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Abstract. This study presents a statistical analysis of the properties of ice hydrometeors in tropical mesoscale convective 

systems observed during four different aircraft campaigns. Among the instruments on board the aircraft, we focus on the 

synergy of a 94GHz cloud radar and 2 optical array probes (OAP; measuring hydrometeor sizes from 10µm to about 1cm). 15 

For two campaigns, an accurate simultaneous measurement of the ice water content is available, while for the two others, ice 

water content is retrieved from the synergy of the radar reflectivity measurements and hydrometeor size and morphological 

retrievals from OAP probes. The statistics of ice hydrometeor properties is calculated as a function of radar reflectivity factor 

measurement percentiles and temperature. Hence, mesoscale convective systems (MCS) microphysical properties (ice water 

content, visible extinction, mass-size relationship coefficients, total concentrations and second and third moment of 20 

hydrometeors size distribution) are sorted in temperature (thus altitude) zones, and subsequently each individual campaign is 

analysed with respect to median microphysical properties of the global dataset (merging all 4 campaign datasets). The study 

demonstrates that ice water content (IWC), visible extinction, total crystal concentration, and second and third moments of 

hydrometeors size distributions are similar in all 4 type of MCS for IWC larger than 0.1g m-3. Finally, two parameterizations 

are developed for deep convective systems. The first one concerns the calculation of the visible extinction as a function of 25 

temperature and ice water content. The second one concerns the calculation of hydrometeor size distributions as a function of 

ice water content and temperature that can be used in numerical weather prediction.  

1 Introduction 

Defining clouds and how they interact with the atmosphere is a major challenge in climate sciences and meteorology. Clouds 

play an important role in the evolution of the weather and climate on the Earth. They affect the dynamics and the 30 

thermodynamics of the troposphere, and impact the radiative transfer of energy in thermal and visible wavelengths by heating 

or cooling the atmosphere. In addition, clouds represent an important part of the hydrological cycle, due to evaporation and 

precipitation processes. Inversely, dynamic features such as the Madden Julian oscillation (MJO, perturbation of large scale 

circulation leading to an eastward propagation of organized convective activity) can also affect the development of deep 

convective clouds (Madden and Julian, 1994, 1971). Mesoscale Convective Systems (MCS) are complex clouds and are the 35 

result of specific synoptic conditions and mesoscale instabilities which lead to the development of cumulonimbus (Houze, 

2004). The complexity of MCS is also relying on the dynamical, radiative, and precipitation characteristics which depend on 

the location in the evolving MCS (Houze, 2004). MCS can last several hours and can affect human societies in different ways. 

Indeed, MCS are often associated with hazardous weather events such as landslides, flash floods, aircraft incidents, and 

tornadoes, all which can cause loss of human lives. 40 
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Weather and climate models use rather simplified schemes to describe the ice hydrometeors properties. Parametrization 

disagreements due to larger uncertainties in the representation of ice properties in clouds (Li et al., 2007, 2005) lead to large 

variations in the quantification of ice cloud effects on climate evolution (Intergovernmental Panel on Climate Change Fourth 

Assessment Report). An accurate estimation of the spatiotemporal distribution of the Ice Water Content (IWC) is a key 

parameter for evaluating and improving numerical weather prediction (Stephens et al., 2002). Underlying hydrometeor growth 5 

processes in MCS vary in time (growing, maturing, decaying phase) but also in space, in other words horizontally (distance 

from active convective zone) and vertically (as function of temperature).  

A number of studies (Gayet et al. (2012); Lawson et al. (2010) and Stith et al. (2014)), demonstrate a large variability of ice 

hydrometeors present in evolving MCS. In the active convective area, large super cooled droplets were observed near -4°C 

and rimed ice hydrometeors below -11°C. Also at -47°C large rimed particles from updraft regions coexisting with small ice 10 

crystals (pristine ice) were encountered. Near the convective zone of MCS (i.e fresh anvil) presence of pristine ice, aggregates 

of hexagonal plates and capped columns has been reported (Lawson et al., 2010). In aged anvils, columns , plates, and small 

aggregates are observed near -43°C while larger aggregates are then found at lower altitudes (-36°C). Also in the cirrus part 

of MCS bullet-rosettes (more common for in situ cirrus (Lawson 2010)) and chain-like aggregates are found (aggregates of 

small rimed droplets caused by electric fields: Gayet et al., 2012; Stith et al., 2014). 15 

With respect to ice particle density, Heymsfield et al., (2010) reported that ice particles seem to be denser near the convective 

part of MCS formed during the African Monsoon. Other studies have shown a variability of the mass-size relationship with 

temperature and related altitude (Fontaine et al., 2014; Schmitt and Heymsfield, 2010), which appears to be essentially linked 

to the variability of ice hydrometeor shapes related to different growth regimes (vapour diffusion, riming, aggregation).  

Due to above mentioned spatiotemporal variations of MCS the different mean tendencies (hydrometeor concentration, ice 20 

water content, coefficients of mass-size relationship) reported in former studies can be partly linked to the chosen observation 

strategy of the MCS (i.e flight track in MCS) which of course is related to particular objectives of respective field projects (i.e. 

improvement of rain rate retrieval from satellite observations, icing condition at high altitude, comparison with ground radar 

observations, etc…).  

Therefore the goal of this study is to investigate on the one hand the vertical variation of ice crystal properties in MCS (for 25 

example as a function of temperature) and on the other hand to study horizontal trends of ice microphysics at constant 

temperature levels. The latter will be accomplished by a composite analyses of microphysical properties and simultaneously 

measured radar reflectivity factor (Z). A frequency distribution of the profiles of the radar reflectivity factor throughout the 

MCS as a function of temperature allows to divide the microphysical in situ measurements into eight zones. For these height 

reflectivity zones microphysical properties are analysed and compared between the eight zones, but also intercompared 30 

between different locations and associated measurement campaigns where MCS were observed. Direct applications of this 

study are for example to improve retrievals of cloud properties from radar observations and also parameterization of ice 

properties in weather and climate models.  Moreover, it can help identifying zones in MCS where numerical weather 

predictions fails in representing ice microphysics.  

The statistical analysis includes more than 55844 data points of 5 s measurement duration in the temperature range from 215K 35 

to 273.15K. The following second section describes the utilized datasets and their derived parameters used in this study. The 

third section presents the analysis of radar reflectivity factors Z and retrieved vertical velocity (wret) profiles as a function of 

temperature T from the measurements of the 94GHz Doppler radar. Moreover, we will define the range of T and Z for which 

the intercomparison of microphysical properties will be performed. Section 4 then will present the results of the 

intercomparison of ice hydrometeor properties in tropical MCS. The last section adds the discussion and conclusion. 40 

https://doi.org/10.5194/acp-2019-502
Preprint. Discussion started: 21 June 2019
c© Author(s) 2019. CC BY 4.0 License.

Darrel
Comment on Text
Instead of relative terms like "large" and "small", please list the actual size ranges for reference further in the study.

Darrel
Cross-Out

Darrel
Inserted Text
fail



3 

 

2 Data description 

This study uses a dataset where MCS were observed in 4 different locations over the world. Four locations in the tropics and 

related to two different projects: 

1. Megha-Tropiques in Niamey, during July and August 2010: observation of continental MCS formed over the region 

of Niamey (Niger) during the West African Monsoon (Drigeard et al., 2015; Fontaine et al., 2014; Roca et al., 2015). 5 

7665 points of 5 seconds. 

2. Megha-Tropiques in Maldives, during November and December 2011: observation of oceanic MCS developed over 

the southern part of the Maldives and related to the ITCZ (Inter Tropical Convergence Zone) in the Indian Ocean. 

(Fontaine et al., 2014; Martini et al., 2015; Roca et al., 2015). 3347 points of 5 seconds.  

3. HAIC-HIWC in Darwin, from January to March 2014: observations of MCS formed over Darwin and the North-East 10 

cost of Australia during the North Australian Monsoon (Leroy et al., 2016; Protat et al., 2016; Strapp et al. 2016; 

Leroy et al. 2017, Fontaine et al. 2017). 23265 points of 5 seconds. 

4. HAIC-HIWC in Cayenne during May 2015: observations of MCS developed over the French Guyana during the peak 

of its raining season. 21567 points of 5 seconds (Yost et al., 2018). 

All four measurement campaigns were conducted with the French research aircraft Falcon-20 operated by SAFIRE (Service 15 

des Avions Francais Instrumentés pour la Recherche en Environnement). On board the Falcon 20 were mounted two optical 

array probes (OAP): the 2D-S (2D stereographic probe; Lawson et al., 2006) and PIP (Precipitation Imaging Probe; 

Baumgardner et al., 2011), the cloud radar RASTA operating at 94GHz (Protat et al., 2016; Delanoë et al., 2014).  In addition, 

bulk IWC measurements performed with the IKP-2 probe (Strapp et al. 2016; Davison et al. 2010) were available for the 

HAIC-HIWC flight campaigns (Darwin and Cayenne).  20 

Both OAP probes record black and white images of hydrometeors with a resolution of 10µm and 100µm (2D-S and PIP, 

respectively). They are used to derived the size of hydrometeors (Dmax [cm] in this study), their projected surface (S [cm2]), 

their concentrations as a function of their size (N(Dmax) [#/L/µm]). The sizes of hydrometeors span from 10 µm to 1.28 cm 

with Dmax calculated as a function of the projected surface of hydrometeors (taking the maximum of radius passing through 

its barycentre). 25 

The IKP-2 probe was used to measure total condensed water, composed almost exclusively of ice water content (IWC [g m-

3]) during the HAIC-HIWC campaigns. For both Megha-Tropiques campaigns, IWC was retrieved using simulations of the 

reflectivity factor Z, thereby using the approximation of ice oblate spheroids (Fontaine et al. 2017; Fontaine et al., 2014). IWCs 

< 0.1g m-3 are not considered in this study, due to IKP-2 uncertainties particularly important for low IWC measurements (see 

Strapp et al. 2016a).  30 

The 94GHz RASTA radar measures Z and Doppler velocity Vd below and above the aircraft. RASTA has 6 antennas that 

allow measuring three non-collinear Doppler velocities, from which the 3 wind components (including the vertical air velocity) 

have been reconstructed (using the Protat and Zawadzki 1999 3D wind retrieval technique modified for the aircraft geometry). 

Accurate description of data processing is documented in Leroy et al. (2016 and 2017), Protat et al. (2016), Strapp et al. 

(2016b), and Davison et al. (2016). The processing holds particularly for both datasets of the HAIC-HIWC project. The Megha-35 

Tropiques datasets (Fontaine et al. (2014)) were reprocessed in order to undergo exactly the same version of processing tools 

for comparison reasons in this study. 

3 Radar observations 

3.1 Radar reflectivity factors 

In this section distributions of radar reflectivity factors Z from nadir and zenith profiles are investigated for the 4 datasets. 40 

Figure 1 shows percentiles of Z as a function of T measured with RASTA during the 4 airborne campaigns. The lines are colour 
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coded as a function of the calculated percentiles (blue =1th, light blue = 10th, cyan =30th, green=50th, yellow=70th, 

orange=90th, and red=99th percentile). Black lines represent the mean Z per flight campaign. Solid lines show results for the 

four datasets merged to one single global tropical dataset. These results are calculated using all vertical profiles of RASTA. Z 

for 30th and higher percentiles reveal a maximum around 265K. Figure 1 shows that the variability of Z at a given T is large. 

Also the probability to observe a certain value of Z is is different when comparing lower levels to higher ones. For example, 5 

Z≥10dBZ at 260K are encountered below the 70th percentile, whereas the same Z exists at 200K solely for few data points 

beyond the 99th percentile.   

 

Figure 1: Median reflectivity factor Z and percentiles of radar reflectivity factors in dBZ on x-axis, as a function of temperature on 

y-axis.  10 

 

The idea of this study is to compare the properties of ice hydrometeors for different tropical MCS locations, thereby rendering 

comparable different MCS systems (as a function of temperature), through the analysis of the frequency distribution of profiles 

of Z dividing all MCS into eight zones. Figure 1 shows that distributions of Z are not totally similar for all 5 airborne campaigns. 

This study is aware of the fact that the results are statistical results giving trends in microphysical properties, since for example 15 

Z is linked to the condensed water content (Fontaine et al., 2014; Protat et al., 2016), but also to the size distribution properties 

of total particle concentration, respective crystal sizes, and mean diameter (Delanoë et al., 2014). It has been clearly shown in 

former studies (for radar frequencies other than 94GHz) that in general higher Z are found in the convective zones of MCS, 

while the stratiform (or decaying) part of MCS tend to yield smaller Z. Indeed, Cetrone and Houze, (2009) used the profiling 

radar of TRMM satellite (Huffman et al., 2007) to demonstrate with frequency distributions of radar reflectivity Z as a function 20 
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of height that higher Z occur more often in convective echoes of MCS (in West African Monsoon, Maritime Continent and 

Bay of Bengal) than in their stratiform echoes. Hence, this study presents ice microphysical properties in MCS as a function 

of temperature layers and also as a function of zones of reflectivity Z. In order to fix the limits of a limited number of Z levels, 

this study defines the percentiles of all merged campaign datasets shown by the solid lines (all data) in Figure 1. This defines 

Z ranges as a function of height. Hereafter, these ranges will be called MCS reflectivity zones and numbered 1 to 8: 5 

 MCS reflectivity zone 1: 𝑍 < 𝑍1𝑡ℎ 

 MCS reflectivity zone 2 : 𝑍 ∈ [𝑍(𝑇)1𝑡ℎ ; 𝑍(𝑇)10𝑡ℎ[ 

 MCS reflectivity zone 3 : 𝑍 ∈ [𝑍(𝑇)10𝑡ℎ; 𝑍(𝑇)30𝑡ℎ[ 

 MCS reflectivity zone 4 : 𝑍 ∈ [𝑍(𝑇)30𝑡ℎ; 𝑍(𝑇)50𝑡ℎ[ 

 MCS reflectivity zone 5 : 𝑍 ∈ [𝑍(𝑇)50𝑡ℎ; 𝑍(𝑇)70𝑡ℎ[ 10 

 MCS reflectivity zone 6 : 𝑍 ∈ [𝑍(𝑇)70𝑡ℎ; 𝑍(𝑇)90𝑡ℎ[ 

 MCS reflectivity zone 7 : 𝑍 ∈ [𝑍(𝑇)90𝑡ℎ; 𝑍(𝑇)99𝑡ℎ[ 

 MCS reflectivity zone 8 : 𝑍 ≥ 𝑍(𝑇)99𝑡ℎ 

 

Figure 2 shows an example of the method to store data as a function of T and MCS reflectivity zones. In Figure 2(a), we can 15 

see original processed Z profiles for the flight 13 of HAIC-HIWC of the Darwin experiment. In Figure 2(b), eight colours 

representing the above defined MCS reflectivity zones. This method is applied for all datasets thereby using all radar 

reflectivity profiles (Z from Nadir and Zenith direction). 

 

Figure 2: a) Time series of cloud radar profiles of flight 13 of HAI-HIWC at Darwin. Z color coded in dBZ and plotted as a function 20 
of the temperature (y-axis). b) Similar to a) with Z classified according to altitude dependent Z percentile ranges. 

3.2 Retrieved vertical velocity 

This section investigates links between retrieved vertical velocity and MCS reflectivity zones. We assume that Vz (Vd) = wret 

+ Vt, where Vt is the terminal velocity of hydrometeors (Delanoë et al., 2007, 2014) and wret the vertical wind speed. Then, 

knowing T and Z, a probability to observe | wret | ≥ 1m s-1 can be calculated as a function of MCS reflectivity zones and 25 

temperature (Figure 3; note that temperature for RASTA profiles stems from reanalysis of the ECMWF). In general, the 

probabilities to observe | wret | ≥ 1m s-1 are highest for MCS reflectivity zones 8  then 7 and 6, meaning that these MCS 
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reflectivity zones tend to be more impacted by convective areas of MCS, than is the case for other MCS reflectivity zones. 

Also, these probabilities generally increase with altitude for all airborne campaigns. Generally, in MCS reflectivity zones 5, 4, 

3, and 2, the probabilities P(|wret ≥1|) as a function of T are close to each other with a decreasing trend as reflectivity decreases, 

except for the Maldives campaign, which may be due to significantly decreased statistics of very small local convective 

systems. Clearly MCS reflectivity zones 8 and 7 represent for all 4 datasets the more convective part of observed MCS and 5 

the lower reflectivity zones the more stratiform part with significantly lower vertical wind speeds.  

 

Figure 3 : Probability to observe magnitude of retrieved vertical air velocity larger than 1m s-1, from measured Doppler velocity. 

Probabilities (x-axis) calculated as functions of MCS reflectivity zones 2 to 8 and plotted as a function of T (y axis). a) HAIC-HIWC 

in Cayenne, b)HAIC-HIWC in Darwin, c) Megha-Tropiques in Maldives Islands and d) Megha-Tropiques in Niamey. 10 

 

The median magnitude of updraft (wret≥0) and downdraft wind speeds (wret<0) are shown in Figure 4. Magnitudes of vertical 

velocity (negative and positive) are highest for MCS reflectivity zones 8. In general the updraft and downdraft wind speeds 

increase with altitude, which is in agreement with the probabilities P(|wret ≥1|) of Figure 3. For all 4 datasets vertical wind 

speeds of MCS reflectivity zones 2-6 are small with a consistent trend of decreasing vertical winds with decreasing radar 15 

reflectivity factors, except for the Maldives campaign (see also Figure 3). For MT-MALDIVES and MT-Niamey campaigns, 

wind speeds of MCS reflectivity zone 7 are small and rather close to what is observed for MCS reflectivity zones 2-6. However, 

for both HAIC-HIWC campaigns, the differences of vertical velocities between MCS reflectivity zone 7 and MCS reflectivity 

zones 2-6, are more pronounced than is the case for the two Megha-Tropiques campaigns.  

In general, higher IWC and Z tend to be related with higher velocities, making MCS reflectivity zones 7 and 8 good candidates 20 

to represent microphysical properties of the most active zones of deep convective systems.  
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Figure 4: Retrieved median vertical velocity wret (from Doppler velocity) for all different MCS reflectivity zones and as a function of 

temperature T, with same color code as in Figure 2. Velocity is given in m s-1 on x-axis and T in K on y-axis. Median velocity value 

calculations are performed for positive velocity (upward) and negative velocity (downward), separately. 

4 Method of intercomparison 5 

This study compares and discusses a series of ice cloud properties, such as IWC, visible extinction, α and ß coefficients of the 

dynamically retrieved m(D) power law, large crystal proxy of PSDs, crystal number concentrations N, PSD 2nd and 3rd moments 

(M2 and M3, respectively), and the ratio of IWC/M2. The above mentioned ice hydrometeor properties in all 4 MCS locations 

will be investigated as a function of T and MCS reflectivity zones (range of Z given by percentiles of Z as a function of T) 

which have been introduced in section 3. In the subsequent section 5 a series of figures presenting results for above mentioned 10 

ice cloud properties (parameter X) will be presented in a uniform format (Figures 5, 6, 8, 9, 10, 11, 12, 13, 14, 15 and 16). In 

all these figures, the sub figures noted (a), show the median values of X, averaging MCS data from the 4 tropical campaigns 

(with 25th and 75th percentiles represented by whiskers), as a function of T and MCS reflectivity zones. If the range of variability 

of this median of parameter X in MCS reflectivity zone i defined by its 25th and 75th percentiles, does not overlap with 

corresponding ranges of variability of X defined by the 25th and 75th percentiles of MCS reflectivity zones i-1 and i+1, 15 

respectively, this makes the median (4 tropical campaigns) of X a candidate for X parametrization as a function of MCS 

reflectivity zone and T. We call these figures (a) the “tropical dataset”. Then, in sub-figures (b), (c), (d) and (e), we calculate 

the median relative difference in percent (hereafter MRD-X) for all 4 individual MCS datasets (CAYENNE, DARWIN, 

MALDIVES, and NIAMEY) with respect to the median of X as a function of MCS reflectivity zone and T.  

In order to take into account the uncertainties in all type of measurements, uncertainties (hereafter noted U(X)/X)) for each 20 

parameter X were taken from Baumgardner et al. (2017).  When the MRD-X is larger than U(X)/X, this means that there is a 

significant difference between the median of the studied parameter for the tropical dataset and the respective X of the selected 

individual MCS dataset. For the case that MRD-X is smaller than or equal to U(X)/X, the median of X of the tropical dataset, 

under the condition that the median (4 tropical campaigns) of X is distinguishable between neighboring MCS reflectivity zones, 

can be utilized for the respective type of MCS. Hence, if the latter case is true for all 4 MCS locations, then the median (4 25 

tropical campaigns) of X is suitable to represent all 4 types (=location) of observed MCS.  
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Note that in all figures (Figures 5, 6, 8, 9, 10, 11, 12, 13, 14, 15 and 16) temperature of in-situ observations will be on the y 

axis and the color coded MCS reflectivity zones correspond to RASTA reflectivity statistics as a function of temperature. 

Measured/calculated parameters X are sorted into MCS reflectivity zones according to Z derived at flight level simultaneously 

to measured/calculated X parameter. The grey band in sub-figures (a) shows 25th and 75th percentiles of the parameter for the 

entire tropical dataset thereby merging data from all MCS reflectivity zones.  5 

25th, median, and 75th percentiles of all parameters presented in the figures for the tropical dataset are given in Annexe A, in 

order to allow comparison with other datasets and evaluation of numerical weather prediction models. 

The comparison of ice hydrometeors’ properties of the 4 MCS locations investigated in this study, will mainly focus on the 

question, if MRD-X (for individual MCS reflectivity zones) is larger or smaller than U(X)/X, also depending on MCS locations.  

5 In-situ Observations in tropical MCS: HAIC-HIWC and Megha-Tropiques projects 10 

5.1 Ice water content 

Figure 5 shows measured IWC from IKP-2 for HAIC-HIWC campaigns over Darwin and Cayenne, then IWC retrieved from 

T-Matrix simulations of Z for both Megha-Tropiques campaigns over Niamey and the Maldives Islands. Figure 5(a) shows 

median IWC as a function of T for 4 datasets plus one median curve for the merged 4 tropical datasets (subsequently called 

global dataset). Also median IWC for individual MCS reflectivity zones are presented for the merged tropical dataset. Solely, 15 

the graphical representation is limited to medians of IWC for MCS reflectivity zones 4 to 8. Indeed, IWC in MCS reflectivity 

zones 2 and 3 are linked to IWC smaller than 0.1 g m-3, where IWC data are subject to less confidence. Globally, 30% of the 

data observed in 4 tropical MCS have an IWC lower than 0.1g m-3, and the lower limit of MCS reflectivity zone 4 is defined 

with the 30th percentiles of Z. The figure reveals an IWC increases with increasing MCS reflectivity zone for a given range of 

temperature. IWC median values differ clearly as a function of the MCS reflectivity zone, and this for the entire range of 20 

temperatures, with only a few exceptions above the freezing level (T  [265 K; 273 K[), between MCS reflectivity zones 4 

and 5, and MCS reflectivity zones 7 and 8, respectively, with small overlap in IWC ranges. In MCS reflectivity zones 4 to 7, 

median IWC increase with increasing T between 215 K and 260 K (where IWC has its maximum) and then slightly decrease 

as T further increases towards 273K. In MCS reflectivity zone 8 IWC behaves rather similar with a maximum IWC already 

reached at 250 K.  25 

In Figure 5 (b) Figure 5 (c) the grey band area displays the IWC uncertainty of the IKP-2 measurements (U(IWC)/IWC;  Strapp 

et al. 2016; Leroy et al. 2016; Fontaine et al. 2017). This uncertainty decreases with altitude to less than 10% at 210K. The 

grey band area in Figure 5(d) Figure 5(e) shows the estimated uncertainty (of ±32% of IWC from IKP-2) of IWC retrieved 

from T-matrix simulations of the reflectivity factor, approximating ice crystals with oblate spheroids (Fontaine et al., 2017). 

This means that confidence in direct bulk IWC measurements from the IKP-2 is significantly higher than in indirect IWC 30 

calculations from T-matrix simulations. 
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Figure 5: a) Median of IWC in [g/m3] on x-axis, as a function of temperature in [K] on y-axis for different MCS reflectivity zones. 

Results for the global tropical dataset including both MT and both HAIC-HIWC datasets. The grey band represents 25th and 75th 

percentiles of global dataset. Median relative difference (MRD) of IWC during b) HAIC-HIWC in Cayenne, c) HAIC-HIWC in 

Darwin, d) Megha-Tropiques Maldives Islands and e) Megha-Tropiques in Niamey, with respect to median of IWC for the Tropical 5 
dataset on x-axis as a function of temperature in [K] on y-axis. The grey bands represent the uncertainties of the IWC measurement 

in b) and c), and the median deviation between measurement and the IWC retrieval method (Fontaine et al. 2016) in d) and e). Lines 

are colored as a function of the MCS reflectivity zones where in-situ measurement were performed, dashed colored lines are 

corresponding to the polynomial fit. Extremity of error bar show 25th and 75th percentiles of IWC relative error in each MCS 

reflectivity zone. 10 

In addition, Figure 5(b), (c), (d), and (e) show MRD-IWC for all MCS reflectivity zones as a function of T. For all 4 tropical 

MCS, MRD-IWC in MCS reflectivity zones 4 to 8 are distributed around 0 and are in general less than 30-40% (25th to 75th 

percentiles). Measured IWC in MCS reflectivity zone 8 are in particular good agreement with the median IWC for all 4 tropical 

datasets, except maybe for high altitude MT-Niamey data. Uncertainty U(IWC)/IWC for IKP-2 measurements (Darwin and 

Cayenne) especially at high altitude (about 5%) is smaller than the expected deviation MRD-IWC. For mid and lower altitudes, 15 

MRD-IWC for Darwin and Cayenne particularly for zones 5 and 8 are of the order of corresponding U(IWC)/IWC. 

Concerning, MCS over Niamey and the Maldives Island, MRD-IWC (25th to 75th percentiles) in general do not exceed 

corresponding U(IWC)/IWC.  

For comparison purposes with former studies, two IWC-T relationships from literature are added in Figure 5(a). Jensen and 

Del Genio (2003) suggested an IWC-T relationship in order to account for the limited sensitivity of the precipitation radar 20 

aboard the TRMM satellite, not allowing for small ice crystals at the top of convective clouds’ anvils to be observed. They 

used radar reflectivity factors of a 35GHz radar based on Manus Island (North-East of Australia; 2.058°S, 147.425°E), thereby 

calculating IWC from an IWC-Z relationship (IWC=0.5*(0.5.Z0.36); Jensen et al., 2002). The resulting IWC-T relationship 

given by Jensen and Del Genio (2003) is reported by a dashed-dotted grey line, which fits between 75th percentiles of tropical 

median IWC of MCS reflectivity zone 4 and 25th percentile of MCS reflectivity zones 5. We recall that IWC, as a function of 25 

T, in MCS reflectivity zones 4 and 5 are related to Z between 30th-50th and 50th-70th percentiles, respectively. We may notice 

that the IWC-T relationship from Jensen and Del Genio (2003) is different and smaller than the median IWC (4 tropical 

campaigns).  

Moreover, (Heymsfield et al., 2009) established an IWC-T relationship based on 7 fields campaigns (dashed grey line in Figure 

5(a). They focused their study on maritime updrafts in tropical atmosphere for a temperature range T  [213.15K; 253.15K]. 30 

Their suggested IWC tend to be in the range of IWC of MCS reflectivity zones 6- 8 with IWC increasing with T. We already 

showed in section 3.2 that MCS reflectivity zones 7 and 8 have higher probabilities to be convective (updraft regions with 

higher magnitudes of vertical velocity), as compared to other MCS reflectivity zones. Therefore,  (Heymsfield et al., 2009) 

IWC parametrizations for maritime updrafts are not inconsistent with data from this study.  
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Overall, this section demonstrates that variation of IWC with the temperature is similar in all type of MCSs for corresponding 

ranges of radar reflectivity factors. Hence, IWC-Z-T relationships developed in Protat et al., (2016) is usable for all types of 

MCS in the Tropics, at least for IWC larger than 0.1g m-3. 

5.2 Visible extinction 

Figure 6 shows visible extinction coefficients (σ) calculated from OAP 2D images (approximation of large particles; Van de 5 

Hulst, 1981): 

𝜎 = 2 ∙ ∑ 𝑁(𝐷𝑚𝑎𝑥) ∙ 𝑆(𝐷𝑚𝑎𝑥) ∙ ∆𝐷𝑚𝑎𝑥

12845µ𝑚

15µ𝑚

  [𝑚−1]                                                                                                                             (1) 

 

Figure 6: Same as Figure 5 but for visible extinction σ given on x-axis in m-1. 

In Figure 6(a), median σ (4 tropical campaigns) increase with MCS reflectivity zone as expected, and also increase with altitude 10 

(decrease with T), with larger gradients for T  [245; 273.15] than for T  [215K; 245K]. 

The uncertainty (U(σ)/σ) (grey band in Figure 6(b) to Figure 6(e) is calculated as follows: 

𝑈(𝜎)

𝜎
= √2 ∙

𝑈(𝐷)

𝐷

2

+
𝑈(𝑁)

𝑁

2

= ±57%                                                                                                                                                    (2) 

With 
𝑈(𝐷)

𝐷
= ±20%, taking into account the uncertainty in the calculation of the size of hydrometeors and 

𝑈(𝑁)

𝑁
= ±50% for 

the uncertainty on the calculation of the concentration of hydrometeors from optical array probes (Baumgardner et al., 2017). 15 

Above uncertainties are those for particles larger than 100 µm. Note, that if we took uncertainties for particles smaller than 

100µm (with 
𝑈(𝐷)

𝐷
= ±50% and 

𝑈(𝑁)

𝑁
= ±100%) the uncertainty on the calculation of σ would increase to ± 122%. 

For all 4 types of tropical MCS, MRD-σ shown in Figure 6(b), 6(c), 6(d), and Figure 6(e) are in general smaller or equal to 

±
𝑈(𝜎)

𝜎
. Hence, visible extinction in tropical MCS tend to be similar for all types of MCS observed in the same range of T and 

MCS reflectivity zone. Also MRD-σ trends are very comparable to above discussed MRD-IWC trends.  20 

Furthermore, a σ–T relationship from Heymsfield et al. (2009) (grey dashed line) is added in Figure 6 (a), which is calculated, 

as a function of T, as the sum of the total area of particles larger than 50µm plus the total area of particles smaller than 50µm 

multiplied with a factor of 2 in order to satisfy Eq. (1) and to compare with results of this study. We conclude that σ–T 

estimation presented in Heymsfield et al. (2009) for maritime convective clouds is rather comparable to median MRD-σ 

calculations (4 tropical campaigns) in MCS reflectivity zones 6 to 7 corresponding to higher reflectivity zones, and thus 25 

statistically to zones with some remaining convective strength. 
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Since we concluded from Figure 6 that extinction σ in tropical MCS tend to be similar for all MCS locations in the same range 

of T and for corresponding MCS reflectivity zones, a parametrization for σ is given in equation (3) below, which presents a fit 

of ln(σ) as a function of IWC and T for deep convective cloud data (4 tropical campaigns) of this study limiting data to IWC 

> 0.1g m-3: 

𝑙𝑛(𝜎) = −0.0194587 ∙ 𝑇 + 0.9134019 ∙ 𝑙𝑛(𝐼𝑊𝐶) + 1.2423609                                                                                                    (3) 5 

 

Figure 7: Relative errors of predicted visible extinction Eq. (3) with respect to measured visible extinction for a), b), c), and d. 

Relative errors as a function of IWC in a) and c) and as a function of T in b) and d). Black lines in 4 sub figures represent the relative 

errors when calculated for the entire tropical dataset. In a) and b) red lines show median relative error for MCS over Darwin, and 

blue line for MCS over Cayenne. In c) and d) red line represent median relative errors for MCS over Maldives Islands and blue 10 
lines for MCS over Niamey. Bottom of error bar shows 25th percentiles of relative errors and 75th percentiles are given by top of 

error bar. 

 

An evaluation of this parametrization is presented in Figure 7, where black lines in 7-a) to 7-d) represent median relative errors 

of σ (with 25th and 75th percentiles represented by whiskers) for the global tropical dataset predicted with Eq. (3) with respect 15 

to retrieved σ from OAP images from Eq. (2). In addition, median relative errors of σ for individual MCS datasets over Darwin, 

Cayenne, Maldives Islands, and Niamey with respect to σ calculations (Eq. (3)) are shown in Figure 7(a), 7(b), Figure 7 (c), 

and 7(d), respectively. The uncertainty ± 
𝑈(𝜎)

𝜎
 is given with the grey band. All relative errors (25th - 75th percentiles) tend to be 

smaller than ± 
𝑈(𝜎)

𝜎
, with median relative errors that are smaller than ±25% of σ uncertainty calculated from Eq. (2). In general, 

Eq. (3) seems to produce smallest relative errors of σ for Niamey and Darwin datasets (especially for IWC<2g m-3).  20 

To sum up, visible extinction calculated from equation (1) shows similar behavior for all four types of tropical MCS. Indeed, 

for the same range of temperature and radar reflectivity factors we find very comparable visible extinction in all 4 MCS 

locations, thereby taking into account the measurement uncertainty. Similar results as for the visible extinction has been 
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documented in the previous section for IWC. From those two results, we can assume that in MCS zones where IWC is larger 

than 0.1g m-3 hydrometeor populations are similar in shape and density. This is why the development of a parameterization of 

the visible extinction as a function of temperature and IWC (beyond 0.1g m-3) has been presented (see equation (3)). 

Noteworthy, optically thick clouds are responsible of large errors in retrieved cloud water path and condensed water 

concentration profiles retrieved from satellite imageries (Smith, 2014; Yost et al., 2010). Parameterizations, such as presented 5 

here, could help to improve retrieval methods on cloud water path and more investigations on the benefit of such 

parameterizations are needed, which is beyond the scope of this study.  

5.3 Concentration of ice hydrometeors 

Subsequently are presented observed total concentrations (NT) for the tropical datasets integrating particle sizes beyond 15µm:  

𝑁𝑇 = ∑ 𝑁(𝐷𝑚𝑎𝑥) ∙ ∆𝐷𝑚𝑎𝑥

𝐷𝑚𝑎𝑥=12845

𝐷𝑚𝑎𝑥=15

         [𝐿−1]                                                                                                                                        (4) 10 

Figure 8 (a) shows median NT as a function of T and MCS reflectivity zone. Median NT systematically increase with MCS 

reflectivity zone and altitude, however with significant overlap of 25th and 75th percentiles of neighboring MCS reflectivity 

zones. Measurement uncertainty on concentrations given for small hydrometeors is about ±100% (Baumgardner et al., 2017). 

Figure 8 (b), 8(c), 8(d), and 8(e) show MRD-NT of MCS in different tropical locations. For MCS over Darwin and Cayenne, 

in all MCS reflectivity zones MRD-NT are smaller than the measurement uncertainty, whereas for Niamey data this is the case 15 

only in MCS reflectivity zones 2, 5, 6 and 7. MCS over Maldives Islands yield significantly larger MRD-NT than the 

measurement uncertainty, and those are primarily positive. Hence, MCS over Maldives Islands have larger concentrations of 

hydrometeors for a same range of T and Z, than the three other types of tropical MCS. However, these larger concentrations 

observed do not concern zones where highest concentrations of hydrometeors were observed. For example, in MCS reflectivity 

zone 4 where MRD-NT is reaching 1000%, NT for the Maldives dataset are approximately 1000 L-1, which is similar to NT 20 

observed in MCS reflectivity zones 7 and 8 for  the same range of T  [235K; 245K[ for the global dataset. We recall that 

identical image data processing to remove shattering artefacts and to correct for out of focus images (Field et al., 2003; Korolev 

and Isaac, 2005;  Leroy et al., 2016) have been applied for all 4 tropical datasets. Also the presence of super cooled droplets 

has been investigated (RICE, CDP probe), and few periods with super cooled water content have been removed for this study. 

Moreover, we will see section 5.5 that MCSs over Maldives Islands tend to have smaller max(Dmax) especially in MCS 25 

reflectivity zones 4, 5, 6 and 7 compared to the other MCS locations and that concentrations beyond 500µm in Maldives Islands 

observations are in the same range as the other types of MCS.  
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Figure 8: Same as Figure 5, but for concentrations of hydrometeors integrated beyond Dmax =15µm in [L-1]. 

 

In order to mitigate the impact of PSD uncertainties related to smallest hydrometeor sizes (shattering and other artefacts in 

combination with very small sample volume of smallest particles), we now compare total concentrations of hydrometeors 

beyond 55µm (𝑁𝑇(𝐷𝑚𝑎𝑥 > 55µ𝑚); hereafter NT,55): 5 

𝑁𝑇(𝐷𝑚𝑎𝑥 > 55µ𝑚) = ∑ 𝑁(𝐷𝑚𝑎𝑥) ∙ ∆𝐷𝑚𝑎𝑥

𝐷𝑚𝑎𝑥=12845

𝐷𝑚𝑎𝑥=55

          [𝐿−1]                                                                                                        (5) 

Median of NT,55 as a function of T and MCS reflectivity zones are shown in Figure 9 (a) as well as MRD-NT,55  for the 4 tropical 

MCS locations in Figure 9 (b), 9(c), 9(d), and 9(e). The findings for NT,55  are similar to those for median NT, with an increase 

of median NT,55 with altitude for all MCS reflectivity zones. Also NT,55 increases with MCS reflectivity zones for a given T, 

with highest NT,55 in MCS reflectivity zone 8. As for NT, the range of variability for NT,55 reveals significant overlap of 25th and 10 

75th percentiles of neighboring MCS reflectivity zones. Even if the limit of concentrations of ice hydrometeors are not well 

defined between neighboring MCS reflectivity zones, these concentrations tend to be similar for a given range of T and Z for 

different MCS locations.  

 

Figure 9: Same as Figure 5, but for total concentrations integrated beyond Dmax=55µm in [L-1]. 15 

 

Globally, median of NT,55 for the tropical dataset are smaller by about one order of magnitude with respect to the median of NT 

for the same MCS reflectivity zone. Measurement uncertainty on concentrations are again assumed ±100%. MRD- NT,55  in 4 

different tropical MCS locations, particularly for higher MCS reflectivity zones are of the order and even larger (75th percentile 

MRD-NT,55) than the measurement uncertainty. Finally, Figure 10 shows concentrations of hydrometeors when number PSD 20 

are integrated only beyond 500µm (hereafter NT,500; eq. (6)), where the uncertainty on their measurement is estimated as about 

±50% for hydrometeors larger than 100µm (Baumgardner et al., 2017).  

𝑁𝑇(𝐷𝑚𝑎𝑥 > 500µ𝑚) = ∑ 𝑁(𝐷𝑚𝑎𝑥) ∙ ∆𝐷𝑚𝑎𝑥

𝐷𝑚𝑎𝑥=12845

𝐷𝑚𝑎𝑥=505

        [𝐿−1]                                                                                                       (6) 
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Figure 10: Same as Figure 5, but for concentrations of hydrometeors integrated beyond Dmax =500µm in [L-1]. 

 

In Figure 10 (a) median NT,500 are presented as a function of T and MCS reflectivity zone. The curves of median NT,500 are 

different from curves of median NT and NT,55. Indeed, particularly for higher MCS reflectivity zones and in lower altitude levels 5 

(T  [250K; 273.15K]), NT,500 tends to increase with altitude, reaches a maximum value around T  [235K; 250K], and then 

rather decreases for T  [215K; 235K]. The range of variability for NT,500 reveals a rather small overlap, if any, of 25th and 75th 

percentiles of neighboring MCS reflectivity zones 8, 7, and may be 6, mainly at coldest T  [215K; 225K]. No overlap for 

MCS reflectivity zones 2-5 and concentration of ice hydrometeors beyond 500µm are rather constant from 215K to 265K for 

observations in MCS reflectivity zones 3 to 5. We can assume that sedimentation does not significantly impact hydrometeors 10 

of sizes below 500 µm, but should impact larger hydrometeors. Figure 10 (b), 10(c), 10(d), and 10(e) reveal that MRD-NT,500 

in higher MCS reflectivity zones are considerably smaller or roughly equal to the measurement uncertainty for large 

hydrometeors. Some smaller exceptions are noticeable where MRD-NT,500 are larger than the measurement uncertainty for very 

low altitudes at T  [265K; 273.15K[, namely Cayenne in MCS reflectivity zones 7 and 8, and Darwin in MCS reflectivity 

zone 8. Note, that in general MRD-NT, 500 have smaller 75th percentiles (from Figure 10 (b), 10(c), 10(d), and 10(e)) compared 15 

to respective MRD-NT,55 and MRD-NT, showing that variability in each MCS reflectivity zone for hydrometeors larger than 

500µm is smaller than the variability of concentrations which include smaller (NT,55) and smallest (NT) hydrometeors. This 

finding is clearly related to the uncertainty estimation given by (Baumgardner et al., 2017)) that small hydrometeors (Dmax< 

100µm) have a larger estimated uncertainty of 100% (due to shattering, very small sample volume), compared to the 

uncertainty of only 50% for larger hydrometeors (Dmax>100µm). Hence, it is not surprising that variability around a median 20 

value is larger for NT and NT,55 than for NT,500. It is important to resume here that not just MRD-NT,500 is smaller than the 

uncertainty of 50%, but also that MRD-NT,500 is tremendously smaller than MRD-NT,55 and MRD-NT. Even though we have to 

keep in mind that we’ll never have sufficient statistics in flight data, due to sampling bias of flight trajectories and variability 

of microphysics from one system to another. Indeed, Leroy et al., (2017) demonstrated that median mass diameter MMDeq 

generally decrease with T and increasing IWC for the dataset of HAIC-HIWC over Darwin. However, for two flights performed 25 

in the same MCS, Leroy et al., (2017) showed that high IWC were linked to large MMDeq, where MMDeq tends to increase 

with IWC. This demonstrates that comparable high IWC can be observed for two different microphysical conditions (short-

lived typical oceanic MCS versus long lasting tropical storm in one and the same dataset). 

We show that total concentrations starting from 15µm can be different between MCS locations as a function of T and Z, 

especially in oceanic MCS over Maldives Islands in the decaying part of these MCSs where measured concentrations can reach 30 
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10 times the median concentrations observed globally for merged tropical dataset. Also MCS over Niamey show larger 

concentrations near the convective part of MCS. However, concentrations of ice hydrometeors beyond 55µm tend to be more 

similar as function of T and Z, even if the limits between each MCS reflectivity zones are not well defined.  

Between 4 MCS locations, differences of aerosol loads and available ice nuclei might exist. Despite those possible differences, 

ice crystal formation mechanisms may be primarily controlled by dynamics, thermodynamics and particularly by secondary 5 

ice production rather than primary nucleation; (Field et al., 2016; Phillips et al., 2018; Yano and Phillips, 2011) that regulate 

the concentrations of hydrometeors beyond ~55µm making these concentrations quiet rather similar for different MCS 

locations.  

5.4 Coefficients of mass-size relationship 

The relationship between mass and size of ice crystals is complex. Usually in field experiments the mass of individual crystals 10 

is not measured, instead bulk IWC is measured which is the integrated mass of an ice crystal population per sample volume to 

be linked to PSDs of ice hydrometeors. Yet IWC is not always measured or with low accuracy. Due to the complex shape of 

ice hydrometeors, various assumptions allow to estimate the mass of ice crystals for a given size. Indeed, many habits of ice 

crystals can be observed in clouds, primarily as a function of temperature and ice saturation (Magono and Lee, 1966; 

Pruppacher et al., 1998). Also hydrometeors of different habits can be observed at the same time (Bailey and Hallett, 2009). 15 

Locatelli and Hobbs (1974) and Mitchell (1996) suggested mass-size relationships represented as power laws with  𝑚 = 𝛼 ∙

𝐷𝛽  for different precipitating crystal habits. Coefficients α and β vary as a function of the ice crystals habit. Further studies 

performed calculations of mean mass-size relationships (also using power law approximations) retrieved from simultaneous 

measurements of particle images combined with bulk ice water content measurements (Brown and Francis, 1995; Cotton et 

al., 2013; Heymsfield et al., 2010). Schmitt and Heymsfield (2010), Fontaine et al (2014), Leroy et al. (2016) showed that 20 

mass-size relationship coefficients  and β vary as a function of temperature. In the latter studies, coefficient β is calculated 

from OAP images, and then  is retrieved either also from processed images or constrained with integral measured IWC or 

radar reflectivity factor Z. Recently, Coutris et al (2017) retrieved masses of hydrometeors by an inverse method using direct 

measurement of PSD and IWC. In this latter study, the mass of ice crystals is retrieved without any assumption on the type of 

function linking mass and size of ice hydrometeors.  25 

This study utilizes the power law assumption to constrain the mass of ice hydrometeors. Thereby, the  β exponent of the mass-

size power law relationship is calculated (eq. 7) as presented in Leroy et al (2016) for hydrometeors defined by Dmax dimension: 

𝛽 = 1.71 ∙ 𝑓𝑠 − 0.62 ∙ 𝑓𝑝                                                                                                                                                                                (7) 

Here fp is the exponent of the perimeter-size power law relationship (Duroure et al. 1994) with 𝑃(𝐷𝑚𝑎𝑥) = 𝑒𝑝 ∙ 𝐷𝑚𝑎𝑥

𝑓𝑝  [𝑐𝑚] and 

fs is the exponent of the 2D image area-size relationship (Mitchell, 1996) with 𝑆(𝐷𝑚𝑎𝑥) = 𝑒𝑠 ∙ 𝐷𝑚𝑎𝑥
𝑓𝑠  [𝑐𝑚2]. Figure 11(a) shows 30 

the variability of β as a function of temperature and MCS reflectivity zones for the global tropical dataset. For a given MCS 

reflectivity zone, β increases with increasing temperature. Also for a given temperature, β increases with MCS reflectivity 

zone, although MCS reflectivity zones 4, 5, 6, 7, and 8 share a range of common values for β, making it more uncertain to 

predict with a good accuracy using a parametrization as function of Z and T (as it has been done for extinction σ).  
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Figure 11: As Figure 5, but for exponent β of mass-size relationships for used ice hydrometeor size definition Dmax. 

 

In order to estimate the uncertainty on the calculation of β (grey band in Figure 11 (b), (c), (d), and (e), results from (Leroy et 

al., 2016) have been utilized, with U(β)/β=±2.3%. However, if we have calculated the uncertainty on retrieved β from the 5 

uncertainty on the measurement of the size and concentration of hydrometeors from OAP images, the uncertainty would have 

been by about 44%. Figure 11 (b), 11(c), 11(d), and 11(e) show in general that for higher MCS reflectivity zones MRD-β are 

smallest (5-10%) for Cayenne and Niamey, then with some restrictions also for Darwin data. MRD-β show larger values for 

data of the Maldives Islands which may be due to decreased statistics of only two observed MCS systems at the beginning of 

the campaign merged with subsequently sampled rather small local convective systems. 10 

Overall, the predictability of β coefficients as a function of T and MCS reflectivity zone remains challenging. We are aware of 

the fact that the power-law approximation has certain limits, trying to impose one single β to an entire crystal population 

composed of smaller (dominated by pristine ice) and larger crystals (more aggregation, also riming). 

For HAIC-HIWC data, coefficients α are retrieved, while matching measured IWC from IKP-2 with calculated IWC thereby 

integrating PSD times m(D) power law relationship. For MT data, coefficients α are retrieved from T-matrix simulations of 15 

the reflectivity factor (Fontaine et al., 2017). α calculation is solely constrained by the fact that the mass of ice crystals remains 

smaller or equal than the mass of an ice sphere with the same diameter Dmax: 

𝛼 =
𝐶𝑊𝐶

∑ 𝑁(𝐷𝑚𝑎𝑥)∙𝐷𝑚𝑎𝑥
𝛽

∙∆𝐷𝑚𝑎𝑥
12845
15

    |   𝛼 ∙ 𝐷𝑚𝑎𝑥
𝛽

≤ 0.917 ∙
𝜋

6
∙ 𝐷𝑚𝑎𝑥

3    [𝑔 𝑐𝑚−𝛽].                                                                                   (8)   

For the uncertainty calculation of  we take the maximum value of β which is 3: 

𝑈(𝛼)

𝛼
= √(

𝑈(𝐶𝑊𝐶)

𝐶𝑊𝐶
)

2

+ 3 ∙ (
𝑈(𝐷)

𝐷
)

2

(
𝑈(𝑁)

𝑁
)

2

                                                                                                                                  (9) 20 

Figure 12 (a) shows median  coefficients as a function of T and MCS reflectivity zone. As has been already stated in previous 

studies, α is strongly linked to the variability of β (Fontaine et al., 2014; Heymsfield et al., 2010). Figure 12 (a) compared to 

Figure 11 (a) confirms that results for  have similar trends as those discussed for β. α vary from 5.10-4 (in MCS reflectivity 

zone 2) to ≈2.10-2 (in MCS reflectivity zone 8). In general,   increases as a function of T for a given MCS reflectivity zone 

and also increases as a function of MCS reflectivity zone (and associated IWC) for a given T level. As already stated for the 25 

median exponent β in Figure 11 (a), median  in MCS reflectivity zones 4, 5, 6, 7 and 8 are more or less overlapping. Median 

 in MCS reflectivity zones 2 and 3 are shown for completeness reasons, however with less confidence as they are related to 

IWC generally smaller than 0.1g m-3.  
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From Figure 12(b) and Figure 12(c) we can note, that even with a good accuracy of the measured IWC (from IKP-2; 

U(IWC)/IWC ≈ ±5% for the typical IWC values observed in HAIC-HIWC at 210K), the uncertainty of , is rather large which 

is mainly due to uncertainties in OAP size and concentration measurements. Taking into account the large uncertainty on the 

retrieved , we find that MRD- for all 4 tropical datasets for MCS reflectivity zones 4, 5, 6, 7, and 8 are smaller than U()/. 

For data from Niamey (Figure 12 (e)),  tend to be larger than median  for the tropical dataset (MRD- not centered on 0, 5 

but shifted to positive values).  

 

Figure 12: As Figure 5, but for pre-factor α of mass-size relationships for used ice hydrometeor size definition Dmax. 

 

In previous sections, this study documented similar IWC values and visible extinction coefficients for a given range of Z and 10 

T and a clear increase of IWC and visible extinction coefficient from MCS reflectivity zones 4 to 8. The increase of  and β 

with MCS reflectivity zones is not clearly visible, whereas at least   seems to increase with temperature in different MCS 

reflectivity zones). Hence, the increase of IWC, visible extinction with reflectivity zone Z is not linked to an increase of the 

mass-size coefficients. This conclusion takes into account the variability of the mass-size coefficients shown by 25 and 75 

percentiles. However, we cannot ignore that  and β tend to be larger in MCS reflectivity zone 8 than in MCS reflectivity zone 15 

4, especially at higher altitude.  

As visible extinction (hence projected surface) and IWC are similar for the same range of T and Z in all types of MCS, we 

speculate that fractal dimension (hence shape) of crystals might be different from one to another MCS location. Our 

assumptions is that the ratio of projected surface vs IWC is similar, in other words the density of ice per surface unity (or by 

pixels of projected surface) is similar as function of T and Z in all types of MCS even if there might be a possibility that the 20 

habit or the shape can be different (pure oceanic MCS vs pure continental MCS). 

5.5 Largest ice hydrometeors 

Figure 13 investigates the variability of the size of the largest ice hydrometeors in the PSD (hereafter max(Dmax) as defined in 

Fontaine et al (2017)). Figure 13 (a) reveals globally for all MCS reflectivity zones that the median of max(Dmax) increases 

with T, with larger hydrometeors at cloud base compared to cloud top, particularly in the stratiform cloud part, where PSD are 25 

mainly impacted by a combination of aggregation and sedimentation. At higher levels for T  [215K; 245K[ largest median 

of max(Dmax) are observed in the most convective MCS reflectivity zone 8, followed by zones 7, 6, and 5, where sedimentation 

becomes more and more active. Below the 250K level, largest max(Dmax) can be observed in MCS reflectivity zones 6 and 7 

(still significant sedimentation source from above), followed by 5 (increasing depletion of large crystals) and 8 (more 
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convective or at least transition zone from convective to stratiform cloud part). Smallest max(Dmax) are observed in MCS 

reflectivity zones 2 and 3.  

MRD-max(Dmax) shown in Figure 13(b), 13(c), 13(d), and 13(e) are a bit larger than the measurement uncertainty estimated 

with ±20% ( (Baumgardner et al., 2017). Cayenne, Darwin, and Niamey data are centered around the median max(Dmax) of the 

4 tropical datasets in MCS reflectivity zone 8 for all type of MCSs, in MCSs reflectivity zone 7 in MCS over Darwin, Cayenne 5 

and Niamey. MCSs over Cayenne et Darwin tend to have similar max(Dmax) in other MCS reflectivity zones. Maldives dataset 

shows mainly negative MRD-max(Dmax) values, indicating that max(Dmax) for the Maldives Island data are generally smaller 

than those of the other three tropical datasets. Also MCS over Niamey show larger max(Dmax) in MCS reflectivity zones 2 to 

4,  illustrating that snow aggregates can reach larger sizes during the West African monsoon than in other MCS locations.  

 10 

Figure 13: As Figure 5, but for maximum size of hydrometeors max(Dmax) in PSD in [cm]. 

 

In this section, it is shown that in the stratiform or decaying part of MCS, largest size of hydrometeors are larger in MCSs over 

Niamey than in other types of MCS, and that crystal aggregates tend to be smaller in MCS over Maldives Islands. Suggesting 

that aggregation efficiency is different from one MCS type of MCS to another, this could explain the differences of mass-size 15 

coefficient β, as it is calculated on the slope in a log-log scale of mean perimeter and mean surface as a function of median 

diameter in each size bin. Hence, large hydrometeors have a non-negligible impact on the slope (i.e. fp and fs, see Eq. (7)). 

5.6 2nd and 3rd moment of PSD 

5.6.1 Observations 

Moments of PSD are convenient for numerical weather prediction to model microphysics of hydrometeor populations, since 20 

knowing the PSD nth order moment allows to roughly describe cloud processes and their hydrometeors properties. Commonly, 

number PSD of ice hydrometeors are modeled with Gamma distributions. The calculation of the nth order moment is defined 

in Eq. (10) for PSD obtained from size distribution measurements of hydrometeors, for example with OAP (optical array 

probes): 

𝑀𝑛 = ∑ 𝑁(𝐷𝑚𝑎𝑥) ∙ 𝐷𝑚𝑎𝑥
𝑛

𝐷𝑚𝑎𝑥=1,2𝑐𝑚

𝐷𝑚𝑎𝑥=55µ𝑚

∙ ∆𝐷𝑚𝑎𝑥                                                                                                                                             (10) 25 

The uncertainty of the nth (n=2 and 3 in our study) moment is: 
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𝑈(𝑀𝑛)

𝑀𝑛

= √𝑛 ∙
𝑈(𝐷)

𝐷

2

+
𝑈(𝑁)

𝑁

2

                                                                                                                                                                (11) 

 

Figure 14: Same as Figure 5, but for M2 per for unity dimension. 

 

Figure 14 (a) shows median second moment M2 as a function of T for all MCS reflectivity zones for the merged global tropical 5 

dataset. Median M2 slightly decrease with temperature for all individual MCS reflectivity zones, and distinctly increase with 

MCS reflectivity zone for a given T. The range of variability of median M2 shows mainly negligible overlap, if any, of 25th 

and 75th percentiles of neighboring MCS reflectivity zones with the exception between MCS reflectivity zones 8 and 7 at low 

altitude (T [265; 273.15[). All 4 tropical MCS (Figure 14 (b), (c), (d), and (e)) show good agreement with the medians of M2 

in MCS reflectivity zones 3 to 8, with MRD-M2 significantly smaller than U(M2)/M2. Few minor exceptions can be found for 10 

MCS over Cayenne (Figure 14 (b)) and Darwin (Figure 14 (c)) in the temperature range [265K; 273.15[. Also MCS over 

Niamey (Figure 14 (e)) show a larger MRD-M2 in MCS reflectivity zones 2 and 3 for T  [265K; 273.15K[ and T  [245K; 

255K[, respectively.  

 

Figure 15: Same as Figure 5, but for the M3 for unity dimension. 15 

https://doi.org/10.5194/acp-2019-502
Preprint. Discussion started: 21 June 2019
c© Author(s) 2019. CC BY 4.0 License.



20 

 

Figure 15 (a)) presents median third moment M3 for global tropical dataset as a function of T and for different MCS reflectivity 

zones. Median M3 in highest MCS reflectivity zones 8, 7, and to some extent zone 6 resemble the corresponding curves of 

median IWC (Figure 5(a)), with a maximum value for median M3 for T  [245K; 260K[. We also obtain a clear increase in 

median M3 with MCS reflectivity zone from 2 to 8. The range of variability for M3 reveals no overlap of 25th and 75th percentiles 

of neighboring MCS reflectivity zones 2-7, solely zone 7 overlaps with zone 8 for all temperatures. Third moment of MCS 5 

over Cayenne, Darwin and Maldives Islands in MCS reflectivity zones 2 to 8, shows MRD-M3 smaller than U(M3)/M3, with 

few minor exceptions basically in the range of T  [265K; 273.15K[. MCS over Niamey tend to have MRD-M3 that are 

sometimes larger than U(M3)/ M3. Indeed, M3 for MCS over Niamey tend to be larger in MCS reflectivity zones 5 and 2 in the 

range of T [265K; 273.15K[, and in MCS reflectivity zone 4 for T larger than 255K as well as in MCS reflectivity zone 3 for 

T larger than 245K. 10 

Overall, this section illustrates that second and third moments of PSD are similar as a function of T and Z for all MCS locations 

of the underlying dataset. However, there are exceptions in MCS reflectivity zones 2, 3 and 4 in MCS over Niamey where 

larger third moments are calculated compared to those deduced for the merged global tropical dataset. Despite those exceptions, 

the next section explores the possibility to parameterize the second and third PSD moments as a function of IWC and 

temperature. 15 

5.6.2 Parameterizations 

This section presents parametrizations to predict the 2nd and 3rd moment of the PSD for the global tropical dataset as a function 

of T and IWC, including IWC data larger than 0.1g m-3. Indeed some moments can be directly linked to bulk properties of 

hydrometeor populations. For example, moment M0 for ice and liquid hydrometeors is equal to the total number concentration 

(NT), moments M2 and M3 for liquid particles are proportional to visible extinction and liquid water content. However, for ice 20 

hydrometeors the physical interpretation of moments M2 and M3 is less evident since ice hydrometeors are not spherical 

particles. The results for α and β coefficients of the m(Dmax) relationship presented in section 5.3, illustrate that β varies between 

1.5 and 2.3. This means that IWC is proportional to PSD moments between M1.5 and M2.3. Also uncertainties on the retrieved 

β coefficients do not allow to assess the variability of β as a function of IWC and T. Former studies performed in different 

cloud environments report mean values of β around 2. For example, Leroy et al., (2016) found β=2.15 for HAIC-HIWC in 25 

Darwin, Cotton et al., (2013) suggested β=2.0, Heymsfield et al., (2010) suggested β=2.1, and Brown and Francis (1995) 

established β=1.9. We are also aware of the fact that findings of β also depend on the utilized size parameter (Dmax, Deq, etc…) 

of 2D images. Hence, we apply β=2 as an approximation, also proposed by Field et al., (2007), to link the second moment of 

hydrometeor PSD with IWC (Eq. 12). Subsequently the ratio IWC/M2 is calculated and denoted A. 

𝑀2 =
0.001∙𝐼𝑊𝐶

𝐴
                                                                                                                                                                                               (12)        30 
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Figure 16: Same as Figure 5, but for the ratio A= 0.001*IWC/M2 in [kg m-2].     

                                       

Figure 16 (a) shows retrieved median coefficients A for the global tropical dataset as a function of MCS reflectivity zone and 

T. Note that A is calculated in SI units (note that in Eq. (12) IWC is in g m-3). The black solid line gives the median of A as a 5 

function of T, thereby merging all MCS reflectivity zones and all tropical datasets with IWC > 0.1g m-3. The grey band gives 

corresponding 25th and 75th percentiles of that median A. In addition, are calculated median A for all individual MCS 

reflectivity zones (on Figure 16(a)) are solely illustrated median A for zones 4 to 8) for the global tropical dataset as a function 

of T. In general, median A calculated for individual MCS reflectivity zones 5, 6 and 7 are very similar to the median A when 

merging all MCS reflectivity zones (black solid line), whereas median A calculated for MCS reflectivity zone 4 tends to have 10 

smaller A values and median A calculated for MCS reflectivity zone 8 have larger median A values than the overall median A 

(all MCS reflectivity zones merged) for comparable temperatures.  

However, when taking into account the variability in median A calculated for individual MCS reflectivity zones and associated 

25th and 75th percentiles we can state that median A generally increases with T, however it is not possible to assess that A 

increases with MCS reflectivity zones or IWC. As a comparison, we include the value of the pre-factor  (in SI unity) from 15 

Cotton et al. (2013) mass-size relationship (β=2.0, as is for second moment M2, and =0.0257). Clearly, =0.0257 is not suited 

for deep convective systems as it represents ice crystals for T [215K; 225K[. Figure 16 (b), 16(c), 16(d), and 16(e) illustrate 

that MRD-A are significantly smaller than U(A)/A, (same uncertainty than : U()/ = U(A)/A and median MRD results 

centered around 0%). Comparing results of A (Figure 16, this section 5.6.2) with results presented for  (Figure 12, section 

5.4) it is obvious in terms of variability and MRD in each type of MCS that A is better adapted to parametrize the PSD 2nd 20 

moment as a function of T. Eq. (13) then fits the median of ratio A for the global tropical dataset (black line, all MCS reflectivity 

zones merged), as a function of T in deep convective systems for IWC larger 0.1g m-3: 

𝐴(𝑇) = 0.0000075 ∙ 𝑇2 − 0.0030598 ∙ 𝑇 +  0.3334963                                                                                                                 (13) 

Hence, M3 can be deduced from M2 and T from equations given by Field et al., (2007). These equations are recalled here with: 

𝑀𝑛 = 𝑀2
𝐹(𝑛)

∙ 𝐷(𝑛) ∙ exp(𝐸(𝑛) ∙ 𝑇𝑐)                                                                                                                                                        (14) 25 

TC denotes temperature in °C and D(n), E(n) and F(n) are given by: 

𝐷(𝑛) = exp(13.6 − 7.76 ∙ 𝑛 + 0.479 ∙ 𝑛2)                                                                                                                                           (15) 

𝐸(𝑛) =  −0.0361 + 0.0151 ∙ 𝑛 + 0.00149 ∙ 𝑛2                                                                                                                                   (16) 
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𝐹(𝑛) = 0.807 + 0.00581 ∙ 𝑛 + 0.0457 ∙ 𝑛2                                                                                                                                          (17) 

Figure 17 provides median relative errors (whiskers represent 25th and 75th percentiles) of parametrized moments M2 and M3 

compared to respective moments calculated directly (Eq. (10) from PSD measurements (global tropical dataset). These relative 

errors are shown as a function of IWC (Figure 17(a)) and as a function of T (Figure 17(b)). Firstly, the dashed black line shows 

relative error of M2 retrieved from Eq. (12+13) compared to M2 derived from measured PSD (Eq. 10). In addition the grey 5 

band illustrates the uncertainty U(M2)/M2. Figure 17 (a) illustrates that below 2g m-3, the median of this relative error is close 

to 0% with 25th and 75th percentiles significantly smaller than U(M2)/M2. However, for largest IWC beyond 2g m-3, median 

relative errors are getting large (40% for 4g m-3 and 75% for 4.5g m-3) and need to be corrected in order to reduce the bias 

between predicted M2 and observed M2. This is why Eq. (12) has been modified with an expression shown in Eq. (18) in order 

to improve prediction of M2 compared to measured M2 (Eq. (10)) for highest IWC: 10 

𝑀2 =
0.001 ∙ 𝐼𝑊𝐶

𝐴(𝑇)
∙ [−0.0074517 ∙ 𝑒𝑥𝑝(𝐼𝑊𝐶) +  1.0246154]                                                                                                       (18) 

The effect of the expression added in Eq. (18) is illustrated by the solid black line in Figure 17 (a), where median relative error 

of predicted M2 is now closer to 0% also for large IWC. Still, Eq. (18+13) seems to underestimate measured M2 by about 15% 

for IWC of 4.5g m-3 instead of 75% overestimation before correction. Note that in Figure 17 (b), median relative errors of the 

two above parametrizations (black dashed and black solid line) of M2 are superposed as a function of T with a median relative 15 

error close to 0%. This means that the second part of equation (18) does not introduce any significant bias as a function of T, 

since the occurrence of IWC > 2g m-3 is smaller than 1% for the global tropical dataset. 

Secondly, two types of parametrized third moments (using parametrization of 3rd moment M3 (Eq. (14) according to Field et 

al., (2007) that can be deduced from 2nd moment M2 and T) are calculated and subsequently compared with the third moment 

derived from measured PSD (Eq. (10)). The first type of parametrized M3 (red lines in Figure 17) is derived from measured 20 

M2 moments (Eq. (10)) and the second type of M3 (blue lines in Figure 17) from parametrized M2 moments (Eq. (12+13)). For 

the latter case we voluntarily did not choose Eq. (18+13) but stayed with Eq. (12+13). 

 

 

Figure 17: Relative error of parametrized M2 and M3 for global tropical dataset as a function of IWC in a) and as a function of T in 25 
b). Solid lines give median relative error and whiskers denote 25th and 75th percentiles of relative error. Grey bands and dark grey 

lines shows measurement uncertainties for M2 (55%) and M3 (61%), respectively. 
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Red dashed lines in Figure 17 show median relative error with 25th and 75th percentiles when M3 are calculated from measured 

M2 and Eq. (14) and blue dashed lines represent median relative error with 25th and 75th percentiles when M3 is calculated from 

parametrized M2 from Eq. (12+13) and Eq. (14). Figure 17 (b) demonstrates that M3 in deep convective systems calculated 

from M2 with Eq. (14) have a positive median relative error of about +25%, which is true for both type of M2 calculations 

(measurement, parametrization) inserted in Eq. (14). Moreover, median relative error of M3 generally increase with IWC from 5 

0% at 0.2g m-3 to more than 200% at 3g m-3. Thus, not applying the M2 correction for highest IWC (Eq. 18), we also show that 

produced M3 moments from parametrized M2 moments are slightly worse than M3 moments produced from measured M2 

moments. To reduce this significant median relative error in M3, particularly for large IWC in deep convective cloud systems, 

we provide an M3 correction function for Eq. (14) depending on T and IWC: 

𝑀3 = [0.0001713 ∙ 𝑇 ∙ 𝐼𝑊𝐶2 − 0.0013992 ∙ 𝑇 ∙ 𝐼𝑊𝐶 + 0.0045791 ∙ 𝑇 + 0.0032021 ∙ 𝐼𝑊𝐶 − 0.0807616] ∙ 𝑀2
𝐹(3)

∙ 𝐷(3)10 

∙ exp(𝐸(3) ∙ 𝑇𝑐)                                                                                                                                                            (19) 

Two series of median relative error for M3 estimated from Eq. (19) and compared to M3 calculated directly from PSD 

measurements (Eq. (10)) are plotted in red and blue solid lines with 25 th and 75th percentiles in Figure 17. Red solid lines 

represent median relative error when estimated M3 are calculated from measured M2 and Eq. (19) and blue solid lines represent 

median relative error when estimated M3 is calculated from parametrized M2 from Eq. (18+13) and Eq. (19). Median relative 15 

errors are similar for both type of predictions of M3 and close to 0%, but for the predicted M3 using Eq. (18) and Eq. (19) the 

absolute values of 25th or 75th percentiles are larger than for M3 predicted from observed M2 and Eq. (19), showing that 

prediction of M2 and M3 increase the deviation around median measured M3.  

An identical investigation on median relative errors in the prediction of 2nd and 3rd moment as presented in Figure 17 has been 

investigated for individual MCS locations (figures not shown). For all type of tropical MCS, we observe that M2 from Eq. (18) 20 

and M3 from Eq. (19) tend to have smaller to equal median relative errors compared to the relative uncertainties U(M2)/M2 and 

U(M3)/M3, respectively. Beyond this general statement there are two noticeable observations. The first observation is that 

median relative errors of M3 from Eq. (19) calculated either with M2 from measurements (Eq. (10)) of from parametrized M2 

from Eq. (18) for MCS over Maldives Islands are close to U(M3)/M3 with 75th percentiles reaching 100% for IWC in the [0.3; 

0.6] g m-3. The second observation is that for MCS over Niamey, M3 from Eq. (19) with M2 from Eq. (10) or from Eq. (18) 25 

tend to overestimate respective moments calculated directly from PSD measurements by about 30 or 50%, respectively, in the 

area of higher IWC ([2; 3] g m-3). 

This section aims to produce parameterizations of the second and third moments of ice hydrometeor size distributions, which 

can be useful for the calculation of hydrometeor size distributions in numerical weather prediction using gamma distributions, 

but also (see the next section) for calculating rescaled ice hydrometeors size distributions (Field et al., 2007). 30 

5.6.3 Rescaling of measured PSD 

From bulk properties as mixing ratio and total concentration in numerical weather prediction (NWP), ice hydrometeors size 

distributions (or PSD) properties can be derived from moment parameterization allowing simplified prediction of cloud 

microphysical processes such as precipitation. Usually, ice hydrometeors size distributions for hydrometeors are modeled by 

gamma distributions. Since the method of gamma distributions is relatively well documented, we focus this study on another 35 

type of PSD parameterization, which studies ‘rescaled PSD’ dealing with a ‘mean diameter’ defined by the ratio of the third 

moment over the second moment. 

In this section, we propose an update for the method proposed by Field et al., (2007) for deep convective cloud systems and 

IWC larger than 0.1g m-3. For the entire dataset of this study we therefore apply the above method utilizing Eq. (20) and Eq. 

(21) to calculate function 2,3(x) and 𝑥 for individual measured PSD : 40 

Φ2,3(𝑥) = 𝑁(𝐷𝑚𝑎𝑥) ∙
𝑀3

3

𝑀2
4                                                                                                                                                                              (20)      
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With 𝑥 being the characteristic size: 

𝑥 = 𝐷𝑚𝑎𝑥 ∙
𝑀2

𝑀3

=
𝐷𝑚𝑎𝑥

𝐿2,3

                                                                                                                                                                               (21) 

2,3(x) and 𝑥 are dimensionless functions. Moreover, Field et al., (2007) deduced from their dataset, 2,3(x) depending on 

cloud location; i.e. tropical troposphere or mid-latitude troposphere (here we focus on the equation established for the tropics): 

𝑇𝑟𝑜𝑝𝑖𝑐𝑠:2,3(𝑥) = 152 ∙ exp(−12.4 ∙ 𝑥) + 3.28 ∙ 𝑥−0.78 ∙ exp(−1.94 ∙ 𝑥)                                                                                 (22) 5 

Hence, the variability of PSD in clouds, is not given by 2,3(𝑥) but by the variability of the 2nd and 3rd moments that allow 

retrieving functions 𝑥 and2,3(𝑥). Then, knowing𝑥,2,3(𝑥), M2, and M3 concentrations of ice hydrometeors can be 

parameterized such: 

𝐷𝑚𝑎𝑥 = 𝑥 ∙
𝑀3

𝑀2

                                                                                                                                                                                               (23) 

And  10 

𝑁(𝐷𝑚𝑎𝑥) = 2,3(𝑥) ∙
𝑀2

4

𝑀3
3                                                                                                                                                                            (24) 

Figure 18 shows the probability distribution function (PDF) of observed rescaled PSD in tropical MCS as a function of the x 

parameter. Thick black line represents 2,3(𝑥) from Field et al., (2007), thin dashed grey line represents median of 2,3(𝑥) 

for a given range of x, with whiskers showing 25th and 75th percentiles of 2,3(𝑥). The figure illustrates that Eq. (22) from 

Field et al., (2007) represents rather well 2,3(𝑥) as a function of x in highest PDF region (dark red area) and fits well the 15 

median plot for x  [0.3; 6]. However, Field et al., (2007) performed their study for diameter larger than 100µm while this 

study calculates rescaled PSD for Dmax larger than 15µm for the underlying dataset. Thus, Eq. (22) does not fit median 2,3(𝑥) 

for x smaller than 0.3. Also for x > 6, Eq. (22) decreases too fast compared to the median of 2,3(𝑥) calculated for the global 

tropical dataset of this study, although Field et al., (2007) considered ice hydrometeors up to 20000µm, whilst this study 

extrapolates PSD until 12845µm only. A likely assumption to explain the differences for large x > 6 might be that the global 20 

tropical dataset of this study may have measured PSD with largest hydrometeors at a far higher frequency than this was the 

case for the dataset of Field et al., (2007).  
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Figure 18: Probability distribution function of rescaled PSD (2,3) on y axis as a function of hydrometeor characteristics size (x) on 

x axis, for the Global tropical datasets. Black lines show fitted functions from Field et al., (2007), grey dotted lines show median 

rescaled PSD with error bar from 25th and 75th percentiles of rescaled PSD. Solid white line presents the new fitted function for the 

global tropical dataset for PSD beyond 55µm and dashed white line shows fitted function for PSD beyond 15µm (Eq. 25).  

 5 

White lines (dashed and solid) show new fitted 2,3(𝑥) for the global tropical dataset of this study. The white dashed and solid 

lines can be represented by the following equation and aim to fit the median (2,3(𝑥)) of Figure 19(a) as a function of x:                                                   

𝑇𝑟𝑜𝑝𝑖𝑐𝑠: 
2,3

(𝑥) = [exp (𝑎1) ∙ 𝑥𝑎2] + [𝑏1 ∙ 𝑒𝑥𝑝 (−
(ln(𝑥) − 𝑏2)2

𝑏3
2 )]                                                                                           (25) 

Where b1 = 9.484, b2 = -1.895 and b3 = 1.083. Note that dashed and solid white lines use different sets of coefficients a1 and 

a2 (Table 1). For white dashed line, a1 and a2 are calculated for Dmax beyond 15µm, whereas for white solid line, a1 and a2 are 10 

calculated for Dmax beyond 55µm. We can notice that the function for Dmax ≥ 15µm produces higher 2,3(𝑥) as compared to 

the function fitted for Dmax ≥55µm. In order to explain this difference, we recall that for MCSs over the Maldives Island 

concentrations of hydrometeors with Dmax≤55µm are higher compared to 3 other tropical MCS locations, which could affect 

the fitted coefficients a1 and a2 in the two different versions of 2,3(𝑥) calculations for the global tropical dataset. Another 

difference in small particle measurements could be a pure technical difference in small particle measurements (including 15 

shattering/out-of-focus/small sample volume artefacts) between 2D-S probe (this study) and 2D-C probe (Field et al. (2007) 

study). 

Table 1 : Coefficients a1 and a2 for Eq. (25). 

 a1 a2 

Tropics: Dmax >15µm -5.4114 -3.0026 

Tropics: Dmax > 55µm -5.0032 -2.7822 

6 Discussion and conclusion 

In this study we analyze in-situ aircraft observations of the ice particle size distributions and simultaneous cloud radar 20 

observations collected in tropical MCS in order to characterize the statistical properties of ice microphysics. The results are 

focused on the tropical MCS that include observations from: (i) the raining season over Cayenne (South America), (ii) the 

North-Australian monsoon over Darwin, (iii) deep convective systems over the Maldives Island in the ITCZ, and (iv) the West-

African monsoon over Niamey.  

The overall data analysis of ice hydrometeor properties has been performed as a function of temperature and the range of radar 25 

reflectivity factors measured at 94GHz. Therefore, all vertical profiles of aircraft onboard radar reflectivity measurements have 

been gathered and statistically analyzed in order to define delimited reflectivity zones, thereby reducing possible vertical bias 

due to the chosen flight track/altitude in the MCS systems. Hence, this study defines 8 MCS reflectivity zones that have been 

determined from radar reflectivity factor percentiles (1st 10th 30th 50th 70th 90th and 99th) as a function of temperature, thereby 

merging all vertical reflectivity profiles of the entire global tropical dataset used for this study. Analysis of the retrieved vertical 30 

wind speeds in each MCS reflectivity zone reveals that the probability to observe a magnitude of vertical winds larger than 

1m.s-1 are not that different in MCS reflectivity zones 1 to 5, but then strongly increase from MCS reflectivity zone 6 to 8. 

Generally, these probabilities increase with decreasing temperature for all MCS reflectivity zones. Also, the simple magnitude 

of vertical wind speeds is larger in MCS reflectivity zones 7 and 8, while in MCS reflectivity zones 1 to 6 the magnitude is 

rather small and similar, however the magnitude is a function of T. From this, the study demonstrates that MCS reflectivity 35 

zones 7 and 8 exhibit highest probability to be related to the active convective zone and/or the most turbulent transition zone 

between the inaccessible part of the convective core and the stratiform part of MCS clouds, whereas MCS reflectivity zones 1 

to 5 are rather associated with the decaying or so-called stratiform parts of MCS. MCS reflectivity zone 6 then represents the 
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transition between stratiform and convective area of an MCS with a relatively small median magnitude of vertical winds, 

however with relatively high probability of vertical wind magnitudes beyond 1m s-1.  

Subsequently, the study compares microphysical properties (such as ice water content, extinction, concentrations, largest 

hydrometeor sizes, etc…) as a function of MCS reflectivity zone and temperature. The statistical analysis (median values, 25th 

and 75th percentiles) is performed for individual the MCS locations), whereas the merged dataset of the 4 tropical MCS 5 

locations serves as a reference. Relative differences of median microphysical properties in one MCS location compared to 

respective median properties of the reference dataset were quantified. Also uncertainties for all type of microphysical 

measurements and retrieved cloud parameters were calculated from Baumgardner et al. (2017). 

Table 2 summarizes qualitatively the findings for IWC, visible extinction (σ), total concentrations (NT,50 for Dmax>50µm; NT, 

500 for Dmax>500µm), 2nd moment (M2) and 3rd moment (M3) of hydrometeor PSD, and largest hydrometeors sizes (max(Dmax)). 10 

Within the range of uncertainties, we showed that the variability of IWC, σ, NT,50, NT, 500, M2 and M3 as a function of temperature 

and specific MCS reflectivity zones tends to be similar: For example, for IWC these conclusions apply for MCS reflectivity 

zones 4 to 8. MCS data from Niamey flight campaign (compared to the three other tropical MCS locations) reveal more 

exceptions when compared with median parameters calculated for the global tropical dataset, with a trend of larger 3 rd PSD 

moments and larger hydrometeor sizes in the stratiform area of MCS. Assuming that largest hydrometeors (max(Dmax)) can be 15 

considered as a proxy for the aggregation process efficiency, findings of this study reveal that max(Dmax)) are similar in MCSs 

over Darwin and Cayenne (as a function of T and Z), but different for MCS over Niamey and Maldives Islands. Indeed, MCS 

over Niamey have larger max(Dmax), whereas MCS over Maldives Islands shows smaller max(Dmax) than MCS over Cayenne 

and Darwin. Hence, the aggregation process is more efficient in MCS over Niamey during the West-African Monsoon than 

for the other type of tropical MCS and less efficient in MCS over Maldives Islands.  20 

Table 2: Evaluation of parameter X (X for IWC, σ, NT,55, NT,500, , M2, M3 and max(Dmax))  , for each type of tropical MCS (Darwin, 

Cayenne, Maldives Islands, Niamey) with respect to the global tropical dataset thereby comparing median values in corresponding 

MCS reflectivity zones. Two sub-columns for each type of MCS: The first column gives an evaluation of the main trend:  if MRD-

X is comparable to the uncertainty range, + if MRD-X is larger than the uncertainty range, - for smaller values. In the second sub-

column are reported the number of exceptions with respect to the main trend (first column) with: Z(Y)  or Z(Y)+ or Z(Y)-. Z 25 
number stands for a particular MCS reflectivity zone (with Z= 2, 3, 4, 5, 6, 7, 8) , Y number represents a particular T range (with 

Y=1 for T  [265K; 273.15K[, Y=2 for T  [255K, 265K[, Y=3 for T  [245K; 255K[, Y=4 for T  [235K; 245K[, Y=5 for T  [225K; 

235K[, and Y=6 for T  [215K; 225K[).  

With respect to 

median of 

MCS over Darwin MCS over Cayenne Maldives Islands 

MCS 

Niamey’s MCS 

IWC  4(6)+, 5(1)-  4(1,5)-, 5(5)-    4(2)+ 

σ  5(1)+  8(1)-    2(4)- 

NT,55  4(1)+  3(1)+    8(3)+, 3(3)+ 

NT,500  8(1)+, 7(1)+  8(3)+, 8(1)-  7(4)+, 3(1)+  8(1)- 

M2  

 

4(1)+, 5(1)+  

 

8(1)-, 2(1)+  

 

  

 

4(6), 2(6)+ 

M3  

 

8(1)+  

 

8(1)+, 2(1)+  

 

  

 

2(1)+, 3(1,2,3)+ 

4(1,2)+ 

5(1)+ 

max(Dmax)  

 

2(2)+, 7(3,4)-   

 

6(3)-, 8(2)-, 

8(3)+ 

 

- 

 

8 

 

+ 

6(1,2) , 7 , 8  
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From the tropical dataset a parametrization of visible extinction is developed as a function of temperature and IWC (Eq. 3). 

This model allows retrieving σ from OAP measurements with an accuracy smaller than the measurement uncertainty of σ 

(U(σ)/σ = 57%; Eq. (2)) for all four types of tropical MCS. Eq. (3) reveals best accuracy to represent directly calculated σ in 

MCS over Darwin and Niamey.  5 

Also in this study the relationship between mass and size of ice hydrometeors (m=.Dβ) is formulated with a classical power 

law approximation. A basic finding is that the variability of retrieved β throughout all MCS reflectivity zones is too large 

compared to its uncertainty. This would mean for example that varying β parameterization in NWP is not worthy to do. Indeed, 

NWP schemes are used to describe ice microphysics with PSD moments (here M2 and M3). Setting β=2 for the mass-size 

relationship allows to link IWC to the second moment directly as stated in Field et al., (2007).  10 

Defining A as the ratio IWC/M2, this study illustrates that A increases with temperature. Also A in MCS reflectivity zones 5, 6 

and 7 are similar to the median A calculated for the entire dataset (Figure 16(a)). In MCS reflectivity zone 4 (smaller zones 

were not considered), A tends to be smaller in MCS reflectivity zones 4 and in MCS reflectivity zone 8, A tends to be larger 

than the median of A for the global tropical dataset. However, MCS reflectivity zones 4 and 8 share a wide range of variability 

with MCS reflectivity zones 5, 6 and 7.  Hence, we use the variability of A as a function of temperature (parametrization in 15 

Eq. (13)) to predict the 2nd PSD moment in tropical and mid-latitude MCS. Whereas Eq. (13) retrieves M2 in all type of MCS 

with a good accuracy, a correction is needed for high IWC (Eq. 18).  

Hence, in this study the model of PSD moments presented by Field et al., (2007), has been considerably modified for PSD in 

deep convective cloud systems in order to predict the 3rd moment (M3) from the known 2nd moment (M2), IWC, and temperature 

T. This new parametrization of M3 for deep convective cloud systems and IWC larger than 0.1 g m-3 is given by Eq. (13), Eq. 20 

(18) and Eq. (19). The prediction of M2 (Eq. 18) is more accurate than the prediction of M3 (Eq. 19), when compared with M2 

and M3 directly calculated from the measured PSD. Indeed, the predicted M2 have median relative errors in the range [-25%; 

25%] (corresponds to 25th and 75th percentiles of relative error of M2) with an uncertainty of measured M2 of about 55%. The 

predicted M3 have median relative errors in the range [-40%; 55%] (which corresponds to 25th and 75th percentiles of relative 

error of M3) with an uncertainty of measured M3 of 61%.  25 

Furthermore, we applied on the 4 tropical datasets the method of Field et al., (2007) of PSD rescaling with 2nd and 3rd moments 

of the measured PSD.  

Field et al., (2007) gave for their dataset a parametrized function 2,3 that models rescaled PSD in the tropics as a function of 

the mean diameter (ratio between the 3rd moment and the 2nd moment of the PSD). The calculated rescaled PSD for the 4 

tropical datasets are in good agreement with 2,3 parametrization given by Field et al., (2007) from diameters between 0.3-6 30 

times the mean diameter (dimensionless characteristic size x). Below, 0.3 times the mean diameter, 2,3 of Field et al., (2007) 

tend to overestimate the rescaled PSD and finally underestimate them again below 0.03 times the mean diameter. These 

differences can be explained because of different diameter threshold to calculate the rescaled PSD. In our study, we calculate 

rescaled PSD starting at 15µm (or 55µm; see table 1 and Eq. (25)) while Field et al., (2007) used PSD only beyond 100µm. 

Also for large mean diameters we note significant differences between the rescaled PSD for the dataset of this study and 2,3 35 

parametrization from Field et al., (2007). Indeed, for diameters larger than 6 times the mean diameter, 2,3 of Field et al., 

(2007) decreases rapidly and therefore underestimates the rescaled PSD by about 1 order of magnitude at diameters equal to 

10 times the mean diameter. We do not think that these differences are due to the difference in the cut-off diameter of PSD 

(last available diameter for PSD) which has been 20000µm in Field et al., (2007) against 12845µm in this study. Field et al., 

(2007) used PSD of ice hydrometeors measured in anvils and cirrus clouds while the entire dataset for this study has been 40 

gathered closest to MCS stratiform and convective zones of deep convective systems.  
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This latter fact more likely explains differences between the rescaled PSD of this study and parametrized 2,3 from Field et 

al., (2007). Probably, the underlying dataset for this study contains more large hydrometeors in non-negligible concentrations, 

and related increased statistics on large hydrometeor concentrations. 

The parametrization based on tropical PSD data beyond 15µm seems to degrade parametrization results for largest diameters 

(rescaled concentrations beyond parametrization). We suspect that this is due to very high concentrations of small 5 

hydrometeors in the range 15-55µm in MCS over Maldives Islands, which would finally suggest to recommend 

parametrization for tropical MCS solely based on PSD beyond 50µm, in order to retrieve ice properties in deep convective 

clouds that could serve in NWP.  Moreover, findings in this study suggest to use a range of IWC and temperature T to evaluate 

the efficiency of NWP for deep convective systems, since this study provides a corresponding range of radar reflectivity 

factors, total concentrations, visible extinction, and 2nd and 3rd PSD moments. These quantities can be compared with NWP 10 

output, to target more accurately which parameters are well represented in NWP, and which are not.  

Finally, several findings from this study suggest more investigations on the variability on the relationship between projected 

surface and mass of ice hydrometeors encountered in underlying observations. Indeed, we find that ice “density” is similar as 

a function of T and Z reflectivity ranges in all 4 MCS locations. Hence, this is referring to the possibility to investigate a 

surface-mass relationship in MCS that should be a function of T and Z. Estimating that aerosol loads and corresponding CCN 15 

and IN properties may be more or less different in these four locations (continental aerosol over Africa with a strong influence 

of dust from Sahara, more cleaner troposphere over the Indian ocean, merging of continental and oceanic influences), we 

stipulate the need of investigating  secondary ice production processes, that seem to regulate the concentrations of ice 

hydrometeors beyond 55µm.  
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Appendices A: Tables. 

Table A 1: Percentile of Radar reflectivity factors (Z) in [dBZ], shown in solid line in Figure 1. 

T [K] 1rst [dBZ] 10th [dBZ] 30th [dBZ] 50th [dBZ] 70th [dBZ] 90th [dBZ] 99th [dBZ] 

172,5 -7,00 -3,45 -0,96 0,90 2,83 5,32 11,70 

177,5 -8,33 -5,14 -1,96 0,43 2,81 5,49 8,69 

182,5 -9,44 -5,96 -3,01 -0,56 2,39 5,51 8,92 

187,5 -9,93 -6,66 -4,07 -1,67 1,08 5,33 8,53 

192,5 -10,15 -6,79 -4,14 -1,85 0,63 4,97 8,78 

197,5 -11,08 -6,95 -3,80 -1,06 1,48 5,18 9,24 

202,5 -12,08 -7,53 -3,87 -0,74 2,13 5,37 9,82 

207,5 -13,25 -8,06 -4,00 -0,53 2,69 5,75 10,22 

212,5 -16,88 -8,65 -4,11 -0,44 3,05 6,28 10,66 

217,5 -26,79 -10,67 -4,54 -0,44 3,37 6,93 11,27 

222,5 -30,13 -12,58 -5,21 -0,30 3,88 7,71 12,01 

227,5 -28,30 -13,55 -5,17 0,06 4,61 8,60 12,94 

232,5 -26,65 -13,08 -4,49 0,75 5,54 9,70 14,15 

237,5 -26,54 -11,80 -3,26 2,11 6,76 10,92 15,08 

242,5 -24,53 -10,27 -1,76 3,62 7,96 11,76 15,76 

247,5 -23,78 -8,58 -0,20 5,16 9,13 12,51 15,98 

252,5 -22,15 -6,76 1,64 6,58 10,14 13,17 16,37 

257,5 -22,05 -5,97 3,18 7,89 11,09 13,78 16,86 

262,5 -21,30 -5,83 4,01 8,59 11,44 14,11 17,43 

267,5 -21,90 -5,65 3,89 8,26 11,03 13,72 17,34 

272,5 -20,68 -5,77 2,88 6,86 9,57 12,60 16,66 

277,5 -17,52 -4,84 2,73 6,25 8,90 12,07 16,42 

282,5 -15,52 -6,62 -1,12 2,30 5,03 8,33 15,06 

287,5 -14,40 -7,55 -2,90 0,40 3,18 7,88 38,13 
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292,5 -13,67 -7,94 -4,07 -1,37 1,04 4,55 10,49 

297,5 -12,95 -7,52 -4,00 -1,18 2,90 27,11 42,87 

302,5 -10,98 -4,72 0,81 8,39 14,21 29,74 44,98 
 

 

Table A 2: Ice water content (IWC) in [g m-3] (Figure 5-a) 

MCS RZ T [215;225[ 
T  

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T  

[265;273,15[ 

2 

25th 0,016 0,017 0,016 0,016 0,016 0,016 

50th 0,024 0,024 0,025 0,023 0,025 0,026 

75th 0,029 0,034 0,042 0,033 0,041 0,063 

3 

25th 0,042 0,032 0,031 0,040 0,043 0,052 

50th 0,053 0,052 0,054 0,062 0,070 0,098 

75th 0,062 0,076 0,084 0,093 0,111 0,148 

4 

25th 0,081 0,082 0,090 0,112 0,149 0,136 

50th 0,110 0,119 0,130 0,160 0,212 0,198 

75th 0,138 0,163 0,180 0,216 0,298 0,284 

5 

25th 0,176 0,199 0,221 0,272 0,316 0,246 

50th 0,220 0,261 0,295 0,351 0,413 0,342 

75th 0,276 0,340 0,395 0,454 0,508 0,476 

6 

25th 0,402 0,430 0,476 0,561 0,556 0,479 

50th 0,538 0,572 0,628 0,690 0,701 0,624 

75th 0,662 0,742 0,822 0,818 0,863 0,762 

7 

25th 0,869 0,767 0,994 1,057 1,102 0,928 

50th 1,083 1,069 1,294 1,295 1,402 1,204 

75th 1,365 1,424 1,640 1,704 1,797 1,526 

8 

25th 1,604 1,644 1,951 2,116 2,009 1,443 

50th 1,810 2,051 2,306 2,515 2,268 1,827 

75th 1,998 2,352 2,690 2,907 2,555 2,282 

 

 5 

Table A 3: visible extinction (σ) in [m-1] (Figure 6-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T  

[245;255[ 
T 

[255;265[ 
T 

[265;273,15[ 

2 

25th 0,00047 0,00071 0,00044 0,00045 0,00031 0,00013 

50th 0,00097 0,00112 0,00102 0,00088 0,00078 0,00060 

75th 0,00125 0,00172 0,00169 0,00128 0,00184 0,00413 

3 

25th 0,00253 0,00188 0,00166 0,00140 0,00135 0,00118 

50th 0,00321 0,00262 0,00225 0,00205 0,00226 0,00217 

75th 0,00363 0,00352 0,00316 0,00310 0,00337 0,00453 

4 

25th 0,00521 0,00400 0,00342 0,00355 0,00400 0,00284 

50th 0,00616 0,00529 0,00466 0,00500 0,00542 0,00410 

75th 0,00803 0,00697 0,00640 0,00685 0,00769 0,00762 

5 

25th 0,00978 0,00855 0,00785 0,00765 0,00749 0,00457 

50th 0,01237 0,01101 0,01042 0,01030 0,00997 0,00693 

75th 0,01484 0,01413 0,01348 0,01292 0,01281 0,01223 
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6 

25th 0,01972 0,01674 0,01550 0,01512 0,01169 0,00900 

50th 0,02478 0,02256 0,02088 0,01969 0,01596 0,01173 

75th 0,03040 0,02904 0,02745 0,02387 0,01995 0,01515 

7 

25th 0,03969 0,02892 0,03133 0,02726 0,02393 0,01722 

50th 0,04893 0,04083 0,04149 0,03386 0,03103 0,02404 

75th 0,06096 0,05435 0,05773 0,04571 0,04127 0,03271 

8 

25th 0,06965 0,05976 0,05243 0,05033 0,04139 0,01991 

50th 0,07865 0,07116 0,06944 0,06461 0,05125 0,03443 

75th 0,08871 0,08247 0,08206 0,07942 0,06088 0,04287 
 

Table A 4: Total concentration beyond 15µm (NT) in [L-1] (Figure 8-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 

T 
[265;273,15[ 

2 

25th 3,65E+01 7,73E+01 3,12E+01 2,51E+01 1,25E+01 6,01E+00 

50th 7,41E+01 1,53E+02 8,32E+01 5,03E+01 3,11E+01 4,26E+01 

75th 1,58E+02 3,62E+02 1,73E+02 1,20E+02 6,54E+02 2,14E+03 

3 

25th 1,67E+02 1,11E+02 5,11E+01 3,99E+01 3,24E+01 3,58E+01 

50th 1,91E+02 1,92E+02 8,26E+01 7,46E+01 5,95E+01 7,92E+01 

75th 3,79E+02 4,22E+02 1,42E+02 1,36E+02 1,10E+02 7,41E+02 

4 

25th 2,20E+02 1,56E+02 7,86E+01 6,92E+01 7,37E+01 6,47E+01 

50th 4,65E+02 2,42E+02 1,34E+02 1,22E+02 1,23E+02 1,06E+02 

75th 7,04E+02 5,41E+02 2,33E+02 2,27E+02 2,22E+02 4,02E+02 

5 

25th 6,63E+02 3,07E+02 1,70E+02 1,44E+02 1,19E+02 8,88E+01 

50th 9,67E+02 5,45E+02 2,72E+02 2,10E+02 1,87E+02 2,14E+02 

75th 1,17E+03 9,25E+02 4,39E+02 3,14E+02 3,11E+02 1,37E+03 

6 

25th 1,13E+03 5,70E+02 3,32E+02 2,73E+02 1,71E+02 1,38E+02 

50th 1,40E+03 9,66E+02 5,64E+02 4,74E+02 2,51E+02 2,15E+02 

75th 2,10E+03 1,77E+03 9,09E+02 7,59E+02 3,93E+02 6,93E+02 

7 

25th 2,28E+03 9,57E+02 7,26E+02 6,30E+02 3,37E+02 2,70E+02 

50th 3,40E+03 1,91E+03 1,35E+03 9,98E+02 5,37E+02 5,58E+02 

75th 5,05E+03 3,35E+03 2,45E+03 1,53E+03 8,78E+02 1,10E+03 

8 

25th 6,26E+03 3,08E+03 7,64E+02 7,81E+02 7,63E+02 4,61E+02 

50th 9,55E+03 5,13E+03 1,68E+03 1,96E+03 1,13E+03 8,05E+02 

75th 1,28E+04 7,37E+03 6,09E+03 5,20E+03 1,82E+03 1,99E+03 

 

 

 5 

Table A 5: Total concentration since 50µm (NT 50) in [L-1] (Figure 9-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 

T 
[265;273,15[ 

2 

25th 8,65E+00 1,72E+01 5,24E+00 3,98E+00 1,18E+00 7,57E-01 

50th 2,13E+01 3,21E+01 1,68E+01 9,13E+00 4,49E+00 3,32E+00 

75th 3,99E+01 5,77E+01 3,26E+01 1,90E+01 1,21E+01 4,28E+01 

3 

25th 4,16E+01 3,05E+01 1,35E+01 8,50E+00 4,42E+00 2,18E+00 

50th 4,75E+01 4,70E+01 2,19E+01 1,39E+01 8,82E+00 4,79E+00 

75th 8,35E+01 7,79E+01 3,68E+01 2,60E+01 1,74E+01 2,07E+01 
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4 

25th 6,38E+01 4,66E+01 2,15E+01 1,47E+01 1,02E+01 7,28E+00 

50th 1,05E+02 7,25E+01 3,56E+01 2,78E+01 1,72E+01 1,38E+01 

75th 1,64E+02 1,23E+02 6,21E+01 4,49E+01 3,03E+01 2,46E+01 

5 

25th 1,57E+02 9,14E+01 4,70E+01 3,33E+01 1,83E+01 1,11E+01 

50th 2,06E+02 1,39E+02 7,26E+01 5,66E+01 3,03E+01 2,30E+01 

75th 2,49E+02 2,10E+02 1,14E+02 8,17E+01 4,78E+01 4,39E+01 

6 

25th 2,68E+02 1,55E+02 9,50E+01 7,22E+01 3,00E+01 1,78E+01 

50th 3,28E+02 2,47E+02 1,50E+02 1,06E+02 4,91E+01 2,86E+01 

75th 4,84E+02 4,12E+02 2,34E+02 1,45E+02 7,25E+01 6,47E+01 

7 

25th 5,65E+02 2,49E+02 2,07E+02 1,36E+02 7,20E+01 3,35E+01 

50th 7,83E+02 4,92E+02 3,41E+02 1,90E+02 1,13E+02 9,02E+01 

75th 1,12E+03 8,00E+02 6,20E+02 3,08E+02 1,84E+02 1,74E+02 

8 

25th 1,34E+03 7,26E+02 2,06E+02 1,90E+02 1,82E+02 7,29E+01 

50th 1,82E+03 1,09E+03 3,86E+02 4,01E+02 2,83E+02 1,57E+02 

75th 2,30E+03 1,51E+03 1,31E+03 9,29E+02 4,95E+02 3,10E+02 

 

 

Table A 6: Total concentration since 500µm (NT 500) in [L-1] (Figure 10-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T 

[265;273,15[ 

2 

25th 0,00E+00 1,96E-02 4,08E-02 1,33E-01 8,31E-02 1,68E-02 

50th 5,20E-02 7,23E-02 1,73E-01 3,41E-01 2,86E-01 8,60E-02 

75th 2,05E-01 1,88E-01 4,13E-01 7,27E-01 6,52E-01 3,37E-01 

3 

25th 1,12E+00 4,23E-01 8,37E-01 1,09E+00 8,64E-01 3,57E-01 

50th 1,57E+00 8,68E-01 1,33E+00 1,61E+00 1,40E+00 6,67E-01 

75th 2,03E+00 1,43E+00 1,91E+00 2,22E+00 2,07E+00 1,29E+00 

4 

25th 2,77E+00 1,92E+00 2,26E+00 2,96E+00 2,73E+00 1,67E+00 

50th 3,77E+00 2,73E+00 3,15E+00 3,95E+00 3,91E+00 2,40E+00 

75th 4,54E+00 3,84E+00 4,40E+00 5,06E+00 5,51E+00 3,52E+00 

5 

25th 5,61E+00 5,55E+00 5,71E+00 5,83E+00 5,29E+00 2,82E+00 

50th 7,78E+00 7,26E+00 7,68E+00 7,78E+00 7,19E+00 4,15E+00 

75th 9,34E+00 9,48E+00 1,01E+01 1,02E+01 8,98E+00 6,60E+00 

6 

25th 1,25E+01 1,27E+01 1,19E+01 1,21E+01 9,61E+00 3,83E+00 

50th 1,55E+01 1,60E+01 1,56E+01 1,45E+01 1,24E+01 6,07E+00 

75th 1,97E+01 2,02E+01 2,06E+01 1,74E+01 1,53E+01 9,17E+00 

7 

25th 2,26E+01 2,00E+01 2,41E+01 2,01E+01 1,83E+01 8,29E+00 

50th 2,83E+01 2,65E+01 3,08E+01 2,52E+01 2,42E+01 1,54E+01 

75th 3,34E+01 3,35E+01 3,96E+01 3,44E+01 3,35E+01 2,40E+01 

8 

25th 1,95E+01 2,69E+01 3,35E+01 3,71E+01 2,67E+01 1,06E+01 

50th 2,38E+01 3,75E+01 4,89E+01 4,99E+01 3,73E+01 2,43E+01 

75th 2,85E+01 5,23E+01 7,29E+01 6,87E+01 4,86E+01 3,80E+01 

 

Table A 7: pre-factor  of mass size relationship in [g cm-β] (Figure 12-a). 5 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T 

[265;273,15[ 

2 25th 0,00095 0,00042 0,00053 0,00086 0,00152 0,00114 
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50th 0,00269 0,00099 0,00128 0,00172 0,00341 0,00322 

75th 0,00574 0,00276 0,00320 0,00312 0,00876 0,00809 

3 

25th 0,00092 0,00059 0,00099 0,00149 0,00190 0,00319 

50th 0,00126 0,00115 0,00181 0,00241 0,00341 0,00687 

75th 0,00154 0,00197 0,00299 0,00379 0,00630 0,01077 

4 

25th 0,00142 0,00126 0,00184 0,00250 0,00343 0,00385 

50th 0,00180 0,00198 0,00274 0,00340 0,00505 0,00592 

75th 0,00235 0,00282 0,00404 0,00470 0,00711 0,00826 

5 

25th 0,00195 0,00188 0,00267 0,00333 0,00422 0,00481 

50th 0,00241 0,00258 0,00351 0,00414 0,00562 0,00658 

75th 0,00300 0,00336 0,00455 0,00529 0,00742 0,00950 

6 

25th 0,00189 0,00210 0,00324 0,00419 0,00486 0,00595 

50th 0,00271 0,00285 0,00403 0,00513 0,00625 0,00782 

75th 0,00334 0,00380 0,00492 0,00638 0,00793 0,01014 

7 

25th 0,00163 0,00253 0,00325 0,00466 0,00527 0,00594 

50th 0,00245 0,00351 0,00415 0,00560 0,00637 0,00774 

75th 0,00326 0,00447 0,00517 0,00668 0,00776 0,01077 

8 

25th 0,00214 0,00302 0,00363 0,00405 0,00538 0,00637 

50th 0,00418 0,00485 0,00496 0,00558 0,00712 0,00953 

75th 0,00748 0,00750 0,00679 0,00819 0,01173 0,01886 

 

 

Table A 8: exponent of mass-size relationship β [no dimension] (Figure 11-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T 

[265;273,15[ 

2 

25th 1,67 1,54 1,58 1,66 1,74 1,66 

50th 1,86 1,76 1,78 1,85 1,95 1,93 

75th 2,07 1,96 1,99 2,02 2,21 2,08 

3 

25th 1,80 1,65 1,75 1,79 1,86 1,86 

50th 1,88 1,82 1,91 1,92 2,00 2,08 

75th 1,95 1,96 2,04 2,05 2,17 2,35 

4 

25th 1,90 1,82 1,87 1,91 1,96 1,94 

50th 1,98 1,94 1,99 2,02 2,10 2,10 

75th 2,03 2,04 2,10 2,12 2,22 2,26 

5 

25th 1,99 1,91 1,96 1,97 2,02 2,05 

50th 2,07 2,00 2,06 2,05 2,11 2,16 

75th 2,12 2,08 2,14 2,14 2,21 2,29 

6 

25th 1,91 1,92 2,01 2,04 2,03 2,04 

50th 2,06 2,01 2,09 2,11 2,11 2,16 

75th 2,14 2,11 2,16 2,19 2,20 2,26 

7 

25th 1,86 1,97 1,99 2,06 2,06 2,07 

50th 2,00 2,08 2,08 2,13 2,13 2,15 

75th 2,10 2,17 2,16 2,19 2,19 2,26 

8 

25th 1,93 1,98 1,97 2,01 2,07 2,10 

50th 2,11 2,13 2,08 2,13 2,16 2,21 

75th 2,27 2,25 2,19 2,22 2,29 2,34 
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Table A 9: max(Dmax) in [cm] (Figure 13-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T 

[265;273,15[ 

2 

25th 0,048 0,061 0,090 0,105 0,125 0,105 

50th 0,090 0,095 0,110 0,140 0,195 0,165 

75th 0,120 0,115 0,140 0,195 0,361 0,255 

3 

25th 0,155 0,120 0,145 0,155 0,205 0,245 

50th 0,175 0,145 0,190 0,205 0,310 0,435 

75th 0,195 0,180 0,265 0,295 0,620 0,762 

4 

25th 0,205 0,170 0,195 0,215 0,280 0,332 

50th 0,235 0,212 0,260 0,347 0,525 0,445 

75th 0,265 0,270 0,380 0,615 0,790 0,775 

5 

25th 0,235 0,225 0,265 0,280 0,350 0,415 

50th 0,280 0,280 0,375 0,405 0,625 0,615 

75th 0,340 0,355 0,575 0,685 0,820 0,795 

6 

25th 0,245 0,245 0,310 0,335 0,385 0,475 

50th 0,315 0,310 0,460 0,665 0,625 0,735 

75th 0,395 0,435 0,680 0,880 0,810 0,838 

7 

25th 0,225 0,270 0,325 0,445 0,480 0,557 

50th 0,285 0,397 0,452 0,675 0,675 0,745 

75th 0,375 0,595 0,645 0,846 0,810 0,825 

8 

25th 0,335 0,315 0,395 0,445 0,445 0,455 

50th 0,455 0,480 0,555 0,632 0,595 0,635 

75th 0,665 0,730 0,790 0,825 0,740 0,745 
 

Table A 10: Second Moment of PSD (M2) [m-1] (Figure 14-a). 

MCS RZ T[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T  

[265;273,15[ 

2 

25th 4,33E-04 5,99E-04 3,90E-04 4,41E-04 3,03E-04 1,22E-04 

50th 8,04E-04 9,32E-04 8,67E-04 8,18E-04 7,10E-04 5,50E-04 

75th 9,78E-04 1,37E-03 1,42E-03 1,20E-03 1,57E-03 2,62E-03 

3 

25th 2,26E-03 1,71E-03 1,50E-03 1,36E-03 1,26E-03 1,01E-03 

50th 2,85E-03 2,32E-03 2,03E-03 1,98E-03 2,07E-03 1,83E-03 

75th 3,21E-03 3,08E-03 2,80E-03 2,80E-03 3,01E-03 3,50E-03 

4 

25th 4,59E-03 3,60E-03 3,10E-03 3,30E-03 3,70E-03 2,71E-03 

50th 5,43E-03 4,73E-03 4,17E-03 4,60E-03 4,99E-03 3,72E-03 

75th 6,99E-03 6,10E-03 5,69E-03 6,38E-03 6,91E-03 6,39E-03 

5 

25th 8,78E-03 7,82E-03 7,20E-03 7,11E-03 7,07E-03 4,43E-03 

50th 1,13E-02 9,99E-03 9,56E-03 9,55E-03 9,19E-03 6,49E-03 

75th 1,34E-02 1,27E-02 1,23E-02 1,21E-02 1,17E-02 1,07E-02 

6 

25th 1,79E-02 1,60E-02 1,42E-02 1,40E-02 1,10E-02 8,29E-03 

50th 2,28E-02 2,09E-02 1,95E-02 1,83E-02 1,48E-02 1,06E-02 

75th 2,77E-02 2,66E-02 2,53E-02 2,25E-02 1,85E-02 1,38E-02 

7 

25th 3,57E-02 2,75E-02 2,93E-02 2,57E-02 2,27E-02 1,53E-02 

50th 4,41E-02 3,79E-02 3,86E-02 3,22E-02 2,96E-02 2,21E-02 

75th 5,39E-02 4,94E-02 5,29E-02 4,31E-02 3,95E-02 3,11E-02 
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8 

25th 6,02E-02 5,30E-02 4,92E-02 4,77E-02 3,96E-02 1,85E-02 

50th 6,73E-02 6,39E-02 6,39E-02 6,21E-02 4,95E-02 3,23E-02 

75th 7,41E-02 7,30E-02 7,36E-02 7,53E-02 5,84E-02 4,27E-02 

 

 

Table A 11: Third moment of PSD (M3) in [1] (Figure 15-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T  

[265;273,15[ 

2 

25th 1,29E-07 1,30E-07 1,07E-07 1,43E-07 1,68E-07 5,16E-08 

50th 1,78E-07 2,09E-07 2,29E-07 2,98E-07 3,83E-07 1,92E-07 

75th 2,12E-07 2,98E-07 4,00E-07 5,38E-07 6,36E-07 5,66E-07 

3 

25th 7,85E-07 5,40E-07 6,75E-07 7,36E-07 8,89E-07 7,74E-07 

50th 1,06E-06 8,08E-07 9,69E-07 1,11E-06 1,56E-06 1,92E-06 

75th 1,27E-06 1,08E-06 1,43E-06 1,67E-06 3,59E-06 5,23E-06 

4 

25th 1,85E-06 1,47E-06 1,75E-06 2,15E-06 3,08E-06 2,52E-06 

50th 2,44E-06 1,99E-06 2,43E-06 3,57E-06 5,71E-06 3,98E-06 

75th 3,08E-06 2,80E-06 3,61E-06 5,99E-06 1,13E-05 1,12E-05 

5 

25th 4,13E-06 3,92E-06 4,59E-06 4,80E-06 5,95E-06 5,13E-06 

50th 5,55E-06 5,20E-06 6,64E-06 7,83E-06 1,08E-05 8,69E-06 

75th 7,08E-06 6,84E-06 9,57E-06 1,13E-05 1,93E-05 1,93E-05 

6 

25th 9,42E-06 8,92E-06 9,88E-06 9,93E-06 9,93E-06 8,90E-06 

50th 1,19E-05 1,17E-05 1,45E-05 1,77E-05 1,66E-05 1,75E-05 

75th 1,43E-05 1,51E-05 1,93E-05 2,50E-05 2,54E-05 2,62E-05 

7 

25th 1,66E-05 1,75E-05 1,98E-05 2,51E-05 2,37E-05 1,91E-05 

50th 2,02E-05 2,16E-05 2,63E-05 3,05E-05 3,35E-05 3,28E-05 

75th 2,36E-05 2,71E-05 3,20E-05 3,82E-05 4,24E-05 4,25E-05 

8 

25th 2,07E-05 2,20E-05 2,80E-05 3,13E-05 2,74E-05 1,54E-05 

50th 2,27E-05 2,69E-05 3,29E-05 4,16E-05 3,89E-05 2,84E-05 

75th 2,45E-05 3,21E-05 4,30E-05 5,76E-05 5,22E-05 4,57E-05 

 

 5 

Table A 12: coefficient A in [kg m-2] (Figure 16-a). 

MCS RZ 
T 

[215;225[ 
T 

[225;235[ 
T 

[235,245[ 
T 

[245;255[ 
T 

[255;265[ 
T  

[265;273,15[ 

2 

25th 0,021 0,018 0,018 0,019 0,017 0,019 

50th 0,031 0,025 0,032 0,031 0,041 0,048 

75th 0,042 0,038 0,064 0,054 0,085 0,163 

3 

25th 0,017 0,016 0,018 0,024 0,025 0,029 

50th 0,018 0,023 0,026 0,032 0,037 0,052 

75th 0,020 0,030 0,036 0,041 0,051 0,071 

4 

25th 0,017 0,019 0,023 0,027 0,034 0,037 

50th 0,020 0,025 0,029 0,034 0,042 0,048 

75th 0,021 0,031 0,038 0,043 0,051 0,061 

5 

25th 0,018 0,022 0,026 0,031 0,038 0,038 

50th 0,020 0,026 0,031 0,037 0,045 0,047 

75th 0,023 0,030 0,037 0,045 0,053 0,061 
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6 

25th 0,021 0,024 0,028 0,033 0,042 0,047 

50th 0,023 0,027 0,032 0,037 0,048 0,057 

75th 0,026 0,031 0,038 0,045 0,057 0,069 

7 

25th 0,023 0,025 0,028 0,036 0,041 0,047 

50th 0,024 0,028 0,032 0,040 0,046 0,054 

75th 0,027 0,031 0,038 0,044 0,053 0,064 

8 

25th 0,025 0,029 0,032 0,035 0,041 0,048 

50th 0,027 0,032 0,038 0,039 0,045 0,060 

75th 0,030 0,035 0,045 0,047 0,053 0,080 

 

 

 

 

 5 
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