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A method for convective storm detection using satellite data
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RESUMEN

La humedad y la inestabilidad, en conjunto con un mecanismo de disparo, son las principales claves de 
iniciación y evolución de las tormentas de convección profunda. Los datos satelitales pueden proporcionar 
mediciones indirectas de la inestabilidad y la humedad de una amplia área en cortos periodos de tiempo. En 
este trabajo se estudia la utilización de un método objetivo basado en el uso combinado de técnicas de esti-
mación de convección basadas en satélites. Este método se fundamenta en diferentes técnicas dispuestas en 
wp"gphqswg"ownvkecrc"fg"fkhgtgpvgu"ectcevgt‡uvkecu"eqpxgevkxcu."eqp"gn"qdlgvkxq"fg"guvtcvkÝect"wp"vqrg"pwdquq0"
Ug"kpxguvkicp"nqu"ecpcngu"kphtcttqlq"*KT+"fg"320:"たo"{"fg"xcrqt"fg"ciwc"fg"804"たo"fg"Ogvgqucv"ugiwpfc"igpg-
ración (MSG) junto con la temperatura de la tropopausa proporcionada por un modelo numérico. Se aplican 
el umbral, diferencias de brillo de temperatura y tendencias en el tiempo a la información disponible, de lo 
cual resulta un producto de cinco capas que destaca las áreas de diferentes actividades de convección. Este 
ofivqfq"fg"guvtcvkÝecek„p"oquvt„"itcp"ecrcekfcf"rctc"gxcnwct"oglqt"nc"eqpxgeek„p"hwgtvg"gp"eqorctcek„p"
eqp"ncu"vfiepkecu"oƒu"ukorngu"eqoq"KT"fg"hcnuq"eqnqt."{"hwg"gurgekcnogpvg"gÝekgpvg"rctc"kfgpvkÝect"nc"efinwnc"
de convección fuerte en un área grande con varios focos convectivos. Se llevó a cabo un análisis de valida-
ción utilizando datos de radar y de rayos, lo cual demuestra que este enfoque es muy útil para distinguir los 
casos fuertes de los débiles desde las primeras horas mediante la selección de patrones convectivos sutiles 
solamente presentes en tormentas severas. Los pequeños cambios en la evolución de la tormenta también se 
crtgekctqp"oglqt"gp"nqu"tguwnvcfqu"cttqlcfqu"rqt"guvg"ofivqfq."nq"ewcn"hceknkvc"uw"kfgpvkÝecek„p0"Cfgoƒu"ug"
observaron algunas incertidumbres, probablemente debido al gran ángulo de visión, lo cual demuestra que 
la técnica derivada de las bandas espectrales del MSG tiene buena precisión para el estudio de los grandes 
sistemas convectivos en la región austral de Sudamérica.

ABSTRACT

Moisture and instability, along with a triggering mechanism, are the main keys of deep convective storms 
initiation and evolution. Satellite data can provide indirect measurements of instability and moisture of a 
wide area in short periods of time. This paper studies the use of an objective method based on a blended use 
of multiple satellite-based convection estimation techniques. This method is based on different techniques 
arranged in a several layers approach of different convective features, aiming to stratify a cloud shield. Me-
vgqucv"Ugeqpf"Igpgtcvkqp"*OUI+"kphtctgf"*KT+"320:"たo"cpf"ycvgt"xcrqt"*YX+"804"たo"ejcppgnu"ctg"gzrnqtgf"

Æ"4238"Wpkxgtukfcf"Pcekqpcn"Cwv„pqoc"fg"Ofizkeq."Egpvtq"fg"Ekgpekcu"fg"nc"Cvo„uhgtc0" 
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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together with tropopause temperature information provided by a numerical model. Threshold, brightness 
vgorgtcvwtg"fkhhgtgpegu"*DVF+."cpf"vkog"vtgpfu"ctg"crrnkgf"vq"vjg"kphqtocvkqp"cxckncdng"tguwnvkpi"kp"c"Ýxg"
nc{gtu"rtqfwev."jkijnkijvkpi"ctgcu"qh"fkhhgtgpv"eqpxgevkxg"cevkxkvkgu0"Vjku"enqwf"ujkgnf"uvtcvkÝecvkqp"ogvjqf"
showed a great ability to better evaluate strong convection when compared with simpler techniques such as 
IR false color, and was especially useful to better identify the strongest convective cell in a large area with 
several convective outbreaks. A validation analysis was conducted using radar and lightning data, showing 
that this approach is very helpful in distinguishing very strong cases from weaker ones by pointing out subtle 
convective patterns only present in severe storms. Also, small changes in storm evolution were more pro-
nounced in the method output. Besides some uncertainties that were observed, likely due to the large viewing 
angle, techniques derived from MSG spectral bands displayed good accuracy in studying large convective 
systems in the South America southern region.

Keywords: Deep convection, satellite, mesoscale convection system.

1. Introduction

In severe weather forecasting, one of the most im-

rqtvcpv"uvgru"ku"vq"kfgpvkh{"gzkuvkpi"eqpxgevkqp"cpf"
its evolution. Some features of convective clouds, 

uwej" cu" tckphcnn" kpkvkcvkqp." ctg" fkhÝewnv" vq" rtgfkev"
because of highly nonlinear dynamic processes 

occurring during short time scales over which 

convection evolves (Mecikalski and Bedka, 2006). 

Regarding the formation and evolution of deep 

convective storms, moisture and instability are 

the main keys followed by a lifting process that is 

eqppgevgf"vq"nqy/ngxgn"eqpxgtigpeg0"Vjg"fgÝpkvkqp"
of conditional instability can be found in Emanuel 

(1994) or Glickmann (2000). Any tool used to eval-

uate deep moist convection must have these three 

key parameters present.

Although the contribution of radar systems to me-

vgqtqnqi{"ku"engct."vjgkt"ghÝekgpe{"cpf"wucig"fgetgcug"
with increasing range. In countries lacking satisfacto-

t{"tcfct"eqxgtcig"qt"ykvjqwv"c"wpkÝgf"pgvyqtm"*g0i0."
Brazil), other observations tools, among which sat-

ellites are the most important, remain to be the main 

data source to perform weather analysis. Satellite 

kocigt{"cnnqyu"gzvtcevkqp"qh"xcnwcdng" kphqtocvkqp"
of the atmosphere across a wide area and over short 

time intervals, and an automated analysis algorithm 

can more accurately identify deep convective storms 

of potential hazard.

As discussed by Doswell (1987), the problem 

qh"hqtgecuvkpi"eqpxgevkqp"Ïkp"vjg"eqpvgzv"qh"nctig/
scale processes— is in part due to the association 

between large-scale systems and mesoscale deep 

moist convection. A forecaster must be able to 

diagnose the structure of the troposphere and to 

forecast changes resulting from thermal and mois-

vwtg" cfxgevkqp." cnqpi"ykvj" xgtvkecn"oqvkqp" Ýgnfu"

(Johns and Doswell, 1992). Satellite data is the 

only operationally available dataset that provides 

an indirect measure of stability and moisture with 

high spatial resolution over a large domain (Roberts 

and Rutledge, 2003).

Multispectral satellite analysis has demonstrated 

an important role in increasing understanding of con-

vective storm-top properties. Different infrared (IR) 

bands, and combinations between them, have been 

used to evaluate cloud phase, storm-top height and 

qvjgt"hgcvwtgu"uwej"cu"eqnf/W1X"ujcrg"*Jg{ouÝgnf"
and Blackmer, 1988; Schmetz et al., 1997; Setvak 

et al., 2010). Estimations of instability and moisture 

along with other deep convective storm characteris-

tics are some of the features that can be assumed with 

different techniques applied to the whole Meteosat 

Second Generation (MSG) Spinning Enhanced Visi-

dng"cpf"Kphtctgf"Kocigt"*UGXKTK+"ycvgt"xcrqt"*YX+"
and IR spectral bands.

Once the storm initiates, tracking and monitor-

ing its features within the initial hours is crucial to 

minimize the related damage via increasing warning 

lead times. The problem is that traditional satellite 

instruments only observe the uppermost cloud tops, 

revealing no information about the internal structure 

of the storm (Setvak et al., 2008). Taking full advan-

tage of the high temporal sampling of MSG and its 

wide gamma of spectral channels, particularly the 

vjtgg"ejcppgnu"804."905."320:"たo."oc{"dg"xkgygf"cu"
a measure of convective activity.

This work had the objective to evaluate the usage 

of different techniques and variations to diagnose 

deep moist convection (such as mesoscale convec-

tive systems [MCSs]) formation and evolution over 

the southern South America region. An objective 

methodology, using different techniques arranged in 
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a multi-layered approach to better evaluate areas of 

singular convection intensities, estimated instability 

and indirectly evaluated updrafts. This methodolo-

gy is based in an MSG multi-channel approach in 

order to stratify cloud shield and highlight regions 

of different convective characteristics in a way that 

a single imager reveals a wealth of information. To 

perform this task, this methodology is derived from 

differences of satellite channels, temperature trends, 

and available very short range forecast models, us-

ing different parameters. Combining the parameters 

used to diagnose different convective patterns, it is 

rtqrqugf"vjcv"cp"kpfgz"ecp"jgnr"hqtgecuvgtu"vq"ocr"
and analyze short range variations in a convective 

cloud cluster (e.g., MCS).

2. Data and methods

In order to better understand deep moist convec-

tion, some techniques of analysis have been used 

to identify or estimate different patterns in satellite 

images, such as initiation, cloud top glaciation, 

cold-U/V shape, and overshooting tops (Petersen et 

al., 1984; Guang and McFarlane, 1991; Morel and 

Senesi, 2002; Roberts and Rutledge, 2003; Setvak 

et al., 2003; Holloway and Neelin, 2007; Zinner et 

al., 2008; Bedka et al., 2010; Coning et al., 2010; 

Bedka, 2011; Mahovic and Mikus, 2011; Matthee 

and Mecikalski, 2013). Simple techniques, such as 

a nearest neighbor average or time trends, can show 

important information that highlight subtle features 

of severe weather.

2.1 Meteosat second generation (MSG) satellite 

data

This study has the MSG-10 satellite as its main source 

of data, and uses different techniques of analysis 

crrnkgf"vq"OUI"KT"320:"cpf"YX"804"たo channels 

gzrnqtkpi" vjg" fkhhgtgpv"yc{u" vjcv" dqvj" ejcppgnu"
interpret deep moist convection, especially in the 

high levels of the troposphere to the low levels of 

the stratosphere. MSG data is provided by the Lab-

oratório de Análise e Processamento de Imagens de 

Satélites (Laboratory of Analysis and Processing of 

Satellite Images, LAPIS) (http://www.lapismet.com).

The MSG-10 is equipped with a high-resolution 

imaging radiometer in the visible and infrared chan-

nels (the SEVIRI), consisting of 11 channels with a 

spatial resolution of 3 km and one channel of 1 km 

spatial resolution, and a temporal resolution of 15 min. 

The MSG-10 coverage area can be seen in Figure 1. 

Each SEVIRI band highlights a particular microphys-

ical characteristic of the deep moist convection. The 

UGXKTK"xkukdng"dcpfu"*208"cpf"20:"たo+"ctg"ecrcdng"qh"
estimating optical thickness, amount of cloud water 

cpf"keg."yjkng"vjg"pgct"kphtctgf"dcpf"*308"たo) ob-

serves the cloud-top temperature, particle size, shape, 

cpf"rjcug0"UGXGTK"YX"ejcppgnu"*804"cpf"905"たo+ 
can estimate cloud-top temperature and contents 

of water vapor in two distinct layers of the atmo-

urjgtg0"KT"ejcppgnu"*50;.":09.";09."320:"cpf"34"たo+ 
can give a good estimation of cloud-top tempera-

ture during day and night, essential for cloud sys-

tem-recognition. SEVERI is also equipped with a 

MSG 10 coverage area
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Fig.1. Meteosat second generation (MSG-10) coverage area (left) and area of interest (right).
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high-resolution (1 km) visible channel (HRV) that 

provides cloud and land surface imagery in great 

detail. The thermodynamic environment favorable 

for intense convection is usually created via synop-

tic-scale and sub-synoptic-scale processes, which 

oc{"dg"fkcipqugf"wukpi"YX"kocigt{0"Vjku"ejcppgn"
can also provide information about the amount of 

water in the upper levels of the troposphere, and 

sometimes is better than IR or visible (VIS) imagery 

to detect deep moist convection. The IR channel can 

measure cloud-top temperature and obtain informa-

tion to estimate cloud-top height.

2.2 Numerical model data

A comparison between satellite cloud-top tempera-

ture and tropopause temperature is an important step 

in the algorithm that will be fully described later 

in this paper. This algorithm is intended to be used 

operationally throughout the MSG-10 coverage area. 

For better results, a numerical model of high perfor-

mance and with good spatial and temporal resolution 

is needed. The Global Forecast System (GFS) model 

(https://www.ncdc.noaa.gov/data-access/model-data/

model-datasets/global-forcast-system-gfs) has global 

coverage with 0.5º horizontal resolution, equally 

spaced in longitude/latitude with a 3-h forecast inter-

val integrated out to 180-h, cycled 4X/day. Changes 

are regularly made to the GFS model to improve its 

performance and forecast accuracy. Additionally, 

gridded data are freely available for download. For 

these purposes, tropopause information is provided 

by the GFS model and is used with the nearest time 

period in reference to the satellite image.

To investigate the performance of the proposed 

algorithm in highlighting the intensity of large deep 

convective storms, it was put to test through many 

MCS case-studies. To understand the environment 

where the selected MCSs cases developed, select 

model variables were analyzed: total column water 

xcrqt."W"cpf"X"eqorqpgpvu"qh"vjg"vqvcn"ykpf."urgekÝe"
humidity and pressure reduced to mean sea level.

2.3 Observational data

For validation purposes, a lightning dataset from 

the Vaisala Global Lightning Dataset GLD 360, and 

weather radar PPI images obtained with a 0.5º ele-

vation angle were used. Radar data were collected 

by two different radar systems owned by the Sistema 

Meteorológico do Paraná (Paraná Meteorological 

System, SIMEPAR) (http://www.simepar.br) and 

installed in the Paraná state in southern Brazil.

2.3 McIDAS-V/ Python

All data used in this work were integrated using the 

McIDAS-V software (https://www.ssec.wisc.edu/

mcidas/) or in a pure Python environment using the 

Geospatial Data Abstraction Library (GDAL, avail-

able online at http://www.gdal.org/). Both software 

packages are capable of handling MSG-10 raw data 

without a pre-processing step. This approach is aimed 

to get the more accurate applicability depending 

on the purpose. The McIDAS-V routine can be use 

to manipulate real time data and can also store the 

rtqfwevÓu"Ýpcn"qwvrwv"kp"kocig"hqtocv"*RPI."LRGI."
or GIF), while the Python algorithm provides gridded 

fcvc"kp"vjg"hqto"qh"c"pgv"EFH"Ýng"cu"c"tguwnv0
OeKFCU/X"ku"vjg"Ýhvj"igpgtcvkqp"qh"Ocp/eqo-

puter Interactive Data Access System (McIDAS) 

software developed by the Space Science and En-

ikpggtkpi"Egpvgt"*UUGE+"qh"vjg"Wpkxgtukv{"qh"Yku-
consin-Madison. This software is open source and 

capable of displaying weather satellite (including 

hyperspectral) and other geophysical data in two 

and three dimensions. It can also analyze and ma-

nipulate data with built-in mathematical functions 

and scripting. This ability allowed for algorithms 

vjcv"ocpkrwncvgf" cpf" eqodkpgf"fkhhgtgpv"Ýgnfu" qh"
satellite imagery and model forecasts, such as the 

temperature difference technique.

2.4 Algorithm description and background

The tools presented above have the objective of ana-

lyzing a deep convection storm with great detail. The 

KT"320:"たo,"YX"804"たo, and numerical weather pre-

fkevkqp"*PYR+"Ýgnfu"ctg"ocpkrwncvgf"cpf"eqodkpgf"
kpvq"Ýxg"rctcogvgtu."fkxkfgf"kpvq"vyq"ngxgnu."kp"qtfgt"
to better identify regions of deep convection. These 

parameters can be analyzed distinctively, highlighted 

qt"eqodkpgf"kpvq"cp"kpfgz"vjcv"ku"wugf"vq"encuukh{"vjg"
storms. A scheme of the approach is presented in 

Figure 2 with each step being represented by a col-

qthwn"dqz<"fcvc"kpiguvkqp"*itggp+."rtkoct{"rctcogvgtu"
(blue), and secondary parameters (red).

Vjg"Ýtuv"vcum"ycu"vq"ejqqug"c"vjtgujqnf"kp"yjkej"c"
rkzgn"uvctvu"vq"dg"ejctcevgtk¦gf"cu"etkvkecn0"Vcdng"K"tg-
veals the different brightness temperature thresholds 

that have been used as critical thresholds in other stud-

ies related to deep moist convection, or convective 
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features. There is no consensus on which tempera-

ture threshold should be used in these large severe 

uvqtou" uvwfkgu0"Cnvjqwij" vjku" fkxgtigpeg" gzkuvu."
satellite data suggest that highly super cooled water 

frequently occurs below the 243 K threshold, which 

indicates strong convective updrafts are present and 

are consistent with vigorous continental convective 

storms. High-altitude measurements, using an aircraft 

equipped with cloud-microphysics instrumentation 

showed supercoiled liquid water at temperatures 

crrtqcejkpi"455"M"*Tqugphgnf"cpf"Yqqfng{."4222+0"
This indicates that to detect a highly-developed cloud 

top with only ice crystals, 233 K is a safe threshold. 

Since the objective of the present work is to detect 

very severe cases, a threshold of 233 K is chosen in 

the algorithm as a lower limit (Fig. 2-Ia). Therefore, 

rkzgnu"ykvj"KT"320:"たo"ejcppgn"vgorgtcvwtgu"yctogt"
vjcp"455"M"ctg"gzenwfgf"yjkng"eqnfgt"vgorgtcvwtg"
rkzgnu"ctg"ugv"cu"vjg"Ýtuv"rctcogvgt0

Vjg"pgzv"uvgr" ku"dcugf"qp"cpqvjgt" vgejpkswg"qh"
deep moist convection detection. The brightness 

vgorgtcvwtg"fkhhgtgpeg"*DVF+"dgvyggp"vjg"YX"cpf"
KT"ejcppgnu"*YX"804"たo"Î"KT"320:"たo+"ku"uwrrqtvgf"
by the fact that as the top of a vertically developed 

cloud approaches the tropopause, it blocks radiation 

from the troposphere that attempts to escape into 

space. The radiation at the top of the atmosphere can 

be considered as the radiation from the cloud top and 

from the stratosphere. One of the main characteris-

tics of the stratosphere is the positive variation of 

temperature with height. This is more pronounced in 

vjg"YX"vjcp"kp"vjg"KT"ejcppgn"dgecwug"qh"vjg"nctigt"
strength of the absorption bands. The actual differ-

ence between the brightness temperatures depends on 

the actual height of the cloud top and on the amount 

qh"uvtcvqurjgtke"YX"*Uejogv¦"et al., 1997). Positive 

values of this difference are considered as deep moist 

convection (Setvak et al., 2007). This temperature 

difference can be higher by as much as 6-8 K. Setvak 

et al. (2007) used 1 km MODIS data and determined 

YX"Î"KTY"DVF"kp"vjg"tcpig"qh"6"vq"9"M"cu"c"iqqf"
indicator of overshooting above the coldest cloud 

tops. Since the methodology described in this work 

does not aim to detect overshooting tops, but instead 

delimits regions of deep moist convection, positive 

YX"Î"KT"DVF"rkzgnu"ctg"mgrv"cu"vjg"ugeqpfct{"rc-
rameter (Fig. 2-Ib).

In one of the basic processes of convection, an 

air parcel reaches its equilibrium level (EL) when 

the temperature of the parcel is equal to the air tem-

perature around it. In cases of deep moist convection, 

this level can be near the tropopause. The surrounding 

anvil cloud has been shown to have temperatures 

at or near that of the tropopause level (Adler et al., 

1985). From the EL, if the parcel continues to ascend, 

temperatures will be colder than the ambient tempera-

tures, resulting in the coldest temperatures of a cloud. 

Ykvj"uvtqpi"wrftchvu."vjg"vqr"qh"c"enqwf"ecp"tgcej"qt"
gxgp"gzeggf"vjg"vtqrqrcwug0"Cu"vjg"vjktf"rctcogvgt."
a new comparison of temperatures is made based on 

vjg"KT/vgzvwtg" vgejpkswg"rtqrqugf"d{"Dgfmc"et al. 

(2010). This technique compares the temperatures of 

vjg"KT"320:"たo"ejcppgn"rkzgnu"ykvj"vtqrqrcwug"vgo-

perature outputs from numerical weather prediction 

Table I. Different studies and their critical cloud-top 

temperature thresholds.

Author Critical threshold (K)

Ocffqz"*3;:2+ 241 and 221
Velasco and Fritsch ( 1987) 233 and 211
Anderson and Arritt (1998) 221
Machado and Rossow (1993) 252 and 206
Bedka (2010) 225

I)

a)

a)

b)

b)

c)

II)

MGS

IR 10.8 <

233 k
WV-IR > 0

(BTD WV–IR > 4) u (IR – NWP < –6)

∆(BTD WV–IR > 0) > 3

IR – NWP < –2

NWP – GFS
▪ Band 5 – WV 6.2 ▪ Tropopause Temp.
▪ Band 9 – IR 10.8

Hki0"40"UvtcvkÝecvkqp"crrtqcej"cniqtkvjo"uejgog0"Eqnqt"
dqzgu"tgrtgugpvkpi"gcej"uvgr<"fcvc"kpiguvkqp"*itggp+."rtk-
mary parameters (blue), and secondary parameters (red). 

Itc{"dqz"K"tgrtgugpvu"cnn"vjg"rtkoct{"rctcogvgtu<"*c+"KT"
10.8 たo"vgorgtcvwtgu"eqnfgt"vjcp"455"M="*d+"YX"2084たo, 

and IR 10.8 たo BTD positive values; (c) IR 10.8 たo at 

least 2 K colder than tropopause temperature information. 

Itc{"dqz"KK"tgrtgugpvu"cnn"ugeqpfct{"rctcogvgtu<"*c+"DVF"
YX"Î"KT"jkijgt"vjcp"6"M"ukownvcpgqwun{"vq"rkzgnu"yjgtg"KT"
is at least 6 K colder than the tropopause temperature: (b) 

time step comparison showing BTD at least 3 K warmer.
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fcvc"*KT"Î"PYR+0"Kp"vjgkt"yqtm."Dgfmc"et al. (2010) 

kpenwfgf"PYR"vtqrqrcwug"vgorgtcvwtg"kphqtocvkqp"
vq"gpuwtg"vjcv"c"ikxgp"rkzgn"ku"kpfggf"ÐqxgtujqqvkpiÑ"
the tropopause. For the approach described here, only 

rkzgnu"ykvj"KT"vgorgtcvwtg"cv"ngcuv"4³"M"eqnfgt"vjcp"
the tropopause temperature are kept (Fig. II-Ic). It is 

korqtvcpv"vq"pqvg"vjcv"vjku"PYR"Ýgnf"ycu"tgocrrgf"
to the resolution and projection of the corresponding 

satellite imagery so that a tropopause temperature 

ku" cuuqekcvgf"ykvj" gxgt{" ucvgnnkvg" rkzgn0"Cnvjqwij"
there are some concerns about the information of 

the physical processes provided by this temperature 

difference, it can give a satisfying estimative of the 

presence of deep moist convection.

Vjg"Ýtuv"vjtgg"uvgru"ctg"eqpukfgtgf"cu"vjg"ockp"rc-
rameters. The other two secondary level parameters, 

based on temperature trends and critical values, are 

added to give more information on a single image. 

Vjg"Ýtuv"rctcogvgt"qh"vjg"ugeqpf"ngxgn"ku"vjg"fgnko-

kvcvkqp"qh"rkzgnu"vjcv"ujqy"jkij"eqpxgevkxg"cevkxkv{"
guvkocvgf"d{"dqvj"DVF"YX"Î" KT" cpf" KT"Î"PYR"
techniques (Fig. 2-IIa). This step highlights areas 

vjcv"rtgugpv"rkzgnu"ykvj"rqukvkxg"xcnwgu"qh"vjg"DVF"
YX"Î"KT"jkijgt"vjcp"6"M"ukownvcpgqwun{"ykvj"rkzgnu"
where IR is at least 6 K colder than the tropopause 

temperature. These thresholds were chosen because, 

cu"uvcvgf"gctnkgt."fkhhgtgpegu"qh"YX"Î"KT"jkijgt"vjcp"
4 K can be a good indicator of an overshooting top, 

and because IR tops 6 K colder than the tropopause 

would imply a difference of height between ~0.6 

to ~0.9 km, once its temperature decreases near 

the moist adiabatic lapse rate of 6.5 K/km. The last 

parameter of the approach is a comparison between 

vjg"YX"Î"KT"qh" vjg"gctnkguv" kocig"cpf" vjcv"qh" vjg"
previous one (Fig. 2-IIb). This time step comparison 

octmu"rkzgnu"vjcv"cntgcf{"jcf"rqukvkxg"xcnwgu"qh"YX"
Î"KT."cpf"kp"vjg"pgyguv"kocig"vjg"DVF"ku"cv"ngcuv"5"
K warmer, which would indicate a noticeable change 

in only 15 minutes.

2.5 Test phase (satellite observations and analysis 

of 24 severe storms)

The present diagnostic tool was tested in events 

of MCSs. These storms are one of the largest and 

most intense systems occurring in South America. 

According to Velasco and Fritsch (1987), Laing 

and Fritsch (1997), Machado (1997), Tsakraklides 

and Evans (2002), Brooks et al. (2003), Salio and 

Nicoline (2006), Zipster et al. (2006), and others, the 

region between 20 and 40º S (Fig. 1) is a preferred 

site of formation of these MCSs. This region was 

vjgp"ejqugp"cu"vjg"ctgc"qh"kpvgtguv."fwtkpi"vjg"Ýtuv"
four months of the warm season, from September 

to December, between 2010 and 2014. The cases 

selected were according to the SCM definition, 

large areal coverage and the presence of cloud-top 

temperatures colder than 205 K in at least one life 

stage. Selected MCSs were analyzed in their stages 

qh"itgcvguv"xctkcvkqp<"kpkvkcvkqp."oczkowo"kpvgpukv{."
and dissipation. The initiation stage spans from the 

rgtkqf"yjgp"vjg"Ýtuv"uvqtou"fgxgnqr"vq"vjg"rgtkqf"kp"
yjkej"vjg"rjgpqogpqp"eqwnf"dg"rtkoctkn{"encuukÝgf"
cu"cp"OEU0"Vjg"uvcig"qh"oczkowo"kpvgpukv{"ku"ugv"
around the period in which the storm has the largest 

ctgc"qh"rkzgnu"eqnfgt"vjcp"427"M"guvkocvgf"d{"vjg"KT"
320:"たo"ejcppgn0"Vjg"uvcig"qh"fkuukrcvkqp"ku"fgÝpgf"
as the period in which the storm intensity decreases 

wpvkn"kv"ecp"pq"nqpigt"dg"encuukÝgf"cu"cp"OEU0

3. Analysis and results

3.1 Brief case description

A total of 24 MCSs cases were analyzed. All cases 

rtgugpvgf" nkhg" e{engu"ykvj" ukipkÝecpv" fkhhgtgpegu"
in the total period of activity. On average, the total 

time of duration was 24 h. It is important to note 

that, in this study, the life cycle was considered as 

vjg" vkog"dgvyggp" vjg"Ýtuv" uvqtou"crrgctcpeg"wpvkn"
total dissipation. According to size and shape, once 

storms reached the minimum criterion of intensity, 

they were divided into two subcategories: mesoscale 

eqpxgevkxg"eqorngzgu"*OEE+."ykvj"c"pgctn{"ektewnct"
shape appearance on satellite imagery, and persistent 

elongated convective systems (PECS), that presented 

a more elongated cloud shield. On average, the prima-

ry location of storm development was in northern Ar-

gentina, and dissipation occurred in southern Brazil. 

During the storm initiation stage, major differences 

were noted in the ambient environment, especially 

kp"vjg"ogcp"ugc/ngxgn"rtguuwtg"Ýgnf"cpf"lgv"uvtgco"
location. Figure 3 illustrates a comparison of the 

state of the atmosphere between 2 cases, October 14, 

2010 and November 28, 2010. Both cases initiated in 

northern Argentina and displayed major differences 

between a weaker and a stronger case observed in 

vjg"ecug"ugngevkqp"ugtkgu0"C"ygnn/fgÝpgf"nqy"rtguuwtg"
center was present in both stronger and weaker cases, 

located near the border between Argentina, Paraguay 

and Bolivia (Fig. 3). In the more severe case, a high 
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pressure center was observed south of South America 

increasing the pressure gradient, and the induced 

Þqy"eqpvtkdwvgf"vq"eqpxgtigpeg"cv"nqy"ngxgnu"pgct"
the storm formation point, which was at the border 

dgvyggp"vjg"vyq"rtguuwtg"u{uvgou0"Cnuq."vjg"urgekÝe"
jwokfkv{"Ýgnf"ujqyu"c"oqkuv"cvoqurjgtg"pgct" vjg"

location of storm formation, with magnitudes around 

16 g kmÎ3. Other well observed differences included 

the position and establishment of a subtropical high 

level jet (SHLJ). In stronger cases, a strong and well 

established high level jet stream was present while 

weaker cases displayed a weaker jet stream.

3.2 Output visualization

Vjg"cniqtkvjo"qwvrwv"kocig"ku"c"tguwnv"qh"Ýxg"fkhhgtgpv"
parameter combinations (Fig. 4). Each parameter 

is an increasingly stringent criterion of convection 

kpvgpukv{0"Vjg"Ýtuv" rctcogvgt" ku" gpjcpegf" wukpi" c"
itc{" ujcfg" eqnqt" dct0"Vjgug" rkzgnu" ctg" eqpukuvgpv"
with deep convection without losing the cloud shield 

shape information. Blue to green shades represent 

rqukvkxg"DVF"YX"Î"KT"xcnwgu."cpf"ckou"vq"gxcnwcvg"
the intrusion of moisture in the upper layers during 

vjg" qeewttgpeg" qh" ugxgtg" eqpxgevkqp0" KT" Î"PYR"
vgorgtcvwtg"fkhhgtgpegu"eqnfgt"vjcp"Î4"M"ctg"jkij-

lighted with yellow to orange shades, being able to 

estimate regions with strong updrafts and implicitly 

suggesting an idea of height reached by the top of the 

cloud, since it presents colder temperatures compared 

vq"vjg"vtqrqrcwug0"Kpukfg"c"dncem"eqpvqwt."c"rkzgn"ku"
presented which shows a positive variation greater 

vjcp"5"M"kp"tgikqpu"yjgtg"vjg"DVF"YX"Î"KT"ycu"cn-
ready positive in the previous image, consistent with 

a rapidly intensifying convective activity. Surrounded 

by a purple line is the region of greatest convective 

cevkxkv{"d{"dqvj"YX"Î"KT"cpf"KT"Î"PYR"vgejpkswgu0"

2010/10/14 06:00Z

6 8 10 12 14 16 18 20 g/km

2010/11/28 12:00Z

Fig. 3. Comparison between the atmosphere state in weak-

er (October 14, 2010) and more intense (November 28, 

2010) cases. The top two images are the mean sea-level 

rtguuwtg"Ýgnfu"*kp"jRc+."cpf"vjg"dqvvqo"kocigu"ctg"wr-

per-level jet stream winds (m sÎ3+"cpf"urgekÝe"jwokfkv{"
(g kmÎ3).

Hki0"60"Hkpcn"qwvrwv"qh"vjg"uvtcvkÝecvkqp"ogvjqf"fguetkdgf"kp"
this paper.
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This arrange of parameters allows the analysis of a 

cloud shield by layers, providing more information 

kp"c"ukping"kocig0"Vjku"cniqtkvjo"ecp"dg"gzrnqkvgf"vq"
monitor small regions that present high convective 

activity throughout the lifetime of the phenomenon, 

giving better results compared with more common 

techniques (e.g., IR false colors).

505" UvtcvkÝecvkqp" cpcn{uku" algorithm applied to 

SCM cases

In general, all the parameters in the proposed ap-

proach were representative according to their ob-

jectives. In all of the storms analyzed, in addition 

vq" vgorgtcvwtgu">"455"M"hqt" vjg"320:"たo"ejcppgn."
rqukvkxg"YX¦"Î"KT"fkhhgtgpegu"ygtg"tgrqtvgf0"Cu"gz-

pected, more intense cases showed higher values. The 

eqorctkuqp"qh"vjg"KT"Î"PYR"rctcogvgt"ycu"qdugtxgf"
kp"cnn"ecugu."gzegrv"qpg."cpf"jcf"nctig"xctkcdknkv{"kp"
areal coverage from case to case. Time-step analyses 

qh"rqukvkxg"xcnwgu"qh"YX"Î"KT"ygtg"rtgugpv"ockpn{"kp"
vjg"uvcigu"qh"kpkvkcvkqp"cpf"oczkowo"kpvgpukv{0"Vjku"
behavior made the absence of this parameter to be 

vjg"Ýtuv"guvkocvkqp"qh"nqug"qh"kpvgpukv{0"Vjg"rctcogvgt"
for stronger convective activity evaluated by both the 

YX"Î"KT"cpf"KT"Î"PYR"vgejpkswgu."rtgugpvgf"nctig"

variability in occurrence and area. This routine anal-

ysis was very useful as a diagnostic and prognostic 

tool for the following few hours of the MCS. Figure 5 

knnwuvtcvgu"vjg"uvtcvkÝecvkqp"cpcn{uku"crrnkgf"kp"ecugu"
of varying intensities. More intense cases devel-

oped from fast growing and stronger updraft cores, 

resulting in rapid appearances of all parameters. In 

less severe cases, each parameter evolved slower 

and sometimes with the absence of some parameters.

Vjg"eqpÝiwtcvkqp"kocigu"qh"fkhhgtgpv"rctcogvgtu"
help to identify the stages visually, not requiring 

hwtvjgt"cpcn{uku"uwej"cu"rkzgn"eqwpv"qh"egtvckp"vgo-

rgtcvwtg"vjtgujqnfu0"Fwtkpi"vjg"uvcig"qh"oczkowo"
convection activity, the size and value of each pa-

rameter proved to be good indicators of differences 

in intensity from one case to another. The combined 

cpcn{ugu"qh"YX"Î"KT"cpf"KT"Î"PYR"ujqygf"pqvcdng"
fkhhgtgpegu"kp"uk¦g"dgvyggp"gzvtgog"cpf"nguu"ugxgtg"
cases. Figure 6 shows the difference in the visual-

k¦cvkqp"qh"c"oczkowo"kpvgpukv{"uvcig"qeewttkpi" kp"
Fgegodgt"39."4236."d{" vjg"uvtcvkÝecvkqp"crrtqcej"
algorithm and the IR false color technique.

The evolution of the dissipation stage is very clear 

when analyzed using the proposed approach. Param-

eters that estimate higher intensity begin to fade and 
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vjg"enqwf"ujkgnf"fkurnc{u"qpn{"vjg"Ýtuv"rctcogvgt"qt"
dissipates completely. The dissipation stage observed 

d{"vjg"uvtcvkÝecvkqp"cniqtkvjo"ku"fgrkevgf"kp"Hki0"90

3.4 Validation with radar and lightning data

The region of interest in this study coincided with the 

Meteosat high viewing angle scan area, which may 

produce some uncertain conclusions, especially when 

comparing locations with local radar data. However, 

radar data was only used to evaluate storm evolution. 

Most convective activity periods estimated by the 

uvtcvkÝecvkqp"crrtqcej"cniqtkvjo"ygtg"ygnn"eqttgncv-
gf"ykvj" nctigt"ocipkvwfgu"qh" tgÞgevkxkv{0"Hkiwtg":"
displays a comparison between radar and satellite 
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data, with both images having the same vantage 

rqkpv0"Vjg"tgÞgevkxkv{"ku"eqpukuvgpv"ykvj"rkzgnu"ykvj"
rqukvkxg"YX"Î"KT."cpf"vjg"nctiguv"tcfct"tgÞgevkxkv{"
ku"uggp"kp"ctgcu"pgct"rkzgnu"ykvj"KT"vgorgtcvwtgu"qh"
at least 2 K colder than the tropopause temperature. 

This image suggests that precipitation can be more 

rtgekugn{"guvkocvgf"d{"ucvgnnkvg"wukpi"vjg"YX"Î"KT"
technique, with the stronger cores of precipitation 

jkijnkijvgf"d{"vjg"KT"Î"PYR"rctcogvgt0
A good relationship with lightning data was also 

observed. Figure 9 depicts a comparison with all 

lightning strikes and the three primary parameters of 

the described approach for three different life stages 

of an MCS case: mature (a), most intense (b), and 

dissipation (c).

In all stages, lighting strokes occur more within 

YX"Î"KT"rqukvkxg"xcnwgu"cpf"nqygt"KT"vgorgtcvwtg"
areas, not necessarily because of stronger convection, 

but also because it usually covers a larger area than 

pgicvkxg" KT" Î"PYR0"Fwtkpi" vjg" uvqto" gxqnwvkqp."
KT"Î"PYR"pgicvkxg"ctgcu"kpetgcugf."yjkej"ycu"cnuq"
noted by the shift of lightning strikes to areas where 

this difference was more negative.

3.5 Meteosat WV – IR technique in southern South 

America

It is known that different viewing angles can affect 

the way satellite channels observe the atmosphere 

*Cn/Ycuuck" cpf"Mcn{cpmct." 4235+." cpf" cu" c" tguwnv"
a full analysis for the region of interest was con-

fwevgf0"YX"804" たo" Î" KT" 320:" たo" fgtkxgf" htqo"
SEVERI channels, in the region of interest of this 

paper, showed a peculiar behavior at sunset, during 

yjkej"vjku"fkhhgtgpeg"ujqygf"kpeqpukuvgpv"oczkowo"
xcnwgu0"Hkiwtg"32c"ku"c"tgrtgugpvcvkqp"qh"YX"Î"KT"
distribution during an MCS event. During this period 

*3:<22"cpf"45<22"WVE+."rqukvkxg"xcnwgu"qh"YX"Î"KT"
DVF"ujqygf"c"pqvcdng"kpetgcug0"Oczkowo"xcnwgu"
tended to be much greater than in other time frames, 

while negative values did not show great difference. 

Vjg"ugrctcvg"cpcn{uku"qh" KT"cpf"YX"vgorgtcvwtgu"
tgxgcngf" vjcv"YX"ejcppgn"jcu" vjg"oclqt" kpÞwgpeg"
in this pattern. Figure 10b represents a comparison 

dgvyggp"xcnwgu"qh"KT"cpf"YX"kp"rkzgnu"yjgtg"KT"ku"
nguu"vjcp"455"M"cpf"yjgtg"YX"Î"KT"rqukvkxg"rkzgnu"
occurred during the evolution of a storm. In the 

ncrug"yjgtg"DVF"jcf"oczkowo"xcnwgu."vjg"uvqtou"
did not show great increases in convective activity. 

This indicates that high BTD values occurred during 

this interval likely due to some bias in the satellite 

temperature retrieval. It is possible that this behavior 

may be present because of a satellite high viewing 

angle combined with a low solar elevation angle. 

More research must be conducted to better under-

uvcpf"yj{"vjku"jcrrgpu"cpf"vjg"kpÞwgpeg"qh"vjg"uwp"
elevation angle during this period for each channel 

in high clouds. 

3.6 Parameter combination and intensity index

To determine the most intense case and to understand 

jqy"vjg"vjtgg"rtkoct{"rctcogvgtu"qh"vjg"uvtcvkÝecvkqp"
approach correlated with each other, a scatter analysis 

between them was performed. They were in good 

agreement in terms of delineating areas of deep con-

vection. Figure 11 shows the correlation between IR, 

DVF"YX"Î"KT"cpf"KT"Î"PYR0"Vjku"Ýiwtg"kpenwfgu"c"
itcrjke"*33e+"yjgtg"vjg"xgtvkecn"czku"tgrtgugpvu"YX"
Î"KT"cpf"vjg"jqtk¦qpvcn"czku"KT"320:"たo"vgorgtcvwtg0"
Rkzgnu"vjcv"jcxg"KT"Î"PYR"xcnwgu"nqygt"vjcp"4"M"
ctg"cnuq"tgrtgugpvgf"kp"vjg"Ýiwtg"*33c."d"cpf"e+"d{"
ocigpvc"ctgcu0"Rqukvkxg"xcnwgu"qh"DVF"YX"Î"KT"ctg"
well correlated with the colder IR temperatures and 

ykvj"pgicvkxg"xcnwgu"qh"KT"Î"PYR0"Fgrgpfkpi"qp"vjg"
case, one of these parameters (which vary between 

them) does not agree with the other two. Table II 

shows a comparison between values that represent 

the most convective activity of each parameter for 

the 12 MCS cases in their most intense phase.

Cu"cp"gzcorng." eqorctkpi" vjg"xcnwgu" hqt" gcej"
parameter between cases 5 and 1, both temperature 

difference techniques agree that case 1 was more 

kpvgpug." dwv"okpkoc" htqo" KT" 320:" たo" ejcppgn"
showed otherwise. A similar result is observed when 

comparing case 4 and case 8, but here the parameter 

that is not in consensus is the temperature difference 

KT"Î"PYR0"Vjg"eqorctkuqp"qh"vjg"vjtgg"rctcogvgtu"
ku"oqtg" ghÝekgpv" vjcp" lwuv" cpcn{¦kpi" vjg" kpvgpukv{"
of a storm by one parameter. This indicates that the 

analyses of the storms and the comparison between 

them would be better performed by a temperature 

kpfgz"vjcv"kpfkecvgu"vjg"kpvgpukv{"qh"vjg"uvqto"vcmkpi"
kpvq"ceeqwpv"vjg"vjtgg"rctcogvgtu0"Ykvj"vjcv"kp"okpf."
c"ukorng"hwpevkqp"ecnngf"Ðkpvgpukv{Ñ"vjcv"eqodkpgu"vjg"
three parameters to indicate the most intense system 

was used. Table III shows the results of applying the 

kpvgpukv{"kpfgz"vq"vjg"xcnwgu"kp"Vcdng"KK0

Kpvgpukv{"?"*KT"-"]}KT"Î"PYR’"Î"}YX"Î"KT’_+" *3+
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Hki0";0"Nkijvpkpi"uvtkmg"uecvvgtkpi"vq"KT."KT"Î"YXF"DVF."cpf"KT"Î"PYR"hqt"cp"OEU"ecug"kp"fkhhgtgpv"
life stages: mature (a), most intense (b), and dissipation (c).
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The results in Table III show that applying the in-

tensity function results in a single minimum tempera-

ture value and it makes possible to easily discriminate 

storms by intensity unambiguously. The intensity 

function can be directly applied into satellite images 

in two different ways: limited to values that indicate 

deep moist convection (IR temperatures < 233 K, 

YX"Î"KT"@"2"cpf"KT"Î"PYR">"Î4+."qt"ykvjqwv"uwej"
limitation. Both ways are depicted in Fig. 12. These 

hwpevkqpu"ecp"cnuq"dg"wugf"cu"cp"kpfgz"vq"kfgpvkh{"qt"
classify deep moist convection by thresholds.

The use of the intensity function from satellite im-

agery can discriminate clouds with small vertical de-

velopment, and highlight regions of large convective 

cevkxkv{"kp"c"oqtg"ghÝekgpv"yc{"yjgp"eqorctgf"vq"
vjg"KT"320:"たo"kocigt{0"Crrn{kpi"vq"nkokvgf"xcnwgu."
the result image is a region where only such values 

ctg" rtgugpv." guvkocvkpi" vjg"oczkowo" eqpxgevkxg"
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activity of a storm. Both ways can be used together 

by splitting the convective region from the region 

of weaker convective activity and highlighting them 

with two individual color scales.

4. Discussion and conclusions

This study proposes a satellite diagnostic tool for 

deep moist convection, which aims to stratify a 

cloud shield into areas of strong convective activ-

ity, displaying more information in a single image. 

This approach uses BTDs along with comparisons 

with numerical models and temperature trends. This 

satellite methodology was developed in focus with 

three fundamental keys to deep convective storm 

initiation and evolution. The tool presented here has 

the ability to differentiate areas of isolated stronger 

eqpxgevkxg" gngogpvu" htqo"c" nctigt" uvqto"eqorngz"
such as an MCS. This methodology is arranged in a 

multi-layers approach that better evaluates areas of 

different convective intensities.

The stratification approach algorithm output 

proved to be more precise in indicating the phase 

of convection and severity of a storm cloud shield, 

distinguishing areas of different convective charac-

teristics and delimiting areas that show temperature 

trends coinciding with increases in convection inten-

sity. This gives a better understanding of the system 

phase and severity. Areas highlighted by this tool 

were well related to precipitation areas measured by 

the nearest radar, and also, highest dBZ threshold 

areas were in agreement with well-developed con-

vection evaluated by the proposed tool. Other deep 

moist convection indicatives, such as lightning strike 

evolution have shown an evident relationship with 

the three main methodology parameters throughout 

the system’s life stages.
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Table III. Analysis of storm intensity using the intensity 

function. 

Intensity (K)

Case 1 191.03
Case 2 181.76
Case 3 172.66
Case 4 173.64
Case 5 198.74
Case 6 174.3
Case 7 156.38
Case 8 172.5
Case 9 174.99
Case 10 168.57
Case 11 162.68
Case 12 165

Vcdng"KK0"Oczkowo"xcnwgu"qh"vjg"xctkqwu"kpfkegu"wugf"hqt"
this method to estimate storm intensity.

Cases (2010) YX"Î"KT KT"Î"RPV IR (K)

Case 1 (September 10) 4.04 Î330:: 206.95
Case 2 (September 13) 6.56 Î8023 194.33
Case 3 (September 21) 5.48 Î3605: 192.52
Case 4 (October 7) 5.45 Î34039 191.26
Case 5 (October 14) 3 Î203 201.84
Case 6 (October 22) 7.05 Î;049 190.62
Case 7 (October 30) 9.01 Î39053 182.7
Case 8 (November 20) 6.3 Î3207 189.3
Case 9 (November 21) 7.05 Î807: 188.62
Case 10 (November 28) 7.19 Î33069 187.23
Case 11 (December 3) 8.18 Î360;4 185.78
Case 12 (December 8) 7.88 Î32083 183.49



356 C. Pinto da Silva Neto et al.

This methodology presents a great capability to 

urnkv"cp"OEU"kpvq"tgikqpu"qh"gzvtgog."oqfguv."cpf"
weaker convective activity. Furthermore, each life 

cycle stage of the MCS showed different features 

ejctcevgtk¦gf"d{"vjg"rtgugpeg"cpf"dgjcxkqt"qh"vjg"Ýxg"
parameters that contribute to this methodology. In the 

initiation stage, the approach was able to differenti-

cvg"uvqtou"vjcv"dgecog"gzvtgogn{"kpvgpug"ukpeg"vjg"
crrgctcpeg"qh"vjg"Ýtuv"eqpxgevkxg"gngogpvu0"Kp"uwej"
storms all parameters highlighted by the tool were 

present. Precipitation observed by radar was consis-

vgpv"ykvj"rqukvkxg"YX"Î"KT"ctgcu"cpf"ykvj"oczkoc"
KT"Î"PYR"ctgcu"jkijnkijvgf"d{"vjg"uvtcvkÝecvkqp"vqqn0"
Increases in convective activity are also well related 

vq"vjg"gxqnwvkqp"qh"KT"Î"PYR"cu"vjg"nkijvpkpi"uvtkmgu"
tended to shift to areas with negative values of this 

difference within the evolution of the storm.

According to the characteristics of appearance 

of each parameter, it was possible to create a storm 

encuukÝecvkqp0" Encuu" 3" ejctcevgtk¦gu" uvqtou" vjcv"
rtgugpvgf"qpn{"vjg"Ýtuv"vyq"rctcogvgtu<"c"dtkijvpguu"
vgorgtcvwtg"KT"320:"たo"ejcppgn"eqnfgt"vjcp"455"M"
cpf"rqukvkxg"fkhhgtgpegu"qh"YX"804"たo"Î"KT"320:"たo0 
Thus, this class encompasses deep convective 

storms of lower intensity. Class 2 categorizes 

storms that presented both parameters described in 

class 1, yet display negative values of at least 2 K 

kp"vjg"eqorctkuqp"KT"Î"PYR0"Encuu"5"gpeqorcuugu"
storms that showed all of the parameters of the 

proposed methodology, which include the most 

intense storms.

Besides the great utility of this methodology, it 

must be pointed out that for the South American re-

ikqp."YX"Î"KT"DVFu"ujqygf"kpeqpukuvgpv"oczkoc"
during periods of low sun elevation angle (e.g., 18:00-

23:00 UTC), which seemed to only affect high clouds.

The approach described can be very advantageous 

for operational forecast centers in regions with a high 

frequency of MCSs. The use of this method can be 

quite satisfying when applied to large-scale systems 

that generate several storms with different intensities 

such as near the Intertropical and South Atlantic 

Convergence zones. Further studies will show new 

applications and advantages of this methodology.
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Fig. 12. Comparison between satellite images of storms occurring on De-

egodgt"39."4236"cv"28<52"WVE0"*c+"KT"320:"たo="*d+"kocig"tguwnvkpi"htqo"
the application of the intensity function without delimitation; (b) image 

showing only temperatures that represent deep convection; (d) fusion 

between images b and c.
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