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ABSTRACT

The relationships between the initial area expansion rate of tropical convective systems and their total life
duration are analyzed during the period of the Wet Season Amazon Mesoscale Campaign/Large-Scale Biosphere–
Atmosphere (WETAMC/LBA) experiment over tropical South America, using an objective tracking of convective
systems during their life cycle from infrared Geostationary Operational Environmental Satellite (GOES) images.
The results show that it is possible to estimate the probable lifetime of a convective system, within certain error
bars, considering only its initial area expansion. This result shows that the initial area expansion could be used
as a predictor of the life cycle of convective systems. The area expansion is also a good indicator of convective
activity such as the diurnal cycle of convection. Over the southwest Amazon, the maximum area expansion
occurs close to the time of maximum precipitation and about 4 h before the maximum cold cloud fraction at
the same threshold (235 K).

Also, the hypothesis that the area expansion, and hence the convective activity, impacts the high-level wind
divergence has been investigated using satellite wind observations. It is found that the wind divergence fields
derived are able to describe the large-scale patterns but are not able to capture the small-scale features. The
diurnal cycle of the high-level wind divergence generally shows a flat response over tropical South America,
although a coherent but not significant signal is observed over the WETAMC/LBA area. It is shown that the
area of the cloud shield of convective systems varies not only in association with the upper-level wind divergence
but also with the condensation–evaporation process. The increase of area in this initial stage is mainly due to
the condensation process. During the ensuing mature stage, the upper-air wind divergence also contributes to
the expansion.

1. Introduction

Convective systems are responsible for most of the
rainfall in tropical regions as well as in temperate lat-
itudes during the warm season, and they are also re-
sponsible for some extreme weather conditions in var-
ious regions of the earth. Knowledge of convective sys-
tem evolution is of fundamental importance for under-
standing weather and climate, particularly in the
Tropics, and it is essential for improving forecasting of
these systems to reduce vulnerability to extreme weather
damage. The identification of predictor parameters for
the evolution of a convective system, based on its pre-
vious evolution, could make a significative contribution
to a nowcasting scheme and provide important infor-
mation for mesoscale model initialization.
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Machado et al. (1998), using a methodology able to
track convective systems during their life cycle, sug-
gested that the surface expansion of a convective system
could be associated with the high-level wind divergence
and the length of the life cycle. They showed that large
initial growth rates characterize large and long-lived
convective systems and suggest a large updraft inside
the convective towers consistent with high cloud tops
and large upper-level divergence. Knowledge of the di-
vergence field is important for understanding the trop-
ical atmospheric circulation. Cumulus-scale convection
supplies the energy needed to force large-scale distur-
bances that will in turn produce the low-level moisture
convergence needed to drive the convection, resulting
in ascending motions in the convective systems and di-
vergence at high levels due to mass continuity (Holton
1979). Unfortunately, conventional observations are
very few in tropical and oceanic regions; therefore, sat-
ellite data must be used to study convective atmospheric
circulations. Wind vectors estimated from successive
water vapor channel satellite images are numerous, pro-
vide consistent wind fields at high levels (Laurent 1993;
Velden et al. 1997), and can be used for climatological
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FIG. 1. (left) Region used to track the convective systems from GOES images and the location of the WETAMC/LBA area. (right) Location
of the 150-km range of the TOGA radar (circle), the WETAMC area (square), the rain gauges clustered in four networks, and the radiosounding
stations.

studies (Schmetz et al. 1995) or to monitor convective
systems. Laurent and Sakamoto (1998) calculated the
high-level wind divergence from water vapor wind
fields. They showed that the areas with low brightness
temperature, corresponding to convective systems, are
well correlated with large divergence values.

Scofield (1987) presented a technique to estimate pre-
cipitation using image satellite based on the time evo-
lution of the convective cloud area. Estimates of con-
vective rainfall are computed by comparing the changes
in cloud characteristics that are observed between two
consecutive images of enhanced infrared and visible im-
ages. This technique and others of similar nature have
shown that the area evolution of a convective system
can be associated with the intensity of the precipitation.

This study utilizes the dataset collected during the
Wet Season Amazon Mesoscale Campaign (WETAMC)
held in January–February 1999, in the Rondônia state
in Brazil, as part of the Large-Scale Biosphere Atmo-
sphere (LBA) experiment (Silva Dias et al. 2002). Sev-
eral instruments for measuring precipitation as part of
the ground validation of the Tropical Rainfall Measuring
Mission (TRMM) satellite were also included in WE-
TAMC (Petersen et al. 2002). The TRMM–WETAMC/
LBA experiment presents a unique opportunity to an-
alyze the convective processes in the Amazon, enabling
study of convective systems by combining different
measurements such as satellite, radar, radiosonde, and
rain gauge.

The growth rate of the convective systems can be
deduced from their area expansion, which is easily ob-
served from successive satellite images. This area ex-
pansion is expected to be associated with the high-level
wind divergence and with the rate of condensation/evap-
oration that is directly related to the mass flux inside
the convective system. The objective of this study is to

investigate these hypotheses to examine if the rate of
change of area of a convective system can be associated
with its lifetime and if this rate can indicate the level
of convective activity.

In section 2 the in situ and satellite data used in this
study are presented. Section 3 presents the initial area
expansion of the convective systems and its relationship
with the system duration. The diurnal cycle of the area
expansion is shown in section 4 and compared with
precipitation and high-level wind divergence in the WE-
TAMC region. The relationships between area expan-
sion and high-level wind divergence are analyzed in
section 5. Section 6 summarizes the main conclusions.

2. Data

a. Rain gauge, radar, and radiosonde data

The WETAMC/LBA allows us to study the three-
dimensional structure of convective systems and their
associated precipitation using a combination of mete-
orological radars, rain gauge network, TRMM active
and passive sensors, and radiosonde data. Figure 1
shows the location of the experiment and the many in-
struments used in this study.

The rain gauge network was distributed in four clus-
ters. The rain gauge tipping buckets have a sampling
resolution of 0.254 mm and maximum temporal reso-
lution of 10 s. In this study we used the hourly accu-
mulated rain gauge data from the Goddard Distributed
Active Archive Center (DAAC). An average over the
four networks was applied to describe the average hour-
ly rainfall over the TRMM–WETAMC region (see Fig.
1 for location).

Three radiosonde stations performed 3-hourly sound-
ings during the experiment: Rebio Jaru (RJ: 108, 59S,
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618, 559W; altitude, 120 m); Abracos (AB: 108, 459S,
628, 219W; altitude, 290 m); Rolim de Moura (RM: 118,
429S, 618, 469W; altitude, 225 m). These three stations
form a triangle, allowing for the computation of hori-
zontal wind divergence using the Kelvin and Green the-
orem. Machado (2000) used this method to compute the
fields of mass and energy divergence in the Amazon
region. In this study we will focus on the 200-hPa wind
divergence.

Data from the National Aeronautics and Space Ad-
ministration (NASA) C-band radar (wavelength of 5.4
cm) known as the Tropical Ocean and Global Atmo-
sphere Program (TOGA) radar were used to track the
displacements of the rain cell echoes. During the ex-
periment, complete volume scans were performed at 10-
min intervals, from which was calculated the 2-km con-
stant altitude plan position indicator (CAPPI), following
Anagnostou and Krajewski (1997). We used CAPPIs
with a horizontal resolution of 5 km 3 5 km limited to
a range of 150 km to be consistent with the horizontal
resolution obtained in the Geostationary Operational
Environmental Satellite (GOES) IR images. The TOGA
radar calibration was also adjusted using the TRMM
precipitation radar (Anagnostou and Morales 2002).
With the same methodology as described for the satellite
data in section 2b, the rain cells observed in the CAPPI
2-km data were tracked throughout their life cycle, con-
sidering only the cells that initiated and dissipated spon-
taneously inside the 150-km disk. The rain cells delim-
ited with the 20-dBZ threshold include weak to strong
rainfall. More details on the methodology can be found
in Laurent et al. (2002).

b. Satellite data processing

The GOES-8 satellite images were preprocessed by
NASA Goddard Space Flight Center (GSFC) for the
entire duration of the experiment at full resolution (ev-
ery 30 min; pixel size of ;4 km for the infrared chan-
nels). The convective systems are detected using the
thermal infrared channel (;11 mm) assuming that the
convective clouds that are high and thick are those with
a small brightness temperature. A convective system is
here defined as an area of at least 200 pixels (i.e., an
area larger than about 3500 km2) that falls below the
temperature threshold. Two thresholds were used: 235
K to identify the whole convective system including the
thick cirrus shield and 210 K to identify the areas of
very intense convection that may exist embedded in the
convective system. The systems are tracked during their
life cycle using the method described by Mathon and
Laurent (2001) that determines whether the system ini-
tiates spontaneously or from a split, and whether it ends
by dissipation or by merging into another system. This
objective tracking was performed for the period 11 Jan-
uary–27 February over a window covering tropical
South America approximately from 7.58N to 208S and
from 808 to 308W. The total number of systems tracked

was 13 409 at 235 K and 3867 at 210 K. For comparison
with the WETAMC/LBA observations, we use a win-
dow defined by 128–88S and 648–608W (see Fig. 1). A
more detailed description of the methodology is given
in Laurent et al. (2002).

According to the average radiosonde profile, the 235-
K (210 K) level is located around 260 hPa (160 hPa).
Indeed, as the temperatures of the convective system
pixels are lower than 235 K, the system top level is
somewhere above the 260 hPa level. To estimate the
wind divergence associated with the system top, we will
therefore consider the slice from 250 to 150 hPa.

3. Area expansion of the convective systems

a. Definition of the area expansion

The convective system area is calculated from the
number of pixels with a brightness temperature smaller
than the given threshold (235 or 210 K). The area ex-
pansion rate is simply the normalized difference of the
system area between two successive images (Machado
et al. 1998). The area expansion is closely linked to the
phase of the convective system life. At the beginning
of its life the convective system presents a large positive
area expansion. The area expansion is close 0 during
the mature phase of the system and negative during the
dissipative phase. The magnitude of the area expansion
may be a good indicator to monitor the convective ac-
tivity of the convective system, acting as a proxy to
quantify the mass flux or the condensation rate inside
the convective system.

Machado et al. (1998) discuss the possibility of as-
sociating the area expansion of the convective systems
with the high-level wind divergence, if condensation
and evaporation are neglected, with the following equa-
tion:

1 ]A
A 5 ø = · V, (1)e A ]t

where A is the convective system area, and V is the
horizontal wind vector. In this paper, Ae is the normal-
ized area time rate of expansion called area expansion.
A negative area expansion corresponds to contraction.
Rapid area expansion would correspond to large upper-
level wind divergence (e.g., Wallace and Hobbs 1979).

Machado et al. (1998) suggest that the magnitude of
the area expansion at the initial time may be related to
the total duration of the convective system. They found
that the area expansion is systematically larger at the
initiation stage for long-lived convective systems. There
are two possible reasons for this: (i) the environmental
conditions that are needed for vigorous development of
convection, such as low-level moisture convergence and
vertical conditional instability, are likely to persist dur-
ing the following hours; and (ii) a strong area expansion
indicates a strong internal dynamic (strong mass flux)
of the convective system that will transport energy to
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FIG. 2. Area expansion (Ae; 1026 s21) and associated std dev as a
function of the convective system lifetime (h). The number of cases
is also plotted (right axis).

FIG. 3. Histogram of the area expansion (1026 s21) for three
classes of convective system lifetime.

the middle to high troposphere, modifying the atmo-
spheric circulation and favoring the low-level moisture
convergence that will in turn prolong the life of the
convective system. This feedback is likely to be acti-
vated if the convective system has a strong internal mass
flux in the initial stage. Note that as the convective
systems have a size larger than 3500 km2, they include
various convective towers, and the satellite analysis is
an integration of all small-scale features.

b. Relationship between area expansion and lifetime

The work of Machado et al. (1998) was based on a
low-resolution dataset and did not consider the different
situations of splitting and merging of convective systems.
This study aims to test the hypotheses mentioned using
high-resolution data from various sources. In order to
analyze the relationship between the area expansion of a
convective system and its lifetime, we only consider here
the systems that initiate spontaneously (i.e., not as a result
of a split of a former system) and end by dissipation (i.e.,
not by merging into another system). This ensures that
the initial growth of the system is due to its internal
dynamics and that the lifetime is representative of a com-
plete life cycle. The tracking method allows for such a
selection; the number of systems is thus reduced to 4240
at 235 K and 2569 at 210 K.

The average relationship between area expansion at
the initial time (between t0 and t0 1 30 min) and total
lifetime is shown in Fig. 2. The plot gives the mean
area expansion observed for each life duration and the
associated standard deviation. The number of observed
convective systems is also indicated. On average, the
convective systems with a weak area expansion during
the initial phase have a short lifetime. The convective
system duration increases as its initial area expansion
increases. The fitted curve shows that there is a nearly

exponential relationship. For life duration larger than 8
h the function could be asymptotic; however, the small
number of cases leads to a very noisy and inconclusive
relationship. For most cases (lifetime smaller than 8 h)
the results show that the area expansion is a good in-
dicator of the lifetime, within error bars, and that the
relationship can be approximated by an exponential
function.

The relationship shown in Fig. 2 is valid on average,
but there is considerable variability. Figure 3 shows the
histogram of the area expansion values for three classes
of convective systems: lifetime of 1 and 1.5 h, from 2
to 3.5 h, and from 4 to 7 h. Each class has approximately
the same population. The three histograms are different,
showing that there is a larger probability that a small
area expansion is associated with a short lifetime than
with a long one. However, it can also be seen that there
is quite a large dispersion; in other words, a given area
expansion value can be associated with different life
durations. In fact it is not only the initial conditions but
also other factors that can impact the growth and du-
ration of convective systems, for instance, the topog-
raphy, breeze effect, or any change of forcing during
the life of the system. However, it is beyond the scope
of this paper to reach a full understanding of these dif-
ferent cases.

To analyze the impact of the threshold used to define
the convective systems and hence their area expansion
and lifetime, the same calculations were performed for
a threshold of 210 K. Figure 4 shows the area expansion
at the initial time versus lifetime for convective systems
defined at 210 and 235 K. There is a similar relationship
for both cases. For the convective systems defined with
the colder threshold, the coefficient of the exponential
fitting is 20.5 instead of 20.3. According to Eq. (1),
this means that the high-level wind divergence associ-
ated with the convection is larger when the convective
system has a very cold top, consistent with the idea that
in a given location the higher the convective cloud top,
the more intense the convective activity. On the one
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FIG. 4. Area expansion (1026 s21) vs lifetime (h) for the
convective systems defined at 235 or 210 K.

FIG. 5. Area expansion (1026 s21) vs lifetime (h) of the convective
systems for area expansion calculated with a time interval of 30, 60,
90, or 120 min.

FIG. 6. Schematic diagram of the convective system size evolution
for different initial area expansions.

hand, the relationship between initial area expansion and
lifetime seems sharper with the 210-K threshold than
with the 235-K threshold. This is likely to be due to the
shorter lifetime of the convective cells (convective sys-
tems defined by 210 K) merged inside the convective
system. On the other hand, the number of 210-K con-
vective cells is smaller, and the area expansion vari-
ability is very large for lifetimes larger than 5 h. The
initial time of the convective cells comes after the initial
time of the convective system at a warmer threshold.
Therefore, considering a possible application of the pre-
sent study in nowcasting, it is preferable to focus on
the earlier-detected, 235-K convective systems. Another
parameter that needs to be analyzed is the time interval
used to calculate the area expansion. In the previous
results the minimum interval was used: 30 min between
the first and the second image containing the convective
system considered. However a larger time interval can
be used. Figure 5 shows the area expansion versus life-
time relationship when computing the area expansion
over an initial time interval of 30, 60, 90, or 120 min.
The relationship remains very similar but the values of
the area expansion vary by a factor of 1.7. Nevertheless,
it should be noted that a shorter time interval is much
more useful for nowcasting. Note that the wind diver-
gence is also very dependent on the time interval over
which it is computed. Based on these results, an em-
pirical relationship between area expansion and life cy-
cle duration can be established. This relationship will
depend on the threshold and the time interval between
two successive images.

The results indicate that a mean relationship exists
between the area expansion at the initial time and the
lifetime of the convective systems. This relationship de-
pends on the definition of a convective system and the
time interval considered. The main point is that it is
possible to estimate the highest probability duration of
a convective system, within certain error bars, consid-

ering only its growth rate during its initiation phase.
The same is true for the size of the convective system,
as there is a good relationship between size and lifetime
(Machado et al. 1998; Mathon and Laurent 2001). Fig-
ure 6 presents a simplified representation of the con-
vective system life cycle. The faster the initial growth
rate, the larger the size and the duration of the system.

Using the CAPPI 2-km data from the TOGA radar,
the area expansion can be computed in the same way
as for the satellite data. The area expansion of the rain
cells is closely linked to the water condensed at 2-km
height, resulting from low-level moisture convergence.
Figure 7 shows the area expansion of the rain cell as a
function of the rain cell duration. The number of cases
is quite small because of the rejection of every case of
splitting or merging and also because of the small area
covered by the radar. It can be seen, however, that the



MARCH 2004 719M A C H A D O A N D L A U R E N T

FIG. 7. Area expansion (1026 s21) vs rain cell lifetime (h), using
CAPPI 2-km data with the 20-dBZ threshold. The number of cases
is also indicated (right axis).

relationship is similar to what is observed for the con-
vective systems (Fig. 2). Note the difference in time
scale between the rain cells (typically 1 h) and the con-
vective systems (typically 10 h). In the latter case the
rapid increase of area of liquid water in the initiation
stage can be linked with the vigor of the dynamics as-
sociated with the convective system. The radar data ob-
servations suggest that the area expansion can be closely
associated with the low-level humidity convergence,
and the effect of the condensation probably cannot be
neglected, as will be discussed in section 5.

4. The diurnal cycle of the area expansion,
precipitation, and wind divergence

One of the main difficulties in comparing the con-
vective system area expansion with the high-level wind
divergence arises from the different time and space
scales involved. As was mentioned before, the wind
divergence depends strongly on the space–time scale.
In order to investigate how Eq. (1) can be used to relate
the cloud shield expansion with the wind divergence,
we need to make some simplifications:

• The area expansion is considered as uniform for the
whole convective system area (threshold, 235 K),
which is reasonable when considering the mean be-
havior. Actually, as seen in Fig. 4 the coldest parts of
the system are associated with larger values of area
expansion and therefore divergence. We do not at-
tempt to detail here the internal structure of the sys-
tems but rather try to understand their mean behavior.

• The pressure level corresponding to 235 K is about
250 hPa in the region of the experiment; however, a
large fraction of the cloud system top is at higher
levels. We consider here a slice of 200 hPa 6 50 hPa
as representative of the whole convective system top.

The area expansion has been computed for every con-
vective system for each 30-min interval. The values

obtained over each system have then been interpolated
on a regular 18 3 18 grid using the Barnes (1964) meth-
odology. The average 3-hourly fields computed over the
period 10 January–29 February 1999 are presented in
Fig. 8. This figure shows that the area expansion de-
scribes very clearly the diurnal cycle of the convection.
The large convective activity develops over the Amazon
region at about 1300 LST, that is, 1600 UTC at 458W
and 1700 UTC at 608W. During nighttime the convective
systems dissipate (negative area expansion) in agree-
ment with the diurnal cycle described by Machado et
al. (2002).

To compare the area expansion with the high-level
wind divergence, we have used high-level wind mea-
surements obtained from successive water vapor (WV)
channel GOES images (Velden at al. 1997). These so-
called WV winds have been computed every 3 h for the
entire WETAMC/LBA experiment by National Oceanic
and Atmospheric Administration/National Environmen-
tal Satellite, Data, and Information Service (NOAA/
NESDIS). The wind vectors in the 150–250-hPa layer
are here interpolated onto a 18 3 18 grid using the same
method as applied to the area expansion. The divergence
is then calculated by finite differences. The mean di-
vergence computed from the WV winds is presented in
Fig. 9. The WV wind mainly describes the large-scale
field. The divergence field in Fig. 9 is very close to the
cold cloud occurrences for a brightness temperature
threshold of 235 K (not shown). The 200-hPa WV wind
vectors are derived from the motions of high-level
clouds, whereas the water vapor structure motions de-
rived in regions free of high-level clouds are assigned
to lower levels than 250 hPa. Therefore the regions of
subsidence are not considered in the 200-hPa field. The
variability of divergence time series is large (standard
deviation of almost 2 3 1025 s21), which can explain
that the mean diurnal variation of the 200-hPa WV wind
divergence over the whole region is quite noisy and does
not show a clear diurnal cycle (not shown).

In order to compare the area expansion, the wind
divergence from radiosonde and the WV wind diver-
gence, we focus on the WETAMC/LBA area defined by
the region from 128 to 88S and 648 to 608W. To compute
the area expansion and the water vapor wind, only the
convective systems and the wind vectors inside these
areas are considered. The divergence computed from
radiosonde is obtained from the three radiosonde sites,
and the methodology is described in section 2a.

Figure 10 shows the average diurnal variation for the
200-hPa level of the wind divergence from radiosonde,
the WV wind divergence, and the area expansion. There
is a coherent phase variation among these parameters,
exhibiting a maximum in the beginning of the afternoon
close to the time of maximum precipitation (see Fig.
11). During nighttime, according to the radiosonde data,
there is a secondary maximum, barely visible with the
water vapor wind divergence and the area expansion.
Machado et al. (2002) have shown that the convective
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FIG. 8. Mean area expansion (1026 s21) over the period 10 Jan–28 Feb 1999 for different hours (UTC).
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FIG. 9. Mean wind (m s21) and wind divergence (1026 s21) over the period 10 Jan–28 Feb 1999
computed from the NOAA/NESDIS water vapor winds in the slice 150–250 hPa.

FIG. 10. Mean hourly area expansion, water vapor wind divergence, and radiosonde-derived wind
divergence (1026 s21) for the 200-hPa level in the WETAMC/LBA region.

cloud fraction was very small during the night during
the WETAMC/LBA period. Therefore the secondary
maximum of divergence is probably not related to the
convective systems, but rather to the large-scale field.
There is a small time lag between the maxima: the area
expansion peaks 1 h earlier than the wind divergence
from radiosonde and 2 h earlier than the water vapor
wind divergence; this feature will be discussed in the
next section. It should also be noted that the number of

WV wind vectors in the level considered is drastically
reduced during the morning because of the small cold
cloud amount at that time. The values of the wind di-
vergence are very different depending on the different
calculations. This is probably due to the fact that the
wind divergence is a parameter very sensitive to the
spatial and time scales considered and to the different
smoothness of the wind field from different sources. The
WV winds are computed by tracking large-scale clouds
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FIG. 11. Mean hourly area expansion (1026 s21), rainfall (mm h21), and 235-K area fraction (%)
for the WETAMC/LBA region.

FIG. 12. Water vapor wind divergence anomaly (1026 s21) asso-
ciated with the convective systems vs convective system lifetime (h)
at the time of system initiation (t0) or 1 h after the system initiation
(t0 1 1).

and water vapor structures using windows of about 130-
km width in three successive images, that is, over 1 h.
The flow of these structures is smoothed in comparison
with the local wind as measured with radiosondes. Over
the WETAMC/LBA area, the values of divergence cal-
culated from the radiosondes are typically 4 times larger
than those calculated from the WV winds and 8 times
smaller than the area expansion. As already mentioned,
the diurnal cycle of upper-level divergence is generally
not observed elsewhere from the WV wind divergence,
and the WV divergence signal observed over the WE-
TAMC/LBA area is not significant according to the
large standard deviation of this measurement. Radio-
sonde observations in other areas or other periods would
be necessary to check the validity of the WV wind di-
vergence diurnal cycle observed here.

Figure 11 shows the average diurnal cycle of the area
expansion, rainfall, and 235-K area fraction. It can be

seen that the maximum area expansion occurs close to
the time of maximum precipitation and around 4 h be-
fore the maximum cold cloud fraction defined with the
same threshold (235 K). This means that, for this region,
the area expansion captures the moment of maximum
precipitation, whereas a traditional approach to estimate
the rainfall using brightness temperature would be bi-
ased by about 4 h. As discussed by Machado et al.
(2002), precipitation occurs very rapidly in the begin-
ning of the afternoon close to the time of minimum total
cloud cover. It is also the time when high and convective
clouds have the maximum area fraction increase rate
and when the initiation of convective systems and rain
cells are the most numerous. These are the character-
istics of the convection in the WETAMC/LBA region.
However, other investigations are needed to determine
whether the nearly simultaneous time of maximum pre-
cipitation, wind divergence, and area expansion could
be verified in others regions of Amazonia.

5. Area expansion and high-level wind divergence

The relationships between convective system area ex-
pansion and high-level wind divergence have been fur-
ther investigated by analyzing how the divergence varies
over the convective system life cycle.

Figure 12 shows the high-level wind divergence
anomaly observed over convective systems as a function
of the lifetime of the systems. In order to remove the
large-scale variation of the mean field (see Fig. 9), the
divergence anomaly was computed in each grid point
as the WV wind divergence minus the local mean. Then
for each occurrence of a convective system, the diver-
gence anomaly was considered at the system initiation
time (t0) or at a time lag (t0 1 1 h). The divergence
anomaly is weak but always positive, and it increases
with the system duration. The variability is large (stan-
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dard deviation of about 2 3 1026 s21) and the signal is
weak, but the mean signal is consistent with the behavior
obtained with the area expansion (Fig. 2). Also, the
divergence is larger when considering a time lag after
the system initiation, with an optimum lag of 1 or 2 h.
We should remember the convective system initiation
is defined here as the time when the cloud-top area
colder than 235 K is larger than 3500 km2. This leads
to an initiation time shifted with respect to the very
beginning of the convection. This time lag between con-
vective system initiation and high-level wind divergence
is not surprising. Frank (1978) found large-scale con-
vergence precedes by several hours the formation of
convective systems observed in the Global Atmospheric
Research Program’s Atlantic Tropical Experiment
(GATE). Tollerud and Esbensen (1985) performed a
composite analysis of the wind divergence vertical pro-
file for the large convective systems occurring during
GATE. They concluded that the maximum low-level
convergence is observed during the initiation stage, and
the maximum upper-level divergence occurs during the
mature stage.

The scale dependence of divergence estimation is not
sufficient to explain the observed inconsistencies be-
tween wind divergence and area expansion. The cloud
growing due to condensation cannot be neglected, as
the area expansion depends on it and not only on the
divergence. The area expansion reaches its maximum
value in the initiation stage, and the upper-level wind
divergence reaches the maximum later, at or just before
the mature stage. The rate of increase of the total liquid
water of the convective system cannot be neglected dur-
ing the initiation stage, when the maximum area ex-
pansion occurs, and therefore Eq. (1) is not sufficient
to describe the convective system size change. Time
changes of the convective system area is a function of
wind divergence (div) and condensation–evaporation
process (cond) as follows:

1 ]A(div, cond) 1 ]A(div)
5 )A ]t A ]t cond5cte

1 ]A(cond)
1 , (2))A ]t div5cte

1 ]A(div)
5 = · V, (3))A ]t cond5cte

where A is the area of the convective system and cte is
a constant. Combining Eqs. (2) and (3) gives

1 ]A(div, cond) 1 ]A(cond)
5 = · V 1 . (4))A ]t A ]t div5cte

The liquid water content of the convective system
(Q1) can be described as

Q 5 r AH and (5)l l

]Q ]H ]A(cond) ]A(cond)l 5 r A 1 r H ø r H , (6)l l l]t ]t ]t ]t

where rl is the liquid water density, and H is the con-
vective system height. The top of the convective system,
detected using a cold threshold, is close to the tropo-
pause, and therefore H variations are relatively small
and can be neglected. Combining Eqs. (5) and (6), we
obtain

1 ]A(cond) 1 ]Q 1 ]Ql l5 5 . (7)
A ]t AHr ]t Q ]tl l

Combining Eqs. (4) and (7) gives

1 ]A 1 ]Ql5 = · V 1 . (8)
A ]t Q ]tl

To characterize and understand the evolution of the
terms in Eq. (8) during the life cycle of the convective
system, we have applied the following methodology.
The life cycle is divided into five classes: initiation
(class 1); intermediary between initiation and maximum
size (class 2); maximum size, the mature stage (class
3); intermediary between maximum size and dissipation
(class 4); and dissipation (class 5). Only systems with
a lifetime longer than 3.5 h are considered in order to
simplify the classification, and the few systems that last
longer than 10 h are discarded to reduce the possibility
of multiple growing phases. Also, the convective sys-
tems associated with splits or merges are discarded.
Based on this classification we have done a composite
study for each life stage, for the area expansion and the
water vapor wind divergence, for the whole of tropical
South America. The results of these calculations show
that the area expansion ranges from 2 3 1024 to 22 3
1024 s21, whereas the divergence anomaly varies be-
tween 7 3 1027 and 6 3 1026 s21. As already men-
tioned, the divergence is strongly scale dependent, and
it is not possible to compare the absolute values of WV
wind divergence with the area expansion for a large
range of convective sizes. As we are here interested in
the relative variations during the convective system life
cycle, we plot in Fig. 13 the relative variations of the
area expansion and divergence, that is, each parameter
is normalized using its mean and standard deviation
obtained from the composite analysis. As shown in Fig.
13, the normalized area expansion decreases linearly
during the convective system life cycle in agreement
with the results of Machado et al. (1998). Hence the
evolution of the convective system area can be param-
eterized by

1 ]A
5 at 1 b, (9)

A ]t

which leads to
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FIG. 13. Average variation of the normalized area fraction for con-
vective systems having a duration between 3.5 and 10 h, associated
normalized anomalies of wind divergence, and calculated conden-
sation/evaporation rate, as a function of the lifetime categories 1
(initiation), 2 (intermediary stage between initiation and mature
stage), 3 [maximum area stage (mature stage)], 4 (intermediary stage
between the mature and the dissipation stage), and 5 (dissipation
stage). Values are normalized by their std dev.

2at
A 5 exp 1 bt 1 c , (10)1 22

where t is the time from the initiation.
The upper-level wind divergence is positive, on av-

erage, throughout the entire convective system life cy-
cle. The normalized values show that the minimum is
observed at the initiation time, and the maximum is
reached during the growing phase of the system (class
2 in Fig. 13), close to the mature stage, and then de-
creases slowly in the dissipation phase.

Considering Eq. (8), the relative variation of the con-
densation term can be deduced from the difference be-
tween area expansion and horizontal wind divergence,
using only the normalized terms. The following behav-
ior can be seen in Fig. 13: at the initiation of the con-
vective system the area expansion is very large, due
mainly to a very strong condensation rate. Then the
divergence increases during the growing phase. At the
mature phase (maximum size), all terms are close to
their mean value. During the dissipative phase, the neg-
ative area expansion is associated with both a small
divergence and evaporation (Fig. 13 presents the relative
variation). Based on this result the area expansion in
the initiation stage is mainly due to the condensation
rate and can provide important information for assim-
ilation in mesoscale models to describe the vigor of the
convection during the model spinup.

6. Conclusions

The WETAMC/LBA makes it possible to study con-
vective systems and their associated precipitation from

the combination of satellite images, meteorological ra-
dars and rain gauges, and radiosonde data for dynamic
and thermodynamic analysis.

The full-resolution GOES-8 satellite images were
used to detect and track the convective systems during
their life cycle. This objective tracking was performed
for 48 days during the WETAMC/LBA over a window
covering tropical South America.

The convective system area is calculated from the
number of pixels with a brightness temperature smaller
than the threshold considered (235 or 210 K). The area
expansion is defined as the system area difference be-
tween two successive images, normalized by the mean
area. The area expansion is closely linked to the phase
of the convective system’s life. At the beginning of its
life, the convective system presents a large positive area
expansion. The area expansion becomes close to zero
during the mature stage of the convective system and
negative in the dissipation stage.

The results demonstrate the ability to predict the prob-
able lifetime of a convective system from its initial area
expansion. The physical explanation for this result is
founded on the principle that this parameter measures
the vigor of the convective forcing indicating the time–
space scale of the convective cloud organization. The
area of the cloud shield of the convective system chang-
es in association with the upper-level wind divergence
and with the condensation/evaporation process. A rap-
idly growing convective system is a cloud cluster with
strong liquid water condensation and strong vertical
mass flux. The area increase in the initial stage is mainly
due to the condensation process, then afterward, in the
mature stage, the upper-air wind divergence increases.
The upper-air divergence is a signature of the mass flux
inside the convective towers that had previously con-
tributed to the condensation process. The average area
expansion at the initial stage varies exponentially with
the life cycle duration. For short to medium lifetimes
(less than 8 h) the relationship between initial area ex-
pansion and total lifetime is very clear; however, for
longer lifetimes all that can be predicted is that the
convective system will live for longer than 8 h. Very
long lifetimes cannot be predicted from the signature of
the vigor of the convection at the initial stage, probably
because of the diurnal cycle, the large-scale forcing, and
other external forcing. This time scale of 8 h applies to
the cloud shield defined at 235 K. For the colder cloud
area of 210 K this time scale is around 5–6 h and for
the liquid water at 2 km (using the CAPPI 2-km radar
data) this time scale is only of a couple of hours.

The maximum area expansion occurs close to the time
of maximum precipitation and about 4 h before the max-
imum cold cloud fraction at the same threshold (235
K). It can be concluded that the area expansion could
be used to determine the time of maximum precipitation.

The analysis of the area expansion showed that this
parameter could be very useful for short-range forecasts,
convection diagnostics, and perhaps to help improve the
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precipitation estimation from geostationary meteorolog-
ical satellites. Also, the area expansion can be used to
determine the convective system life stage and to supply
information about the condensation processes and the
upper-level divergence.

Future work might include seeing if the parameterized
relationship in equation 10 has predictive value any-
where else, particularly the midlatitudes.
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veloppement, France), support number 690089/01-5.
The work has received financial support from the CNPq
Grant 47210/2001-4.

REFERENCES

Anagnostou, E. N., and W. F. Krajewski, 1997: Simulation of radar
reflectivity fields: Algorithm formulation and evaluation. Water
Resour. Res., 33, 1419–1428.

——, and C. A. Morales, 2002: Rainfall estimation from TOGA radar
observations during LBA field campaign. J. Geophys. Res., 107,
8068, doi:10.1029/2001JD000377.

Barnes, S. L., 1964: A technique for maximizing details in numerical
weather map analysis. J. Appl. Meteor., 3, 396–409.

Frank, W. M., 1978: The life cycles of GATE convective systems. J.
Atmos. Sci., 35, 1256–1264.

Holton, J. R., 1979: An Introduction to Dynamic Meteorology. Ac-
ademic Press, 394 pp.

Laurent, H., 1993: Wind extraction from METEOSAT water vapor
channel image data. J. Appl. Meteor., 32, 1124–1133.

——, and M. Sakamoto, 1998: Measure of divergence at the top of
tropical convective systems from water vapor winds. Proc.

Fourth Int. Winds Workshop, Saanenmoser, Switzerland, EU-
METSAT, 155–161.

——, L. A. T. Machado, C. A. Morales, and L. Durieux, 2002:
Characteristics of the Amazonian mesoscale convective sys-
tems observed from satellite and radar during the WETAMC/
LBA experiment. J. Geophys. Res., 107, 8054, doi:10.1029/
2001JD000337.

Machado, L. A. T., 2000: The Amazon energy budget using the
ABLE-2B and FluAmazon data. J. Atmos. Sci., 57, 3131–3144.

——, W. B. Rossow, R. L. Guedes, and A. W. Walker, 1998: Life
cycle variations of mesoscale convective systems over the Amer-
icas. Mon. Wea. Rev., 126, 1630–1654.

——, H. Laurent, and A. A. Lima, 2002: Diurnal march of the con-
vection observed during TRMM-WETAMC/LBA. J. Geophys.
Res., 107, 8064, doi:10.1029/2001JD000338.

Mathon, V., and H. Laurent, 2001: Life cycle of the Sahelian me-
soscale convective cloud systems. Quart. J. Roy. Meteor. Soc.,
127, 377–406.

Petersen, W. A., S. W. Nesbitt, R. J. Blakeslee, R. Cifelli, P. Hein,
and S. A. Rutledge, 2002: TRMM observations of intraseasonal
variability in convective regimes over the Amazon. J. Climate,
15, 1278–1294.

Schmetz, J., and Coauthors, 1995: Monthly mean large-scale analyses
of upper-tropospheric humidity and wind field divergence de-
rived from three geostationary satellites. Bull. Amer. Meteor.
Soc., 76, 1578–1584.

Scofield, R. A., 1987: The NESDIS operational convective precipi-
tation estimation technique. Mon. Wea. Rev., 115, 1773–1792.

Silva Dias, M. A., and Coauthors, 2002: Cloud and rain processes in a
biosphere–atmosphere interaction context in the Amazon region. J.
Geophys. Res., 107, 8072, doi:10.1029/2001JD000335.

Tollerud, E. I., and S. K. Esbensen, 1985: A composite life cycle of
nonsquall mesoscale convective systems over the tropical ocean.
Part I: Kinematic fields. J. Atmos. Sci., 42, 823–837.

Velden, C., C. M. Hayden, S. J. Nieman, W. P. Menzel, S. Wanzong,
and J. S. Goerss, 1997: Upper-tropospheric winds derived from
geostationary satellite water vapor observations. Bull. Amer. Me-
teor. Soc., 78, 173–195.

Wallace, J. M., and P. V. Hobbs, 1979: Atmospheric Science: An
Introductory Survey. Academic Press, 467 pp.


