared
with the in situ flight measurements. Figure 1 displays
the ground projection of the flight trajectories superimposed on a map of reflectivity at a given time within
each of the four flights.
The systems observed on 13 and 18 August 2010 are
organized squall lines with a well-defined convective
front and a long stratiform region. The 6 and 10 August
2010 systems are less organized and have a scattered and
smaller stratiform region.

a. Radar data
‘‘Xport’’ (Part I) is an X-band (9.4 GHz) polarimetric
radar with a 1.48 beamwidth. The resolution of the range
bins is 205 m, and the maximum processed range is
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FIG. 1. Example of volume-scan analysis for each of the four MCSs analyzed in 2010. (a) Reflectivity field in the rain (2–3-km height).
The black and red lines over the image represent the path of the Falcon plane on the day (typical flight duration: 1–2 h). The red part of the
path is for the 12-min duration of the shown PPI sequence. (b) Convective (black)/stratiform (gray) masks. (c) The VPR of the close
(,25 km) stratiform region for this particular 12-min scan.

140 km. In 2010, the radar was located in Sadore (13.2358N,
2.2858E), close to Niamey.
The scanning protocol for the 2010 campaign consisted of volume scans with 12 elevation angles (PPI)
scanned in 12 min, with a radial recorded every 18 in
azimuth. Two sequences of six PPIs are interlaced, resulting in the following order of elevation angles: 1.18,
2.68, 5.58, 9.58, 158, 318, 1.18, 48, 7.58, 128, 21.78, and 458.
The interlacing allows a frequent revisit of the lowest
angle (1.18) used for QPE. It also reduces the horizontal
shift of the convective system between the lowest and
highest scan that results from system displacement.
Figure 2a shows the projection of the 12 radar beams in a
vertical plan (fixed azimuth), illustrating the vertical
distance between scans and the beamwidth, and their
range dependence. The horizontal lines at 3.5 and 4.5 km

denote the usual level and extent of the BB in August in
Niamey. The height of the 08C isotherm in the region
during the peak of the monsoon season is relatively
stable (confirmed by the radiosoundings and radar data
acquired during the AMMA campaigns) and is usually
located near 4.5–4.7 km.
In this study, the analysis is restricted to distances
ranging from 10 to 25 km from the radar to minimize the
beam-broadening effect and also to work with a relatively
uniform shape and spatial sampling of the BB. Figure 2b
shows the number of radar bins per vertical slice of 50-m
width and per azimuth direction. This number ranges
from above 20 points per height class below 2-km height
to about 10 points per height class between 4- and 6-km
heights. The number of points available for the VPR
analysis depends on the horizontal spread of the system.
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FIG. 2. (a) Projection of the 12 elevations (1.18, 2.68, 48, 5.58, 7.58, 9.58, 128, 158, 21.78, 318, and 458) of the radar beams in a vertical plan.
The horizontal dotted lines show the typical upper and lower extent of the bright band; the vertical dotted line shows the maximum
distance for the quantitative VPR analysis. (b) Number of radar bins per 50-m height slice at range maximum of 25 km.

If the system is spread all around the radar, the numbers in
Fig. 2b must be multiplied by 360 (the number of azimuths
in a complete scan). For the cases shown in this work, the
analysis was performed if the system spread over at least a
458 sector within the 25-km maximum distance. The study
focuses on the analysis of the VPR close to the BB region,
from 3 to 5.5 km; in this height range and for 458 azimuth or
more, the number of points sampled per class of height is
more than 400.
At X-band frequencies, the attenuation by rain is
strong and must be corrected before analyzing the VPR.
Restricting the analysis to a 25-km range limits the effects
of attenuation. Because of the strong convection encountered in Niamey, however, attenuation correction is
systematically applied. The attenuation correction is
based on the differential phase shift between horizontal
and vertical polarization fDP as described in Koffi et al.
(2014) and Part I.
As stated, the focus is on applying the VPR inversion
technique in the stratiform region of the studied MCS
where in situ observation is also available. The first stage
of the processing is to delineate the convective and
stratiform regions within the system on the basis of the
3D reflectivity structure, as described below.

1) DELINEATION OF THE STRATIFORM REGION
The convective/stratiform classification method is similar to Chapon et al. (2008) and builds on the work from
Steiner et al. (1995) on the radar signature of the convective region and Sánchez-Diezma et al. (2000) on the
BB signature. The convective region is characterized by
high values of reflectivity up to relatively high levels within
the storm (up to 10 km or above for tropical convection).

It is also characterized by strong horizontal gradients in
the reflectivity field (Steiner et al. 1995). In the stratiform
region, on the contrary, the horizontal gradients are
weaker than the vertical ones and the vertical profile of
reflectivity is marked by the BB (Sánchez-Diezma et al.
2000) radar signature of the melting hydrometeors. On
this basis, the 3D structure of the reflectivity field can be
analyzed to detect convective and stratiform regions.
The classification is performed for each 12-min (and
12 PPIs) volume scan. The data are first converted into a
Cartesian grid with 1-km horizontal resolution and
vertical bins every 50 m. Each column of 1 km 3 1 km
horizontal section is then classified as convective, stratiform, or undetermined. The classification is based on the
criteria proposed by Steiner et al. (1995) and SánchezDiezma et al. (2000).
The first criterion in Steiner et al. (1995) to classify
convective areas is for the reflectivity near the surface
(in rain) to be above a given threshold (typically 40 dBZ).
In tropical MCSs, some stratiform regions exhibit a high
value of reflectivity near the surface associated with old
decaying convective cells embedded in the stratiform
region [Evaristo et al. 2010; an example of a region of
strong reflectivity (40 dBZ or greater) within the stratiform region can be seen in Fig. 4 (which is described in
more detail later in the paper) for the PPIs recorded after
1400 UTC]. To avoid erroneous detection of stratiform
rain as convective, and given the vertical extension of
convection in the Sahelian region, the reflectivity
threshold is applied at a higher altitude than in Chapon
et al. (2008) above the 08C isotherm altitude. A 40-dBZ
threshold is applied to the reflectivity field between
4.5- and 6.5-km height [whereas a 43-dBZ threshold
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is applied near the ground in Chapon et al. (2008) for
French Cévennes convection cases].
The second convective classification criterion is the
horizontal gradient of the near-surface (between 0 and
3 km) reflectivity. A pixel that has not been classified as
convective using the first criterion is convective if its
reflectivity exceeds the average reflectivity of its neighbors by a certain amount. This gradient criterion was
parameterized by Steiner et al. (1995) with the formula
2
/B) ,
DZ . A 2 (Zbg

(1)

where Zbg is the mean reflectivity of the pixels within a
(horizontal) distance of 10 km. In Steiner et al. (1995),
A 5 10 and B 5 180; with these values, any area where
Zbg $ 42.43 dBZ is classified as convective. The values
have been adjusted to A 5 10 and B 5 234 to limit the
erroneous flagging of stratiform pixels into convective.
The third step in Steiner’s scheme is to define a convective active radius around the convective pixel. All
pixels the centers of which are within the active radius of
the center of a convective pixel are flagged as convective.
The radius depends on the reflectivity value of the convective center that was defined in the first two steps. We
adopted the parameterization of the active convective
zone that was proposed by Steiner et al. (1995): a radius of
1 km for convective pixels with a reflectivity lower than
20 dBZ, a 2-km radius for 20–25 dBZ, a 3-km radius for
25–30 dBZ, a 4-km radius for 30–35 dBZ, and a 5-km
radius above 35 dBZ.
The classification of stratiform rain (Sánchez-Diezma
et al. 2000) is based on the detection of the reflectivity
peak associated with the BB in the vertical profile of
reflectivity. Given the stable altitude of the 08C isotherm
in Niamey during the monsoon season, the BB signature
is sought between 3- and 5-km heights.
As in Sánchez-Diezma et al. (2000), the stratiform
classification has two steps: In step 1, for each column
(1 km 3 1 km), we look for a maximum of reflectivity
within this predetermined range of heights (3–5 km).
The maximum should be higher than the reflectivity
above and below (in our case, 2–3 and 5–6 km, respectively) by 5 dBZ. This calculation defines the mean
BB level. In step 2, vertical reflectivity peaks of at least
2 dBZ must be detected near the mean BB level defined
in step 1 to qualify as stratiform.
This method is applied to the measured VPR for each
1-km-resolution column closer than 50 km from the
radar. Beyond 50 km, the smoothing of the VPR as a
result of beam broadening prohibits direct detection of
the peak. In that case, the classification is based on
simulating the degradation of the VPR due to beam
broadening and finding which among the degraded

stratiform/convective VPR best explains the observed
profile [as in Chapon et al. (2008)].
The convective/stratiform classification for one sequence of each observed MCS is illustrated in Fig. 1b.
The black region is the convective rain, and the gray
region is the stratiform rain. The convective front of the
squall lines (in red-orange with reflectivities in the range
of 40–50 dBZ in Fig. 1a) is well detected for all of the
MCSs as is the stratiform region. Some parts of the
stratiform regions were detected as both convective and
stratiform. They are excluded from the stratiform mask
(in gray) so as not to degrade the composite stratiform
VPR used for inversion.

2) VERTICAL PROFILE OF REFLECTIVITY
The reflectivities from all radar bins belonging to the
stratiform region (gray mask in Fig. 1b) and located
within a 25-km range from the radar are used to analyze
the shape of the VPR for each 12-min scan. The VPRs
displayed in Fig. 1c are composites built from the distribution of reflectivities of all of the radar bins of each
height class (of width 50 m). The median value and the
25th–75th quartiles are plotted. The 25th–75th quartiles
illustrate the variability of the VPR within a 25-km
range of the radar. These profiles have a different shape
than the median profile. In section 4, the VPR inversion is
applied to the median VPR and also to the 25th–75th
quartiles to provide some insight on the variability of the
density law within a 25-km range of the radar. As discussed in section 4, the retrieval is applied only for 12-min
sequences when the mean interquartile VPR difference
is below 10 dBZ so as to limit the effect of VPR variability. The median profiles for the four presented sequences are representative of a typical stratiform profile
inside tropical convective systems (Leary and Houze
1979): a well-defined BB is seen at ;4-km height, the ice
reflectivity (5 km and more) tends to decrease with
height, and the rain reflectivity (3.5 km and below) decreases slightly toward the surface, probably because of
rain reevaporation. In the rest of the paper the focus is on
using the VPR between 3 and 5.5 km (the BB itself, the
ice level just above the BB, 4.7–5.5 km, the rain level just
below the BB) to infer the density of the hydrometeors in
the altitude 5–6 km. This layer of icy precipitation is important for interpreting the 89-GHz radiometric brightness temperatures and subsequent rain retrieval (Viltard
et al. 2006).

b. In situ information from the instrumented aircraft
Detailed information on the airborne microphysical
probes and the 94-GHz RASTA (Protat et al. 2009) on
board as well as on the method used to combine all of the
information can be found in F014 and references within.
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A Falcon 20 research aircraft was used during the
Megha-Tropiques validation campaign in Niamey in
2010. Eleven flights were conducted to sample microphysical characteristics in the West African MCSs. The
flights were performed in the stratiform part of these
MCSs for safety reasons. The aircraft was equipped
with a 94-GHz Doppler cloud radar (RASTA; Protat
et al. 2009) and with a new generation of optical probes
to make in situ hydrometeor measurements: the 2D
stereo probe (2D-S) from Stratton Park Engineering
Company, Inc., which acquires 2D images of hydrometeors in the size range of 10–1280 mm, and the Precipitation Imaging Probe from Droplet Measurement
Technologies, Inc., which allows measurements in the
range of 100–6400 mm. The probes record 2D images of
hydrometeors sampled with a time resolution of 1 s. The
images are analyzed to derive particle size distributions
and aspect ratios of particles over a time period of 5 s. The
basic principle is to combine the particle size distribution
(PSD) provided by the probes and the reflectivity measured simultaneously by the airborne radar to infer the
mass–diameter relationship of the hydrometeors. The
method is based on simulating 94-GHz reflectivities
from the observed PSD and a scattering model (Mie or
T matrix) and finding the mass–diameter relationship
that provides the best match between the RASTA
measurement and the simulations. On the basis of the
Niamey 2010 campaign, FO14 have found that the
mass–diameter relationship of icy hydrometeors in
the precipitating stratiform region of the Sahelian MCS
is of the form
b

m
,
mh 5 am Dmax

(2)

where mh is the mass of the particle in grams and Dmax is
the maximum dimension of the particle in centimeters
(or its diameter if the particle is a sphere). The mean
values that were found for parameters am and bm during
the Niamey 2010 campaign (all seven flights) are 0.015
and 2.33, respectively (FO14).
For the validation of the VPR inversion below, the
aircraft information was processed for each of the four
flight cases in Fig. 1. The value of bm was held constant to
the mean value 2.33, and am was adjusted (as in FO14)
at a time step of 1 min. These in situ values of am are to be
compared with those retrieved from the X-band groundradar VPR analysis.

3. The radar brightband model and its inversion
The retrieval of icy-hydrometeor density from the
X-band ground radar is based on the inversion of a
simplified, yet physical, BB VPR model. The model is
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the one introduced by Kirstetter et al. (2013) with
some minor adjustments to fit our specific questions.

a. The simplified BB model
The main simplifying assumption in the model is that
the only process in the BB is the melting process and that
the mass of hydrometeors is conserved. In other words,
if the PSD is expressed as a function of the equivalent
melted diameter (i.e., the diameter of a water sphere of
the same mass) Deqw of the particles, then this PSD is the
same just above and just below the BB. No evaporation is
assumed in the BB model, but evidence of this phenomenon is observed lower down in the reflectivity rain profile between 3.7 km and the ground level. No aggregation
or breakup that would affect the PSD is accounted for;
neither is the acceleration of the particle through melting.
A version of the model that accounts for the latter impact
[following Fabry and Szyrmer (1999)] was tested but did
not result in substantially different values of the retrieved
mass–diameter relationship and is not reported here.

1) PSD
The PSD is commonly modeled by a gamma function.
According to Moumouni et al. (2008), this parameterization is suited for the raindrop size distribution (DSD)
in the African MCS. Moumouni et al. (2008) also showed
that the DSD observed in organized MCSs in northern
Benin were similar to those previously recorded for
MCSs in other parts of West Africa (as in Niger and
Ivory Coast).
As in Testud et al. (2001), the normalized gamma DSD,
with two scaling parameters—the mean volumetric diameter Dm (L) and the volume-normalized intercept
parameter N*0 (L24)—is adopted:
n(Deqw ) 5 N*0 F(Deqw /Dm ) ,

(3)

with
F(X) 5

G(4)(m 1 4)m14 m 2X (m14)
X e
.
44 G(m 1 4)

(4)

Moumouni et al. (2008) found that the parameter m of
the gamma DSD is relatively stable and is close to 2 for
African MCSs. The impact on the density-law retrieval
of assuming a fixed m value has been analyzed. We found
(not shown) that changing the value of m—and, for instance, allowing m to vary with Dm—changes considerably the retrieved values of N*0 and Dm but has little
quantitative impact on the retrieved prefactor of the
density law. As illustrated in Fig. 3, the main factor affecting the VPR shape is indeed the density law. For the
sake of simplicity, and because the focus is on retrieving
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the relative proportion of pure ice, air, and water that
they contain and also depending on their internal structure (Fabry and Szyrmer 1999; Johnson et al. 2012). Following Boudevillain and Andrieu (2003) and after several
sensitivity tests, the ‘‘ice in air in a lattice of water,’’ or
‘‘ia_w,’’ concept is adopted.
The dielectric constant of the mixture can be written
as (Klaassen 1988)
«5

(1 2 Finc )«mat 1 BFinc «inc
,
1 2 Finc 1 BFinc

(6)

where Finc is the volumetric fraction of the inclusions,
«mat is the dielectric constant of the matrix, «inc is the
dielectric constant of the inclusion, and B is defined as
B5
FIG. 3. Sensitivity of the BB model to the prefactor ad of the
density–diameter law and the DSD parameters.

the density law and not on the PSD, a fixed value of
m 5 2 was therefore adopted for the PSD.

2) DENSITY LAW
Following the findings of FO14 and Eq. (2), the icy
hydrometeors (above the freezing level) have a diameterdependent density of the form
b

d
rh 5 ad Deqw
,

(5)

where rh is in grams per centimeters cubed and Deqw is
the equivalent melted diameter (here in centimeters).
The relationship between the prefactor and exponent
(ad and bd) in Eq. (5) and the am and bm in Eq. (2) is
formally established in the appendix for the case in
which the hydrometeors are oblate, as suggested by
F014. For bm 5 2.33, bd 5 20.86; this negative value
means that the small particles are denser than the larger
ones (like aggregates). The range of allowed densities is
limited to a minimum value of 5 3 1023 g cm23 for pure
snowflakes and an upper limit of 0.9 g cm23 for very dense
ice particles that are closer to hail. When the particles are
entirely melted, their density is that of water, taken as
1 g cm23. During the melting process and transition
through the BB, the hydrometeors become gradually
denser as the pure ice becomes water and less and less air
is trapped in the lattice.

3) DIELECTRIC PROPERTIES
As discussed by previous authors, the dielectric properties of hydrometeors can be modeled as a function of





2«mat
«inc
«
log inc 2 1 .
«inc 2 «mat «inc 2 «mat
«mat

(7)

The dielectric constant of the inclusions or the matrix
can also be a mix. In the present case of ia_w, the dielectric constant of the air–ice mixture ‘‘ice inclusions in
air matrix’’ is first calculated using Eq. (7) with «inc 5 «ice
and «mat 5 «air. Then Eq. (7) is applied again with the
inclusion being the air–ice mixture and the matrix being
the water.
The volumetric fraction of the water Fwater can be
written as a function of the melted fraction of the
particle fm and the density of water rl, and the density
of the ice particle rs (smaller than pure ice density in
general):
rs

 .
Fwater 5 fm 
r
rl 1 2 fm 1 2 s
rl

(8)

The volumetric fraction of the ice–air mixture is
Finc_ice2air 5 1 2 Fwater .

(9)

4) MELTING FRACTION AND ALTITUDE
DEPENDENCE

The evolution of melting with height is modeled analytically as in Boudevillain and Andrieu (2003). No attempt was made to model the real thermodynamics of the
melting particle as in Klaassen (1988), Szyrmer and
Zawadzki (1999), or Zawadzki et al. (2005). The objective
is to have a simple parameterization for the BB shape and
its relationship with what we seek: an indicator of hydrometeor density. Following Boudevillain and Andrieu
(2003), a symmetric melting profile approximated by a sine
function is applied. The melted fraction at a height h between the upper and lower boundary of the BB is given by
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hiso0 2 h
1
p
fm (h) 5 sin p
2
11 .
2
hiso0 2 hmin 2

(10)

It depends only on the relative position to the BB top
and bottom. The top of the BB, the 08C isotherm level
hiso0, and the bottom hmin are set. In section 3b we explain how the positions hiso0 and hmin are constrained by
observations.

5) RESULTING REFLECTIVITY PROFILE
Once the PSD and the dielectric properties are set, the
vertical profile of reflectivity can be calculated. In this
version, the X-band reflectivity is calculated on the basis
of Mie theory.
The simulated VPR for different assumptions on the
two PSD parameters N*0 and Dm and the prefactor ad of
the density law are shown in Fig. 3. In Fig. 3, the reflectivity at the bottom of the BB (in rain) has been
imposed and set to 40 dBZ, which constrains the allowed
domain of variation for N*0 and Dm. The proposed example illustrates the effects of the parameters on the
VPR shape: for a given reflectivity at the bottom of the
BB, the size and position of the BB peak and the reflectivity at the BB top depend strongly on the density
prefactor ad and mildly on the choice of N0 and Dm. The
lighter the particles are, the more marked is the BB peak
and also the lower is the altitude of the peak within the
simulated BB.

b. Fitting the model to observed VPR
The model parameters that are held constant are the
type of PSD [gamma, with parameter m 5 2; see section
3a(1)], the dielectric model [section 3a(3)], the sinus
shape of the melting profile [section 3a(4)], and the
bd exponent of the density law [The bd is set to 20.86. It
corresponds to the mean value of bm (2.33) found by
FO14 for the Niamey 2010 campaign. For this work, the
airborne dataset (probes and RASTA) was processed so
that a mean value of the in situ–based am (with bm set to
2.33) is produced every minute along each flight. The
comparisons in section 4 are based on these in situ values
of am (and the corresponding ad)]. The parameters that
are constrained by the radar or auxiliary observations for
each 12-min sequence are the height of 08C isotherm, the
bottom of the BB, and the value of reflectivity in the rain
below, as follows. In the current implementation, the 08C
level was set by the aircraft temperature profile. In the
future, it is planned to test the use of the crosspolarization correlation RHOHV to detect the 08C isotherm using radar data only (Kalogiros et al. 2013). The
BB bottom is derived from the shape of the median VPR
(i.e., for each 50-m height slice, the median of the
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reflectivity distribution is taken). A brutal inflexion in the
VPR is sought within the altitude range 3–4 km (i.e.,
0.5–1.5 km below the usual level of the 08C isotherm). The
reflectivity in rain Zrain is the median of the reflectivity
distribution for the height level at 2–3 km. The three parameters that are retrieved through optimization (by
minimizing the distance between the simulated and observed VPR) are the two PSD parameters N*0 and Dm and
the density prefactor ad. Note that once Zrain is set then
N*0 and Dm are linked and only two independent parameters are retrieved: one PSD parameter and ad. As
explained in section 3a(5), the parameter with most sensitivity is ad.
The next step is to find the profile in the space of parameters that minimizes the distance to the observed
VPR. The minimization criterion is the root-mean-square
error (RMSE) between the observed and simulated
profiles at heights going from the BB bottom to the BB
top (in practice, 3–4.7 km). The minimization technique is
the simplex method with two parameters (Nelder and
Mead 1965).

4. Results
Examples of the observed and best-fit VPR model
for three volume scans within the 13 August 2010 case
are shown in Fig. 4. The top panels of Fig. 4 display the
radar reflectivity in rain (average value over 0–3-km
height) at 1336, 1411, and 1435 UTC as the convective
front is gradually moving westward. The bottom panels
of Fig. 4 show the observed median VPR (solid curve)
and the best-fit VPR (dotted curve). The observed
profiles are for the stratiform region within a 25-km
radius from the radar. The convective pixels are eliminated as a result of the stratiform/convective classification [section 2a(1)]. The solid horizontal line
represents the 08C isotherm (BB top) given by the
aircraft observation.
The modeled VPR are consistent in shape and BB peak
value with the observed VPR. The boundaries of the
observed profiles are smoothed relative to the modeled
VPR. This effect is probably caused by the vertical resolution of the radar and also by the simplicity of
the model.
Figure 5 and Table 1 summarize the density prefactor retrieval for the four case studies. The duration of the transit of the systems over the radar ranges
from 5 to 14 h (see Table 1), but the VPR is analyzed
only when the region within a 25-km radius of the
radar is mostly stratiform, after the convective front
has gone west of the radar. To limit uncertainties due
to VPR variability within the 25-km range, the profiles that are too ‘‘noisy’’ are excluded from the
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FIG. 4. (top) The 2–3-km-height mean reflectivity field for three volume scans of the 13 Aug 2010 case study. (bottom) Observed (solid
curves) and fitted (dotted curves) stratiform VPR. The retrieved prefactor ad of the density law and the RMSE between the observed and
fit VPR are indicated on the plots.

inversion: only profiles with a mean interquartile difference of less than 10 dBZ are kept.
Figure 5 shows the time evolution of the retrieved
prefactor for each case study; the time line is in minutes
after the convective front has gone through. The inversion based on the median profile (black squares) and
the inversion based on the 25th and 75th quartiles (gray
symbols) are shown to illustrate VPR variability. The
dashed curve is the RMSE between the fitted and observed (median) VPR. It is an indicator of the fit quality.
For example, the three last profiles of the 6 August 2010
case have a high RMSE (3 dBZ and more) in comparison with the profiles from previous volumes scans and in
comparison with the other days. The VPR from this
event are less defined (more spread between the 25th
and 75th quartiles) than for the other days, as seen in
Fig. 1c. The event of 6 August 2010 had a scattered
stratiform part, and the stratiform area observed within
25 km is less extended than for the three other events.
These conditions lead to a noisy VPR.

The horizontal lines in Fig. 5 represent the mean and
mean plus/minus the standard deviation of the in situ–
derived prefactor ad for all measurements of the day
when the aircraft altitude was between 5 and 7 km (just
above the BB). Note that, unlike in Part I, the radar
pixels and the aircraft trajectory are not matched in space
or in time. The objective here is a statistical comparison of
two distributions of the prefactor ad retrieved within the
same stratiform region by two different and totally independent methods: in situ measurement all along the
flight trajectory and VPR analysis within 25 km of
the radar.
The agreement between the in situ and groundradar-derived values is very good for the 6, 10, and
13 August cases. The radar retrieved values are within
the standard deviation of the in situ observation, even
when the interquartile spread is considered. The
agreement is not as good for the 18 August case. As we
can see, the densities retrieved by the 25th–75th quartiles are much more spread for the 18 August case than
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FIG. 5. Density prefactor retrieval for each studied system. The time line is given in minutes from the instant that the convective front
was on the radar. The black squares are the radar retrieved density prefactors ad for the median VPR, with gray dots and diamonds
representing the 25th and 75th VPR quartiles, respectively. The dotted lines represent the RMSE of the retrieval (dBZ; right axis), and the
solid lines represent the mean, maxima, and minima of the in situ density prefactor.

for the other cases. In Fig. 1c, the differences in the BB
height and shape between the 25th and 75th quartiles
are also quite marked. Further analysis of the time
evolution of the VPR on that day reveals that the
BB level changes over time and drops during the day.
Also, the 08C isotherm as recorded by the aircraft was
higher than what can be seen on the VPR profile: the
BB is also thicker than for the other cases. The differences could also be related to the mismatch in the
sampling volumes between aircraft and radar. These

differences are not greater on 18 August than for the
other cases, but the BB seems to show more space–time
variability on that day. Further analysis would be
needed to understand why the radar-retrieved prefactor is globally higher on 18 August than for the other
cases: for instance, comparing the VPR analysis with
the polarimetry-based particle identification method
presented in Part I and also analyzing the processed
94-GHz airborne radar profiles when they will be
available.
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TABLE 1. Summary of the VPR-retrieved and in situ–derived density prefactor a for each case study, with their starting times and
durations.
6 Aug 2010

a mean
a max
a min
a std dev
Start time (UTC)
Inverted/total no.
of profiles (duration)

10 Aug 2010

13 Aug 2010

18 Aug 2010

VPR
retrieved

In situ
obs

VPR
retrieved

In situ
obs

VPR
retrieved

In situ
obs

VPR
retrieved

In situ
obs

0.030
0.054
0.008
0.016

0.034
0.086
0.012
0.028

0.045
0.064
0.027
0.009

0.048
0.11
0.009
0.027

0.046
0.060
0.037
0.006

0.045
0.094
0.012
0.030

0.061
0.104
0.039
0.013

0.037
0.115
0.016
0.023

1336
7/7 (84 min)

0707
15/20 (240 min)

Table 1 and Fig. 5 show that the simple BB model
inversion provides relevant information about icy particles above. For three of the four cases, the prefactor of
density retrieved by the model is in the 61-standarddeviation region of the observed densities.
Note also from Fig. 5 that, for the three cases in which
the analysis is done over at least 2 h (10, 13, and 18 August),
the density prefactor appears to decrease as the distance
from the convective front increases. This feature is consistent with the findings in Part I that the proportion of
aggregates increases at the expense of the denser graupels
as the convective front goes away.

5. Conclusions
A simple method that is based on the analysis of the
vertical profile of reflectivity to infer information on the
density of the hydrometeors just above the freezing level
has been applied in Sahelian squall lines. From the experimental framework provided in the Megha-Tropiques
algorithm-validation experiments (FO14; Part I), the
radar-derived densities were compared with simultaneous observations from an instrumented aircraft. The
results show good consistency between the radar retrieval
and the in situ observations in terms of retrieved density.
This good agreement between radar observations (both
the VPR analysis presented here and the Part I polarimetry results) and the density law proposed by FO14 is
an incentive to use the results of the MTGV campaigns in
Africa to improve microphysics parameterization in the
BRAIN (Viltard et al. 2006) retrieval scheme. A similar
effort has been undertaken in the Indian Ocean as part of
the Cooperative Indian Ocean Experiment on Intraseasonal Variability–Dynamics of the Madden–Julian
Oscillation (CINDY–DYNAMO) campaigns (Martini
et al. 2015). Sensitivity studies are being carried out to test
the effect of improved density laws in the radiative
transfer model used by BRAIN. In the three cases of the
study presented here, when the VPR evolution inside

1202
12/12 (144 min)

2234
10/20 (240 min)

African MCSs was observed for at least 2 h then the
density prefactor decreases as the distance from the
convective front increases. This feature is consistent with
results from Part I, in which it was found that the proportion of aggregates increases at the expense of the
denser graupel as the convective front goes away. Higher
densities are expected near the convective front, where
the uplift of melted droplets can create high-density ice
particles and riming. These results could be used for parameterizing the evolution of particle density within
continental MCS. The next step would be to analyze the
sensitivity of the rain retrieval to such a parameterization
and also to check the final results in terms of rainfall estimation by comparing the satellite estimates with rain
fields derived from the Xport radar in Niamey in 2010 and
also in Ouagadougou, Burkina Faso, in 2012 and 2013.
One limitation of the current study is that we restricted the domain to a 25-km range from radar to
work with the observed (or apparent) VPR. Inversion
methods that account for the broadening of the radar
beam with distance [Kirstetter et al. (2013) and references within] would allow extension of the study to a
wider domain.
In this work, a single value of the mass–diameterrelationship prefactor ad is calculated for each radar sequence (of 12 PPIs); also, the exponent b is fixed to the
value provided by FO14 from the in situ information. In
the future, we could allow more degrees of freedom in the
exercise and provide an interval of values or a probability
density function for ad (and an uncertainty bar around
the output of the model).
A more complicated model with fall speed and an
evolution of the PSD above and below the bright band
would allow better insight into the microphysics of
West African squall lines. Other planned work is to
combine the current VPR approach with other information such as the type of hydrometeors as classified with the polarimetric signal (Part I), and/or the
type of convective system or the stage of its life cycle
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as seen by geostationary imagery (Fiolleau and
Roca 2013).
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APPENDIX

The maximal diameter from Eq. (A6) is
Dmax 5

bd
rh 5 ad Deqw
.

(A1)

The equivalent melted diameter is defined as the diameter of a raindrop (density of 1 g cm23) having the
same mass as a considered hydrometeor. It is common
for microphysics in situ observations (FO14) to provide
a mass–diameter relationship expressed as a function of
largest dimension of the particle Dmax:
bm
mh 5 am Dmax
,

(A2)

where mh is the mass of the hydrometeor (g).
Deriving ad and bd from am and bm is not trivial unless
simplifying assumptions are adopted. Here, we consider
that the icy hydrometeors are oblate, as suggested by
FO14 from the in situ observations. Given the aspect
ratio a/b, the link between the equivalent spherical diameter Deq_ice (diameter of a sphere of same volume)
and the largest dimension is
Deq_ice 5 Dmax (a/b)1/3 .

(A3)

The volume Vh and the mass mh of the hydrometeor can
be written as
p
a
5 D3max
6
b

rh1/3

b

.

(A7)

p 3 a
bm
D
r 5 am Dmax
,
6 max b h

(A8)

which is equivalent to

The BB model described in section 3 uses a density
law given as a function of the hydrometeor equivalent
melted diameter Deqw (cm):

!3

Deqw a21/3

By using Eq. (A2) to replace mh in Eq. (A5), we obtain

Note on the Conversion from Mass–Diameter Laws
to Density–Diameter Laws

4p Deq_ice
Vh 5
3
2
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and

p
a
mh 5 rh Vh 5 D3max rh .
6
b

(A4)
(A5)

The relation between equivalent spherical melt and icy
maximum diameter of particles involves the density and
the axis ratio a/b of spheroids as follows:
D3eqw 5 D3eq_ice rh 5 D3max rh (a/b) .

(A6)

rh 5

6 b
bm 23
a Dmax
.
pa m

(A9)

Then we replace Dmax in Eq. (A9) with its expression
from Eq. (A7):
"
#b 23
Deqw a21/3 m
6 b
a
.
rh 5
p a m rh1/3 b

(A10)

Extracting the density is equivalent to
b /3

rh m 5

6 abm /3
am (Deqw )bm 23 .
p b

(A11)

We obtain an expression for rh that is equivalent to
Eq. (A1):

3/bm
a 6
32( 9/b )
a
rh 5
Deqw m .
b p m

(A12)

Through a comparison with Eq. (A1), we can establish
the link between the parameters of density law and the
parameters of mass law:
ad 5


3/bm
a 6
am
b p

bd 5 3 2 (9/bm ) .

and

(A13)
(A14)
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