UC Santa Barbara
UC Santa Barbara Previously Published Works

Title

A Satellite Method to Identify Structural Properties of Mesoscale Convective Systems Based
on the Maximum Spatial Correlation Tracking Technique (MASCOTTE)

Permalink

|https://escholarship.orgc/item/‘IBb?v?SI{

Authors

Carvalho, LM
Jones, C

Publication Date
2023-12-11

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/48b7v75r
https://escholarship.org
http://www.cdlib.org/

OcTOoBER 2001

CARVALHO AND JONES

1683

A Satellite Method to Identify Structural Properties of Mesoscale Convective Systems
Based on the Maximum Spatial Correlation Tracking Technique (MASCOTTE)

LEILA M. V. CARVALHO®

Department of Atmospheric Sciences, Institute of Astronomy and Geophysics, University of SAo Paulo, Sdo Paulo, Brazil

CHARLES JONES

Institute for Computational Earth System Science, University of California, Santa Barbara, Santa Barbara, California

(Manuscript received 14 November 2000, in fina form 29 January 2001)

ABSTRACT

A simple, fully automated, and efficient method to determine the structural properties and evolution (tracking)
of cloud shields of convective systems (CS) is described. The method, which is based on the maximum spatial
correlation tracking technique (MASCOTTE), is anew alternative to the existent techniques available for studies
that monitor the evolution of CS using satellite images. MASCOTTE provides as CS structural properties the
following parameters: mean and variance of brightness temperature, horizontal area, perimeter, minimum bright-
ness temperature, fractional convective area, center of gravity, and fragmentation. The fragmentation parameter
has the potential to monitor the evolution of the CS. A new way of estimating the orientation and eccentricity
of CS is proposed and is based on the empirical orthogonal function analysis of CS pixel coordinates. The
method includes an accurate detection of splitting and merging of convective systems, which is a critical step
in the automated satellite CS life cycle determination. Based on the magnitudes of the spatial correlation between
consecutive satellite images and the changes in horizontal areas of CS, MASCOTTE provides a simple and
skillful technique to track the evolution of CS life cycles. The MASCOTTE methodology is applied to infrared
satellite images during seven consecutive days of the Wet-Season Atmospheric Mesoscale Campaign of the
Large-Scale Biosphere-Atmosphere Experiment and ground validation experiment of the Tropical Rainfall Mea-
suring Mission in the Brazilian state of Ronddnia in the Amazon basin. The results indicate that MASCOTTE

is a valuable approach to understanding the variability of CS.

1. Introduction

Convective systems (CS) in the earth’s atmosphere
occur in awide spectra of time- and space scales and
play important rolesin the distribution of energy, mo-
mentum, and mass in the general circulation (Cotton
and Anthes 1989). Furthermore, the associated pre-
cipitation is a key element in the hydrological cycle
at regional to global scales. In particular, mesoscale
convective systems (MCS) can be broadly defined as
cloud systems associated with ensembles of thunder-
storms with contiguous precipitation areas. Typically,
their horizontal scales can extend 100 km or morein
one direction, and their life cycles can last from afew
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hours to as long as 2—3 days (Houze 1993). The ob-
servational description and theoretical understanding
of these convective systems have grown steadily over
the years, providing detailed conceptual models of the
convective organization, three-dimensional wind cir-
culation, thermal structure, precipitation, and micro-
physical processes occurring in different types of
MCS (Houze 1977; Maddox 1980; Houze and Hobbs
1982; Mapes and Houze 1993). In this context, ob-
servational datawith sufficient spatial resolutionfrom
operational networks of rawinsondes, meteorological
radars, and field experiments have been fundamental,
because they can resolve the genesis, maturity, and
decay phases of MCS (Zipser 1988; Chen et al. 1996;
Mohr and Zipser 1996).

The availability of satellite radiances has provided
a unigue way to monitor the evolution of CS (Cotton
and Anthes 1989; Houze 1993), especially in regions
that are strategically difficult to access such as open
oceans and tropical rain forests. Furthermore, satellite
methods that identify and track the structural properties
of CS (e.g., mean brightness temperature, area, perim-
eter, and eccentricity) can provide valuableinformation
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on the dynamical mechanisms involved in their life
cycle, including the interaction between CS and the
large-scale circulation (Silva Dias and Ferreira 1992;
Cohen et al. 1995). Many previous satellite-tracking
methods have been proposed, which include subjective
and automated methods (Velasco and Fritsch 1987;
Williams and Houze 1987; Machado et al. 1998). The
reader is referred to Machado et al. (1998) for a thor-
ough review on the state-of-the-art satellite tracking
techniques. Automated methods, to take a single in-
stance, can be useful for extensive meteorological field
campaigns when tracking of large satellite imagery da-
tabases needs to be performed, sometimes eveninreal-
time monitoring. Although the satellite methods that
describe structural properties of CS can rely on the
same kind of data, that is, infrared and/or visible and
microwave satellite radiances, significant differences
may exist in the methodology that tracks the evolution
of CS. For instance, the CS life cycle obtained from
satellite tracking methods is one parameter that can
contaminate cloud cluster statistics. As will be dem-
onstrated, the accurate determination of splitting and
merging of CS cloud shields is a crucial requirement
in this process. Therefore, it is important to compare
different techniques so that automated methods provide
reliable and consistent results.

The purpose of this paper is to introduce a simple
and efficient automated method to track and characterize
structural properties of CS cloud shield simultaneously
using satellite infrared (IR) images. The approach is
based on the maximum spatial correlation tracking tech-
nique (MASCOTTE). We show how MASCOTTE spe-
cifically alows the characterization of splitting and
merging of CS as they occur during their life cycles.
We compare different methods to identify the horizontal
axis of CS cold-top orientation. Some structural param-
eters of clouds such as eccentricity and fragmentation
are used in the identification of different stages of in-
tensification and decaying of CS. As an application of
MASCOTTE, we focus our attention on seven consec-
utive days during the Wet-Season Atmospheric Meso-
scale Campaign (WETAMC) of the Large-Scale Bio-
sphere-Atmosphere Experiment (LBA) (Nobre et al.
1996; Silva Dias et a. 2000). This field experiment,
which was realized from December of 1998 through
February of 1999 in the Brazilian state of Rondoniain
the Amazon basin, was a joint scientific venture with
the ground validation component of the Tropical Rain-
fall Measuring Mission (TRMM). The paper is orga-
nized as follows. The description of the method is pre-
sented in section 2. Section 3 discusses different tech-
niques to determine properties of the life cycle of CS
and presents some structural properties of CS during the
case studies. Section 4 discusses the application of the
method for the characterization of the time evolution of
CS. Section 5 summarizes the methodology and our
main conclusions.
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2. Maximum spatial correlation tracking technique

The basic approach of our satellite tracking meth-
odology and the characterization of structural properties
of CSisnow described. The method uses as input fields
brightness temperature from satellite images. In this
work, Geostationary Operational Environmental Satel-
lite (GOES-8) images were used. These images have
horizontal resolution of 4 km and are part of the
TRMM-LBA program and at the time of writing were
available online from the National Aeronautics and
Space Administration (NASA) Goddard Space Flight
Center at http://lake.nascom.nasa.gov/data/TRMM. In
addition, the high temporal frequency of GOES-8 im-
ages, typically every 30 min, alows an adequate res-
olution of the different stages of development of con-
vective systems. In the discussion that follows, hourly
satellite images were used. However, as will be ex-
plained later, an important advantage of our method is
that it characterizes the correct evolution of CS (e.g.,
splitting or merging of systems) evenif thetimeinterval
between images is 3 h.

The use of satelliteinfrared images, that is, brightness
temperature T, usualy requires an arbitrary choice of
threshold to identify regions of convection. There is
general agreement that T, values below a threshold of
245 K satisfactorily identify convective systems (Ve-
lasco and Fritch 1987; Mapes and Houze 1993; Miller
and Fritch 1991; Machado and Rossow 1993; Machado
et al. 1998). The reasoning in the threshold selection is
that a buoyant parcel in the Tropicsislikely to originate
below the 700-hPa level to reach the level of T, < 245
K, which ensures the existence of deep convection (Ma-
chado et al. 1998). In addition, the near-linear depen-
dence between the convective system areaand itsthresh-
old indicates the insensitivity to the choice of a specific
value in a range of 10—20 K (Mapes and Houze 1993;
Machado et al. 1992). Garreaud and Wallace (1997), for
instance, used fraction of clouds with T, = 235 K with
0.5° lat X 0.5° long resolution and 3-h temporal reso-
[ution to estimate the diurnal march of convective cloud-
iness over the tropical and subtropical Americas. Be-
cause MASCOTTE is applied here over tropical South
America, convective systems are identified in the sat-
ellite images whenever regions of T, are less than or
equal to 235 K to be consistent with Garreaud and Wal-
lace (1997). For the WETAMC LBA-TRMM campaign,
cloud tops with T, = 235 K were in genera near the
level of 250 hPa. With this threshold in mind, we in-
vestigate mostly anvil regions and the embedded areas
of active deep convection (Johnson et al. 1990). Note
that, given the versatility of MASCOTTE, the threshold
value can be adapted to other specific regions.

The definition of CS based on the temperature thresh-
old technique alows wide ranges of horizontal areas.
Machado et al. (1998) showed positive correlations be-
tween the lifetime of CS and their sizes. Their results
indicate that, in general, CSthat reach equivalent radius
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of 100 km or less and temperature thresholds of 245 K
are mostly associated with lifetimes shorter than 3 h.
To test the skill of our method and emphasize the track-
ing of CS with long life cycles, we consider systems
with equivalent radius R = 100 km, the same threshold
of Machado et al. (1998). These limits of brightness
temperature and horizontal areain our methodology im-
ply that the life cycle of a given CS begins when the
convective system has T, = 235 K and R = 100 km.
The end of the life cycle, on the other hand, occurs
when Tg > 235 K or R < 100 km. The combination
of both criteria (i.e.,, T, = 235 K and R = 100 km) is
hereinafter referred to as T-R criteria

The MASCOTTE basic hypothesis is that the spatial
correlation between regions defined by two different
cloud systemsin successive imagesisasimple and pow-
erful method to identify the evolution of spatial patterns
associated with CS. Similar techniques have been ap-
plied to estimate tropospheric winds based on satellite
cloud displacements (Endlich and Wolf 1981). Thebasic
steps involved in the MASCOTTE method are as fol-
lows.

1) We consider that N satellite images of T, are avail-
able with time interval At. In thiswork, At is taken
to be 1 h. However, as will be shown later, the meth-
od is successful for At intervals up to 3 h. For each
satellite image at timet;, 0 < i = N, regions of CS
are identified according to the T-R criteria. Regions
that do not meet the threshold criteria are set to null
value. This procedure allows a large difference be-
tween clouds and the background mask, thus em-
phasizing the overlapping of systems. We consider
that, at time t;, there are m CS identified.

2) At timet;, the kth CS (1 = k = m) is first isolated
in the image (i.e., the remainder of the image is set
to the background mask value), which has a size of
I e, Where C and L are the number of pixelsin the
east-west and north—south directions, respectively.
For the application to the TRMM—-LBA experiment
discussed in this paper, the 4-km satellite image has
C = 1332 by L = 860 pixels. We then consider the
next satellite image at time t;.; and identify all the
CS. The CS at t,,, that has maximum spatial cor-
relation (r, > 0.30) with thekth CS at t; is considered
the new spatial position of the CS. The threshold
value of r, > 0.30 was determined from many tests
performed in the initial development of the algo-
rithm. This value ensures reliable tracking of CS
using satellite images with a 1-h time interval. The
process is repeated for all CS at time t;, and starts
again for the next satellite image.

3) For each time t; and each CS, structural properties
are computed. These include the horizontal area A,
perimeter P, mean and variance of T, minimum Ty,
and fractional convective area Fc [=100 (A;c/A)],
where A, is the area within the CS such that T, =
210 K. According to rawinsondes during the WE-
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TAMC LBA-TRMM campaign, T; = 210 K was
associated with cloud topsthat reached heightsabove
13 km in an environment in which the tropopause
was very often above 16.0 km. Furthermore, the T,
= 213-208 K threshold has been identified with pre-
cipitation in the Tropics (Williams and Houze 1987;
Mapes and Houze 1993; Rickenbach 1999) and is
therefore of interest for the monitoring of CS life
cycles. In addition, the spatial coordinates of the cen-
ter of gravity (Xcs, Yog) are defined asthe T,-weight-
ed average:

Np Np
> X Ty > YT,
|:,iI‘.P — |:,\J‘.P ,

where X;, and Y, are the CS pixel coordinates in the
east—west and north—south directions, respectively,
and the summation is carried out over al N, pixels
within the given CS.

4) The orientation of the CS cloud shield is computed
in two ways. First, a straight line is fitted to the (X;,
Y., i = 1, Np) pixel coordinates by a least squares
criterion and the counterclockwise angle between the
east—west direction and the straight line is recorded.
However, aswill bediscussed | ater, asatellitemethod
that relies on this definition of orientation can of-
tentimes obtain misleading results, depending on the
geometrical structure of the CS. In contrast, a new
way of computing the orientation is proposed. We
consider a given CS in which the array of pixel co-
ordinates is given by (X;, Y;, i = 1, N;). The means
X and Y are first subtracted from the vectors X; and
Y, and an empirical orthogonal function (EOF) anal-
ysis is computed on the covariance matrix deter-
mined by X" and Y’ perturbations [ see Jackson (1991)
for details on EOF analysis]. The result of this op-
eration isapair of eigenvalues and eigenvectorsthat
explains the total variance of the geographical co-
ordinates of the given CS. A second orientation is
then computed as the counterclockwise angle be-
tween the east—west direction and the direction of
the first eigenvector. This way of computing the ori-
entation of the CS has the advantage that the first
eigenvector maximizes the spatial variance of the CS
cloud shield. Furthermore, another important prop-
erty to characterize the structure of CSis the eccen-
tricity, which in our method is defined by the ratio
of the norms ||[EOF2||/|EOF1||, where EOF2 and
EOF1 are the second and first eigenvectors, respec-
tively.

X = Yoo

oy

Oftentimes, as the CS evolves, splitting of cloud fea-
tures may happen when changes occur in the precipi-
tation pattern and three-dimensional wind structure.
This process can be indicative of intensification of pre-
cipitation at some point and decaying of part of the
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upward movement of the storm (Cotton and Anthes
1989). However, the propagation of the storm may con-
tinue under some favorable environmental conditions
(Houze 1993). The identification of splitting during the
life cycle is important for the monitoring of dynamical
properties of CS (Houze 1993). The splitting of a CS
at time t; is identified by MASCOTTE when more than
one CS with positive and high spatial correlation is ob-
served at time t;,,. As will be shown with examples,
the horizontal area of the system decreases. MASCOT-
TE continues the tracking of CS with the assumption
that the propagation is now defined by the most cor-
related CS in subsequent satellite images. MASCOTTE
also maps the position of any part of the splitting CS
to follow its life cycle until it decays, which usually
happens in a short period. Furthermore, because of the
definition of CSusing the T threshold, merging of high
clouds is also frequently observed, which isin fact re-
lated to the connection of anvil regions. At this point,
it is difficult to identify the main system because itslife
cycle is determined by the interaction of more than one
CS. However, the merging is characterized in MAS-
COTTE by positive spatial correlation, because the
identity of atracked CSiskept asit mergeswith another
one. These situations can be clearly identified during
the life cycle when the spatial correlation decreases and
the horizontal area increases between two consecutive
satellite images.

Our inspection of 150 merges throughout different
CS life cycles during the WETAMC cases considered
here indicates that a reasonable criterion for the iden-
tification of merges is the increase of area followed by
adecreaseinrg of more than 10% of the previous value.
The resulting shape of a CS is substantially modified
after merges because of the introduction of new systems
with different sizes and forms. When the increase in
area is only due to expansion of the original CS, r,
increases in the majority of the cases. MASCOTTE can
also identify merges and splits that eventually happen
simultaneously, as long as the CS maintains part of its
spatial characteristics in two consecutive images. Of-
tentimes, however, CS can merge with systemsthat have
equivalent radius less than 100 km. Other times, CS
show a decrease in area due to either decaying of the
system (sinking of cloud tops) or splitting of cells with
R less than 100 km. A posteriori refinement in the al-
gorithmis applied to identify these dynamical processes.
Our assumption is that these dynamical variations of the
CS are associated with rapid changes in structural prop-
erties. An analysis performed with 100 life cycles with
duration longer than 3 h (not shown) indicated that large
accelerations are observed mainly in association with
large rates of change of EOF1 orientation, perimeter,
and direction. These results have been used to improve
the MASCOTTE algorithm with the implementation of
flagsto indicate merges and splitsthat cannot be prompt-
ly detected with the T-R criteria. One advantage of this
detailed monitoring is that it provides enough infor-
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mation to reconstruct the entire life cycle of any CS,
including interactions with other systems.

In summary, MASCOTTE yields the following struc-
tural properties for the T, and R thresholds considered:
average duration of the CS, total number of systems,
and number of splits and merges. For the life cycle of
individual CS, MASCOTTE determines area (Area),
mean (T,...,), and variance (Var) of brightness temper-
atures; minimum brightness temperature (T,;,,); eccen-
tricity (Ecc); orientation of CS cold tops based on the
first EOF orientation (EOF1) and least squares (L S) fit;
and fraction of cold tops with Ty = 210 K (Fc). MAS
COTTE additionally determines the speed of displace-
ment of CS center of gravity (V), direction of propa-
gation (DD), and fragmentation (Fluct) resulting from
both dynamical and physical processes (explained in
sections 3 and 4).

To put into context, we briefly summarize the main
MASCOTTE characteristics by comparing them with
the Machado et al. (1998) automated method. That
method is very well documented and provides a frame-
work for an objective discussion about the skill of a
satellite tracking technique. Table 1 indicates MAS-
COTTE structural parameters and the correspondence
with the Machado et al. (1998) procedure. Although
some properties are common to both methods, note the
differences in the tracking approaches. For instance, to
track CS, the Machado et al. (1998) automated method
assumes circular geometriesfor the systemsoverlapping
and uses the weighted average of 28 structural prop-
erties. In contrast, the only requirement for MASCOT-
TE to determine the temporal evolution of CSis amax-
imum spatial correlation greater than a specified thresh-
old. The main differences regarding structural param-
eters are the orientation of cloud tops and, consequently,
eccentricity, convective fraction, perimeter and frag-
mentation, detection of merging and splits, and propa-
gation characteristics. MASCOTTE does not compute
number of convective clusters (contiguous region of
brightness temperature below a given threshold) or
properties associated with the largest convective cluster
embedded in the CS. The reasoning is that structural
parameters computed for 160 CS over the Tropical Pa-
cific Ocean indicated alinear correlation (0.93) between
R and number of convective clusters (T < 218 K) and
between R and the largest convective cluster (0.85) but
practically no correlation (0.16) between R and Fc (T,
< 218 K) (Carvalho 1998). For the sake of simplicity
and to avoid redundancies, the MASCOTTE variable
representative of the enhancement of the convectivearea
of the CSis restricted to Fc (T, = 210 K).

3. Temporal and structural properties of CS using
MASCOTTE

To demonstrate the application of MASCOTTE, we
selected as a case study seven consecutive days from
12 to 18 February 1999 during the WETAMC LBA-
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TABLE 1. Parameters determined with MASCOTTE and the automated method of Machado et al. (1998).

Parameter

MASCOTTE Machado et al. (1998)

CS center of gravity

Radius of CS

Average CS T,

Minimum Ty

Variance of CS T,

Gradient of Ty

Eccentricity of CS

Convective fraction

Orientation of cloud tops: least squares
Orientation of cloud tops: EOF1

Speed of CS propagation

Direction of propagation

Perimeter and fragmentation

Identification of total splits during life cycles
Identification of life cycle end due to merging

Flags for splitting/sinking and merges with CSthat do no satisfy the T-R criteria

No. of convective top (CT)
Area, location, and propagation direction and speed of the largest CT

Yes (Tg = 235 K) Yes (Tg = 245 K)
Yes Yes

Yes Yes
Yes Yes
Yes Yes
No Yes
Yes Yes
Yes (T; = 210 K) Yes (T; = 218 K)
Yes Yes
Yes No
Yes Yes
Yes Yes
Yes No
Yes No
Yes No
Yes No
No Yes (Ty = 218 K)
No Yes

TRMM experiment. The purpose of this selection isthe
continuous availability of satellite images with 1 h of
time interval. We emphasize that the main goal of this
paper isto present the automated applicability of MAS-
COTTE for an extensive field experiment campaign.
The satellite surveillance area extends from 12.5°N to
18.5°S and from 34.0° to 82.0°W. The large spatial cov-
erage of the satellite methodology provides propagation
characteristics of CS not only over Ronddnia state but
also over the entire tropical South America. This cov-
erage has important implications for investigating the
organization of CS in the Amazon and possible inter-
actions with the South Atlantic convergence zone and
the intertropical convergence zone.

a. Monitoring of CS life cycles in the Amazon basin

The application of MASCOTTE is now discussed in
detail. Some important aspects about MASCOTTE for
the determination of CS life cycles are summarized in
Table 2. These aspects include the total number of CS
and CS life cycles, splits, and merges observed in the
period that satisfied the T-R criteria. Also indicated is
the total number of flagsthat were likely associated with
splitting/sinking or merging with CS that did not satisfy
the T-R criteria. The results shown in Table 2 are in-
dicative of the importance of the correct determination
of merges and splits during CS life cycles. Approxi-

mately 30% of CS life cycles ended up merging with
other CS that satisfy the T-R criteria. Meanwhile, 8%
of CS split during their life cycle and resulted in two
or more CS that match the T-R criteria. The fraction of
merges is 10% higher than what was estimated in Ma-
chado et al. (1998) for a 3-h time interval, whereas the
fraction of splits follows approximately the same rate
observed in their study. However, if one considers the
possibility of splitting (or sinking) of CS that do not
satisfy T-R criteria, the rate of splits increases to ap-
proximately 21%.

The critical issue of accurately detecting CS splitting/
merging in an automated satellite tracking technique is
discussed in the next results. The impact on the CSlife
cycles from the inclusion of merging with CS satisfying
the T-R criteria is elucidated in Fig. 1. For the period
of 12-18 February, we first considered the life cycles
of al CS that satisfy the T-R criteria regardless of
whether merges had occurred. The resulting distribution
isshown asafunction of life cycle duration (black bars).
Second, thelife cycleswere recomputed using the MAS-
COTTE detection of merges. In that case, whenever the
CS merged with another CS that satisfied the T-R cri-
teria, the life cycle ended (dotted bars). When merges
are considered as part of a life cycle, the tail of the
distribution increases toward the longer values and the
number of life cyclesin the shorter categories decreases
as expected. Two life cycles of 59 h were observed when

TaBLE 2. MASCOTTE summary during 12—18 Feb: total number of CS that satisfy the T-R criteria, total number of life cycles, number
of life cycles that end up merging, and number of splitting/sinking and merging flags in association with systems that do not satisfy the T—

R criteria. One-hour time interval between images is considered.

Total CS

Total life cycles

Life cycles with merging (CS satisfy the T-R criteria)
Splitting during life cycles (CS setisfy the T-R criteria)
Total flags for merging (CS do not satisfy T-R criteria)

Total flags for splitting/sinking (CS do not satisfy T-R criteria)

1724
431
129 (30% of life cycles)
133 (8% of total CS)
186 (11% of total CS)
226 (13% of total CS)
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Number of CS

(14,16]  (1820]  (22,24]
(16.18)  (20,22] >24

(2,4] (6.8] {10,12]
{1.2] (4.6} (8,10] (12,14]

Life Cycle (hours)

Fic. 1. Distribution of CS life cycles for 12-18 Feb 1999. Black
bars denote life cycles of all CSthat satisfy the T-R criteriaregardless
of whether merges had occurred. Dotted bars indicate life cycles
excluding merges.

merges were considered as part of the life cycle. On the
other hand, when merges are not considered as part of
the life cycle, the longest duration was on the order of
1 day (23 h). The observation of alarger number of CS
with life cycles longer than 24 h in the Machado et al.
(1998) automated tracking relative to semiautomated is
likely related to the nonobjective criterion for the de-
cision about whether merges should be included in a
given life cycle (see Fig. 2 in Machado et al. 1998).

Another relevant implication of the objective deter-
mination of merges and splits is concerned with the
estimation of CS speed and direction of propagation.
During CS splitting events, a sudden shift in the position
of the center of gravity is observed. As a consequence,
speeds of more than 250 km h~* are oftentimesrecorded.
They are, of course, an estimate of the large displace-
ment of the CS center of gravity toward the position of
one of the splitting CS. Likewise, during merges, a sub-
stantial modification of the form of the CS leads to a
large displacement of the center of gravity. Any esti-
mation of propagation speed during the occurrence of
merges and splits is therefore an unrealistic approach
of the actual velocity of propagation of the CS. None-
theless, splits occur very often and can be considered
as part of alife cycle. A method that relies on the cri-
terion of speed of displacement of center of gravity to
decide about a sequencein alife cycle can be potentially
misleading.

The effect on the estimation of CS displacement speed
and direction with inclusion of flags for CS splitting/
merging that does not not satisfy the T-R criteria is
illustrated in Fig. 2. Figure 2a shows the distribution of
CS displacement speed in the following categories: 1)
only nonflagged CS (black bars) and 2) all CS within
a life cycle (dotted bars). We recall that no splitting or
merging with systems that satisfy T-R criteria is con-
sidered in this distribution. Nonetheless, the range of
speeds is noticeably larger when splitting and merges
are not properly flagged. Speeds on the order of 500
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SPEED OF CS CENTER OF GRAVITY

260
240
220

Number of CS
g

Speed (Km/h)

DIRECTION OF PROPAGATION OF CS

375 30.4%

12.4%

2 e

100 l

Number of CS
3
(524

(45.90]
(0,45]

(135,180]
(90,135} (180,225]

Direction (degrees from North)

(225,270)
(270,315)

(315,360]

FiG. 2. Distribution of (&) speed and (b) direction of CS propagation
for all events (dotted bars) and excluding events flagged for splitting/
merges (black bars). Splitting resulting in CS that match the T-R
criteria are excluded in both categories.

km h~=* or more can be computed in some cases, which
is a consequence of rapid changes in the form of the
CS during these events. This range of magnitudes is
greater than the 60 m s* (216 km h~) maximum cri-
terion accepted for searching life cyclesin the Machado
et al. (1998) automated tracking. Therefore, based only
on this criterion, a large majority of flagged CS life
cycles determined with MASCOTTE would be poten-
tially accepted as satisfying the Machado et al. (1998)
automated tracking method. We recall that MASCOTTE
does include flagged events as part of a life cycle, but
speeds are only computed whenever splits resulting in
CS that match the T-R criteria are not occurring. Like-
wise, the implication of flagged events for the deter-
mination of propagation direction is shown in Fig. 2b.
This distribution indicates a decrease in the number of
CS in each category, although the form of the distri-
bution remains approximately the same. Details on the
MASCOTTE flagged CS will be further discussed in
section 4.

The CS life cycle is considered with MASCOTTE,
in sum, as the period that a CSis observed that matches
the T-R criteria. The end of a life cycle is also deter-
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Fic. 3. Origin of CSin four categories: (a) 2-4, (b) 5-7, (c) 8-10, and (d) 10-24 h for 12-18 Feb 1999. CS life cycle (h) is indicated at
the position of the CS origin. The black square in the lower part of the figures indicates the domain of the Tropical Oceans and Global
Atmosphere and S-band Doppler dual polarization radarsin the Brazilian state of Rond6éniaduring the WETAMC LBA-TRMM field campaign.

mined when a merge with another CS that matches the
T-R criteria occurs. Figure 3 shows the spatial distri-
bution of the origin of the CS according to thelife cycle
(hours). The origin of CS with life cycles less than or
equal to 4 hiswell distributed in the area, with no clear
geographic preference (Fig. 3a). Although the case study
is based on 7 days, as the life cycle increases to periods
between 5 and 7 h, a pattern of parallel bands aligned
northwest—southeast becomes more suggestive (Fig.
3b). Garreaud and Wallace (1997), using composites of
IR images with T, = 235 K, found two parallel bands
(2000 km long and about 400 km wide) of maximum
convective cloudiness with the same orientation during
the wet season (December—February). They consider
this banded pattern to be a systematic feature over South
America (see their Fig. 3). Special attention should be
given to the band of CS with origin near the north-
northeast coast of South America that exhibits life cy-

cles between 5 and 7 h. The origins of CS with shorter
life cycles (lessthan 5 h) seem to be displaced offshore.
Thisfeature was also examined in Garreaud and Wallace
(1997) in association with strong diurnal variability. As
the life cycle increases to 8-10 h (Fig. 3c), fewer CS
origins were observed in north-northeast coastal South
America, though the northwest—southeast-oriented pat-
tern remains suggestive. Origins of life cycles longer
than 10 h are more concentrated above 5°S during the
current case studies (Fig. 3d).

The relationship between the CS onset period (i.e.,
time when the CS that matched the T-R criteria was
first observed) and the life cycle is investigated in Fig.
4. Theonset period isdivided in four categories: evening
to predawn (Ev—Dw, from 0045 to 0545 UTC), predawn
to morning (Dw—Mo, from 0645 to 1145 UTC), morning
to afternoon (Mo-Af, from 1245 to 1745 UTC), and
afternoon to evening (Af—Ev, from 1845 to 2345 UTC).
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Fic. 4. Bidimensional distribution of life cycle and CS onset period
(see text for details). Onset period refers to 0045-0545 UTC (Ev—
Dw: evening to predawn), 0645-1145 UTC (Dw—Mo: predawn to
morning), 1245-1745 UTC (Mo-Af: morning to afternoon), and
1845-2345 UTC (Af-Ev: afternoon to evening).

It is clear that the maximum daily heating plays an
important role for the relatively short-lived CS (shorter
than 5 h). The maximum during the Af—Ev period is
about 2 times larger than during the Ev-Dw and Mo—
Af periods. Nonetheless, the approximately equal con-
tribution of onsets during the Mo-Af and Ev-Dw in-
dicates more than the gradual decay during night hours
suggested in Garreaud and Wallace (1997). To acertain
extent, it represents the origin of new CS that have a
preferable nocturnal life cycle. Longer life cycles (5-8
h) also appear to be a characteristic of the nocturnal
propagating CS. However, investigationswith more case
studies would be necessary to address properly the pat-
tern shown in Fig. 4 for long life cycles.

The relationships between life cycles and horizontal
dimensions of the CS can be further investigated with
MASCOTTE results. Because the variability of the CS
horizontal dimensions is larger during long life cycles,
the correspondence between life cycles and sizes of CS
is appropriately characterized by the CS maximum ra-
dius (Rmax). The bidimensional distribution of Rmax
and respective life cycleisindicated in Fig. 5. For 100
= Rmax = 200 km, there seems to be a positive cor-
relation between Rmax and life cycle, as suggested in
Machado et al. (1998) with the use of mean radius
(Rmean). For large values of Rmax, however, there is
no evidence of this dependence. The evenly distributed
events for Rmax of greater than 200 km are possibly
associated with merges of CS that satisfy T-R criteria.
During the occurrence of merges, the equivalent radius
is oftentimes the Rmax of a life cycle. Because the
resulting CSis considered in a separated life cycle, they
are not necessarily following the linear tendency ob-
served for short periods.
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FiG. 5. Bidimensional distribution of CS maximum radius (km)
and respective life cycle (h).

The diurnal variation of the number of CS from 12
to 18 February is shown in Fig. 6. Time is displayed
for local time in Ronddnia, Brazil. The late afternoon
maximum with gradual decrease during the night and
minimum in late morning is consistent with the obser-
vations of Garreaud and Wallace (1997). Figure 6, sim-
ilar to Garreaud and Wallace (1997) IR daily compos-
ites, does not provide any information on the onset of
CSand their life cycle. To obtain amore comprehensive
overview of the CS diurnal variability, Fig. 7 combines
CS life cycle duration, onset time interval, and dis-
placement. For each CS, the information is plotted in
the origin of the life cycle (x symbol), the duration
(hours), and displacement (line segment). Note the dif-
ference between trajectory and displacement adopted
here. Trajectories of the center of gravity of CS can
sometimes be very irregular. The CS displacement
shown in Fig. 7 indicates the difference between the
position at the beginning (x symbol) and end of a life
cycle. It can, however, give an idea of the direction of
propagation of the CS. We focused our analysis on the
period of increasing and decreasing number of CS in-
dicated in Fig. 6. To emphasize the contrast between
the two periods, only CS with life cycles of =4 h are
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FiG. 6. Diurnal variation of CS 12-18 Feb that satisfy the T-R
criteria. Local time refers to Rondénia, Brazil (UTC — 4 h).
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Fic. 7. Origin (x), displacement (lines), and life cycle (h) of the CS in the (top) afternoon

(1245-1845 LT) and (bottom)

shown in Fig. 7. There are 30% more CSwith lifecycles
of =4 h in the afternoon (total = 60 life cycles) than
at night (total = 42 life cycles). However, 47% of CS
with onset in the afternoon showed life cycles of =8 h,
whereas this rate increases to 57% for the nocturnal CS.
Some relevant characteristics of the diurnal variation of
CS are the afternoon maximum in the north-northeast
and western South America coast, in contrast with the

early morning (0045-0645 LT).

nocturnal inland origin of CS. Note the suggestive in-
crease of offshore CS during the night. The nocturnal
peak of large and long-living oceanic CS has been ob-
served in the tropical Pacific Ocean during active pe-
riods of convection (Chen and Houze 1997). Theauthors
observed that these systems begin late in the afternoon
and continue during the night, when they have their
largest dimension. Although the T-R criteria do not al-
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Fic. 8. Comparison between the orientation of CS cloud shield with two methodologies: EOF1 and least sguares.
Ellipses are sketched to illustrate the differences associated with each quadrant (Roman numbers) in the dispersion
diagram. Dashed ellipses represent least squares, and solid line ellipses are the EOF1 orientation.

low the observation of the very beginning of the CS
life cycles, on the other hand, it is representative of
important properties of the mesoscal e convective activ-
ity.

During the 7-day case studies, the largest majority of
CS prevailing direction of displacement showed nega-
tive (east to west) zonal component and negative me-
ridional component (north to south). The easterly dis-
placement of the CS is consistent with the dominant
low-level easterly winds during that period. This ob-
servation is based on the daily composite of the 700-
hPa National Centersfor Environmental Prediction—Na-
tional Center for Atmospheric Research (NCEP-NCAR)
reanalysis (not shown). Even considering that some CS
exhibited long displacements, the spatial pattern of the
CS life cycles still suggests the characteristic banded
pattern shown in Garreaud and Wallace (1997).

b. Monitoring of structural properties of the CS

The orientation of squall-line cloud tops in the Am-
azon basin using IR images has been investigated in
both observational analysis (Cohen et al. 1995) and
model simulations (Silva Dias and Ferreira 1992). An
accurate and automated method to identify squall-line
orientation allows, among other applications, objective
rather than subjective analysis of case studies. The hor-

izontal orientation of the first eigenvector (EOF1) in-
corporated in the MASCOT TE method provides another
way to infer the main orientation of the cloud shield of
the CS. The orientation is computed as the counter-
clockwise angle between the east—west direction and the
direction of the first eigenvector. Therefore, the orien-
tation angle is 0 < EOF1 = 180°. For example, an
orientation angle equal to 135° implies an orientation
northwest—southeast. The same convention is used for
the least squares (LS) method. Figure 8 shows the dis-
persion diagram obtained with the LS and EOF1 ori-
entations. Ellipses are sketched to exemplify the mean-
ing of the dispersion in each quadrant of Fig. 8. For
instance, in quadrant I, the EOF1 method (full-line el-
lipses) indicates aNW—SE orientation of the CSwhereas
LS (dashed-line ellipses) gives a NE-SW orientation.
The opposite situation is observed in quadrant Ill. In
guadrant 11, both methods prescribe NW-SE orienta-
tions. Likewise, in quadrant IV, the LS and EOF1 meth-
ods indicate NE-SW orientations. Note that the largest
discrepancies between both methods relative to the
north—south direction occur in quadrants| and I11. Quad-
rants Il and IV indicate the wide range of dispersion,
although in these cases both methods ascribe the CS
orientation in the same quadrant relative to the north—
south direction. A more detailed discussion about the
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accuracy and differences between both methods will be
shown with examples in section 4.

An important parameter that characterizes the struc-
tural properties of CS is the eccentricity of the system.
It has been used to characterize mesoscale convective
complexes (MCC) (Maddox 1980; Velasco and Fritch
1987). According to the definition of Ecc assumed by
MASCOTTE (i.e., Ecc = |[EOF2||/|EOF1])), thevalues
of Ecc are in the interval 0 < Ecc = 1. Thus, high
(low) magnitudes of Ecc are associated with CS shapes
that are circular (linear). For that reason, an accurate
methodology to determine orientation of the axis with
maximum and minimum variation of CS cold pixelsis
crucial for the estimation of Ecc. Although eccentricity
has been used as a key property to identify typical char-
acteristics of squall lines (Cohen et al. 1995) and MCCs
(Maddox 1980), it does not account for the collapsing
and fragmentation of cold cloud tops that very often
occur as an MCS evolves (e.g., Rickenbach 1999). One
simple and efficient approach to quantify fragmentation
is developed in MASCOTTE with the use of the perim-
eter—area relationship. Lovejoy (1982) showed that the
representation of logarithm of perimetersversusthelog-
arithm of area of the systems has approximately alinear
relationship, which apparently holds for several spatial
scales. The slope of the straight line in this relationship
was first defined by Lovejoy (1982) as the fractal di-
mension of clouds and rain. However, not al fluctua-
tions of perimeters of clouds and rain can be explained
by monofractal models. In fact, this early idea of mono-
fractality has been replaced by the universal multifractal
concept [see Lovejoy and Schertzer (1990) for further
details]. This original concept of Lovejoy (1982) isin-
directly used in MASCOTTE to measure fragmentation
of clouds. The procedure in this case is to remove the
trend between perimeter and area, by assuming the fol-
lowing functional relationship:

log,,(perimeter) = [const + Blog,,(area)] + Fluct,
2

where const and B arethelinear and angular coefficients,
respectively. Fluct is the residue and can be interpreted
asthe fluctuation of the logarithm of perimeter that does
not account for the area of cloud tops. In other words,
after extracting the functional dependence of area on
perimeter, the residue is the fluctuation of perimeter that
is due only to changes in fragmentation or increase/
decrease of irregularities of the boundaries of CS cold
tops. Therefore, positive magnitudes of Fluct are as-
sociated with relative increases of fragmentation of
clouds, whereas negative magnitudes of Fluct are in-
dicative that the boundaries of cold shields are more
regular or less fragmented. Together with eccentricity,
the Fluct parameter can be applied to characterize dif-
ferent stages of development and decaying of CS.
According to the conceptual model of cloud shield
evolution of CS discussed in Rickenbach (1999), cold
cloud anvils of propagating squall lines under direc-
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tional vertical wind shear are subject to tilting and dis-
placement of the leading edge. This model hypothesizes
that as the deep cells develop they ““tilt"” to thedirection
of the upper-level winds, opposite to direction of prop-
agation of the MCS precipitation pattern. Asthe leading
edge of the convective precipitation weakens, the cold-
est portion of the anvil, located where convection had
been deepest, becomes separated from the leading edge
asthe anvil continues to spread to the opposite direction
of the storm propagation. From the point of view of the
satellite imagery, this displacement of the cold cloud
shield would be characterized by an apparent sink of
the cold cloud top and, therefore, an increase of T,. The
consequent apparent displacement of the cold shield and
warmth of portions of the cloud anvil would increase
the fragmentation or irregularity in the form of a CS.
Although the Rickenbach (1999) hypothesis was pos-
tulated for strong directional shear, it is aso possible
that the vertical speed shear can cause a similar effect
on the cloud tops.

To verify the consistence between the general frag-
mentation of CS cloud shield and the absolute vertical
speed shear (AVSS), we computed the diurnal variation
of AVSS between 700 and 200 hPa (Fig. 9). This com-
putation was performed with the NCEP-NCAR reanal -
ysis in central Amazon. The area of investigation ex-
tended from 15°S to 5°N and 67.5° to 34.0°W with the
purpose of excluding the Andes. Figure 9 indicates a
clear diurnal cycle of AVVS, with a maximum around
1800 UTC (1200 LT) and aminimum around 0600 UTC
(0200 LT). The maximum and minimum occurred with-
in the period of increasing and decreasing number of
CS, respectively (Fig. 6). Figure 10 shows the distri-
bution of Fluct around the time of maximum and min-
imum AV SS. During the time of maximum AV SS (1845
UTC), 65% of CS are associated with positive Fluct,
whichisindicative of enhancement in CSfragmentation.
On the other hand, at the time of minimum AV SS (0645
UTC), only 41.8% of CS fell in positive Fluct catego-
ries. Although CS could have been observed in any stage
of development during these two periods, the environ-
ment in which they were propagating may have affected
their structural aspect. The monitoring of the distribu-
tion of Fluct can alternately be useful to distinguish CS
properties in different large-scale wind profile regimes.

¢. Monitoring of CS with 2-3-h satellite image
intervals

Animportant effort inthe elaboration of MASCOTTE
has been to extend its applicability to the broad options
of geostationary satellite data presently available. The
International Satellite Cloud Climatology Project
(ISCCP), for instance, has continuously provided a
unique source of calibrated and uniformly formatted
geostationary and polar-orbiting weather satellite data
for climate studies (Schiffer and Rossow 1983). The
infrared (11 wm) and visible (0.6 um) datasets (ISCCP-
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Fic. 9. Diurna variation of the absolute vertical speed shear between 700- and 200-hPa levels
from 0000 UTC 12 Feb to 0000 UTC 19 Feb. Days are indicated between bars on the abscissa.

Data source: NCEP-NCAR reanalysis.

B3) represent the original satellite images sampled at
intervals of 3 h and 30 km and have been used in many
studies for tracking CS in tropical areas (Garreaud and
Wallace 1997; Machado et al. 1998).

To test the use of MASCOTTE when the timeinterval
between satellite images is greater than 1 h, we com-
pared our previous analysis with the same set of GOES
images but with 2- and 3-h time intervals. The results
indicate that the criterion of maximum spatial correla-
tion still holds for these time intervals, although the
magnitudes of r, evidently decrease. A good corre-
spondence between CS life cycles with different coarse
time resolutions (2 and 3 h) was obtained, but with some
discrepancy in the total number of splits and merges.
Overall, the results support the application of MAS-
COTTE for coarse time intervals between satellite im-

ages.

4. Monitoring of individual CS life cycles

The objective of this section is to discuss the skill of
MASCOTTE for the automated tracking of CS life cy-
cles and determination of their structural properties.
With this purpose in mind, we describe the complete
life cycle of a CS that evolved on 15 February (Fig.
11). This example is selected to illustrate the determi-
nation of merges and splits, which are crucial to deter-
mine the correct characterization of the CS propagation
properties. MASCOTTE first detected the CS (herein-
after referred as CS-a) that matched the T-R criteria at
0745 UTC. High (cold) cloud clusters (CC) were em-
bedded in the east—west orientation of the CS-a. At 0845
UTC, as CS-a slowly propagated southwestward, the
coldest CC increased their size with a preferable en-
hancement to the east of the CS-a. At 0945 UTC, merg-
ing with another CS was observed and detected by
MASCOTTE. As previously explained, the merging is
detected because of the increase in the CS area and
decrease of spatial correlation r  between two consec-

utive images. A new CS was then defined and is here-
inafter referred to as CS-b. One hour after the merge,
the cloud shield of CS-b continued to expand while the
fraction of CC decreased to the west of CS-b. The con-
sequent sinking and warming to T, > 235 K of these
decaying CC were clearly observed at 1145 UTC. One
hour later, CS-b continued to decay, and the elongated
east—-west appearance of the warmer isotherms changed
to a more circular shape. As the trailing anvil of CS-b
decayed, new cells at the center of the CS-b continued
to propagate slowly southwestward, asindicated at 1345
and 1445 UTC. The propagation of new CC south-
westward and the sinking of the trailing anvil defined
a new spatial configuration of CS-b with a near-north-
east—southwest orientation of the axis of maximum var-
iability. At 1545 UTC, the fraction of CC continued to
increase to the left and right of the southwestward di-
rection of propagation of CS-b, with much higher de-
velopment of the left cell. The splitting of CS-b was
detected by MASCOTTE at 1645 UTC because of the
presence of two CS with positiver (hereinafter referred
as CS-c and CS-d). The maximum correlation with CS-
b at 1545 UTC occurs with the larger CS at 1645 UTC
(defined as CS-c), which corresponded to the left CC
relative to the mean direction of propagation of CS-b.
MASCOTTE determined the center of gravity of CS-c
and CS-d at 1645 UTC, alowing the continuous track-
ing of each individual CS. CS-d decayed in the next
hour, and MASCOTTE no longer detected it. The nearly
northwest—southeast orientation of CS-c cloud shield at
1745 UTC corresponded to a shift of 90° relativeto CS-
b from 0945 to 1145 UTC. The elongated pattern of
CS-c became more evident after 1745 UTC, as hew CC
continuously developed south of CS-c. At 1845 UTC,
CS-c probably evolved into a well-defined squall line
identified in IR satellite images. One hour later, new
splitting followed by merging with alarge CS occurred,
and the configuration of CS-c drastically changed (not
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Fic. 10. Distribution of perimeter fluctuation (Fluct) around the times of (bottom) maximum
(1845 UTC) and (top) minimum (0645 UTC) absolute vertical speed shear for 12-18 Feb. Fluct

standard deviation = 0.12.

shown). The tracking of this new CS by MASCOTTE
indicated that after merging its life cycle extended into
the next day (16 February).

Supplementary information on the structural prop-
ertiesof CS-b and CS-c, asdetermined by MASCOTTE,
is summarized in Fig. 12. For each time, MASCOTTE
displaysthe perimeter of the CS, the ellipses whose axes
are determined by EOF1 and EOF2, and the eccen-
tricity. In addition, the CS orientation determined by the
least squares fit (dashed line) as defined in Machado et
al. (1998) is shown for the sake of comparison with the
MASCOTTE method. Time (UTC), eccentricity (Ecc),
equivalent radius (R), fraction of clouds with T, = 210
K (Fc), and speed and direction (counted as clockwise
angle from north) of propagation of CS are indicated in
each panel. For display purposes, the center of gravity

(cg) of the CSis collocated with the center of the image.
The ordinate and abscissa are in arbitrary units of lat-
itude and longitude, respectively. We recall that the
speed is computed by MASCOTTE only when no merg-
ing or splitting is observed in the CS.

At 0945 UTC, when CS-b was first determined after
a previous merging, Fc was the largest of its entire life
cycle. Eccentricity is low (0.29) because of the elon-
gated nature of the squall line. At 1045 UTC, the equiv-
alent radius and eccentricity of CS-b increased, whereas
the fraction of cold cloud tops decreased. The decrease
of Fc was indicative of decaying in the northwestern
portion of the CS. The propagation speed of CS-b from
0945 to 1045 UTC was approximately 31 km h-*, and
direction was 71° (easterly propagation). At 1145 UTC,
large decrease in the relative radius is observed, with
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Fic. 12. Example of structural properties of the same CS life cycle discussed in Fig. 11. For each time (UTC) the
panels display the perimeter, the ellipses whose axes are determined by the first and second eigenvectors EOF1 and
EOF2, and the eccentricity. Also shown are the eccentricity (Ecc), equivalent radius (R), fraction of clouds (Fc) with
Tg = 210 K, and speed and direction (counted as clockwise angle from north) of propagation of CS. The CS orientation
determined by the least squares fit is indicated as dashed lines. The center of gravity (cg) of the CS is collocated with
the center of the image. Flag equal to S (M) indicates possible sinking/splitting (merging) of CS with R < 100 km. The
ordinate and abscissa are in arbitrary units of lat and long, respectively.
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some sinking and decaying of CC on the right side
relative to the direction of propagation of the CS-b.
Because of this dramatic change in the total area of the
CS-b, the propagation speed and the magnitude of the
meridional component also increased. This result sug-
gests translation of cg toward the left side CC relative
to the direction of propagation of the CS-b. One hour
later (1245 UTC), R remained practically the same,
whereas Fc decreased and Ecc increased, indicating the
decaying phase of the CS-b. The speed and direction of
propagation showed westward movement of the CSwith
speed of 41 km h-1. After 1345 UTC, CS-b began to
collapse and became more fragmented as the old and
mature CC decayed on the right side of the propagation.
At the same time, the development of new CC on the
left side modified the spatial pattern of CS-b. The
change in the orientation of CS-b cloud tops after 1445
UTC from east—west to northeast—southwest is very no-
ticeable. These changes were properly captured by the
rotation of EOF1. Furthermore, it is evident that the
least squares method of Machado et al. (1998) misrep-
resents the actual orientation of cloud shield when the

shape of the CS became more irregular (from 1345
through 1845 UTC). The least squares approach is con-
sistent with the MASCOTTE EOF1 method only when
the boundaries of CS were more regular. Thisisthe case
independently whether the CS are more elongated or
are circular (compare 0945 and 1245 UTC). Changes
in the orientation of EOF1 and in the fragmentation of
the CS did not affect the eastward direction of propa-
gation of the CS-b determined by the translation of cg,
until 1545 UTC when splitting was observed. The split-
ting of CS-b and consequent displacement of CS-c (left
side relative to the direction of propagation) led to an
increase in the magnitude of the meridional component
of the direction of propagation of CS-c at 1645 UTC.
The splitting was followed by an enhancement of new
CC south of CS-c and rotation of EOF1 toward north
as shown in theimages at 1745 UTC (Figs. 10 and 11).
At 1845 UTC, arapid increase (approximately 30%) in
area associated with an increase of speeds of more than
2 times the average value observed for the entire life
cycle suggested that CS-c merged with another con-
vective system with R less than 100 km (compare the
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Fic. 13. Time evolution of fragmentation parameter Fluct for CS-b
(from 0945 to 1545 UTC) and CS-c (from 1645 to 1845 UTC).

south boundary of CS-c at 1745 and 1845 UTC). CS
c at 1845 UTC was associated with a simultaneous in-
crease of area and r,. However, aflag for merging was
set by MASCOTTE because of the relevant rate of
change in structural properties (perimeter and area) and
dynamical properties (speed, propagation direction, and
EOF1 orientation), which werelikely related to amerge
with a relatively small convective system.

One important aspect of the structural properties of
evolving CS is the distinction of collapsing stages of
the cloud shield. Figure 13 shows the time evolution of
Fluct for CS-b (from 0945 to 1545 UTC) and CS-c (from
1645 to 1845 UTC). The transition of Fluct from the
lowest magnitude at 1145 UTC to the largest magnitude
at 1445 UTC is noticeable. An inspection of CS-b in
this time interval (Fig. 12) clearly indicates the reasons
for that transition: the area of CS-b remains almost the
same whereas the perimeter increases as the anvil shield
collapses. It is interesting to note the independence be-
tween Fluct and Ecc. This example visibly emphasizes
that any automated method for tracking of CS needs a
definition of a parameter to account for fragmentation
of the system in addition to its eccentricity. Relatively
large magnitudes of Fluct are observed until 1545 UTC,
whereas the fragmentation of CS-c decreases after split-
ting. At 1845 UTC, with the development of new cells
south of CS-c, the spatial configuration becomes more
similar to CS-b at 1045 UTC, regardless of differences
in area and orientation. Therefore, the simultaneous
monitoring of R, Fc, Ecc, and Fluct is extremely im-
portant to design an accurate satellite method to identify
convective stages of evolving CS.

5. Summary and conclusions

A simple, fully automated, and efficient method to
determine the structural properties and evolution (track-
ing) of CS cloud shields has been described. This meth-
od, which is based on the maximum spatial correlation
tracking technique, is a new alternative to the existent
techniques available for studies that monitor the evo-
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lution of CS using satellite images. MASCOTTE pro-
vides as CS structural properties the following param-
eters. horizontal area, perimeter, mean and variance of
brightness temperature, minimum brightness tempera-
ture, fractional convective area, and center of gravity.
A new way of estimating the orientation and eccentricity
of CSis proposed that is based on EOF analysis of CS
pixel coordinates. Based on the magnitudes of the spatial
correlation between consecutive satellite images and the
changes in horizontal areas of CS, MASCOTTE pro-
vides a new way of tracking the evolution of CS life
cycles. This method is a significant improvement over
previously published methods that assume specific ge-
ometries to determine the CS propagation (Machado et
al. 1998). MASCOTTE has also proven to be useful for
monitoring the CS fragmentation and accurately deter-
mining the CS cloud-top orientation. Moreover, MAS-
COTTE provides automated determination of the exact
occurrence of splits and merges of CS, even for time
intervals between satellite images greater than 1 h. An
important advantage of the MASCOTTE method is the
visual identification and checking of the CS evolution
as the algorithm is applied to satellite images. The ver-
satility of MASCOTTE allows application to any ex-
tensive satellite imagery database and any geographic
region.

The focus of this paper has been on describing the
MASCOTTE methodology and applying it to seven con-
secutive days (12-18 February) during the WETAMC
LBA-TRMM campaign over the Rondonia state in the
Amazon basin. Convective systemsin the Amazon have
a high degree of complexity and interaction with the
large-scale circulation. For instance, during the
WETAMC, Silva Dias and Zipser (1999, persona com-
munication) have observed periods of suppressed or-
ganized convection due to the synoptic-scal e regime be-
ing dominated by the migration of the Brazilian north-
east upper-level trough. This is the same regime ob-
served during the dry season, whichistypically ascribed
to a much lower frequency of organized synoptic-scale
systems. The significance of the many possible feed-
backs among clouds, rainfall, and surface processesover
the Amazon basin needs to be further understood. Stud-
ies that are based on satellite data composites (e.g., Gar-
reaud and Wallace 1997) do not resolve the CS vari-
ability, especially the diurnal cycle and geographic dis-
tribution. Satellite tracking methods such as the one
described here provide an additional research tool in
this effort. Statistical analysis of the occurrence of dif-
ferent CS structural properties during varying synoptic
regimes can provide valuable information on the inter-
action between CS and the large-scale circulation over
the Amazon.
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