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ABSTRACT

Radar and satellite data from the Tropical Rainfall Measuring Mission–Large-Scale Biosphere–
Atmosphere (TRMM–LBA) project have been examined to determine causes for convective storm initia-
tion in the southwest Amazon region. The locations and times of storm initiation were based on the
National Center for Atmospheric Research (NCAR) S-band dual-polarization Doppler radar (S-Pol). Both
the radar and the Geostationary Operational Environmental Satellite-8 (GOES-8) visible data were used to
identify cold pools produced by convective precipitation. These data along with high-resolution topographic
data were used to determine possible convective storm triggering mechanisms. The terrain elevation varied
from 100 to 600 m. Tropical forests cover the area with numerous clear-cut areas used for cattle grazing and
farming. This paper presents the results from 5 February 1999. A total of 315 storms were initiated within
130 km of the S-Pol radar. This day was classified as a weak monsoon regime where convection developed
in response to the diurnal cycle of solar heating. Scattered shallow cumulus during the morning developed
into deep convection by early afternoon. Storm initiation began about 1100 LST and peaked around
1500–1600 LST. The causes of storm initiation were classified into four categories. The most common
initiation mechanism was caused by forced lifting by a gust front (GF; 36%). Forcing by terrain (�300 m)
without any other triggering mechanism accounted for 21% of the initiations and colliding GFs accounted
for 16%. For the remaining 27% a triggering mechanism was not identified. Examination of all days during
TRMM–LBA showed that this one detailed study day was representative of many days. A conceptual model
of storm initiation and evolution is presented. The results of this study should have implications for other
locations when synoptic-scale forcing mechanisms are at a minimum. These results should also have im-
plications for very short-period forecasting techniques in any location where terrain, GFs, and colliding
boundaries influence storm evolution.

1. Introduction

The objective of this study is to investigate the causes
of convective storm initiation and the subsequent evo-
lution during the wet season in the southwest Amazon
region. The focus is on a day when large-scale convec-
tive storm forcing mechanisms were at a minimum.
While the focus of this study is on just 1 day, it is likely
representative of many days over the Amazon and

other similar tropical areas. Since synoptic-scale fronts
are relatively rare in such tropical regions local influ-
ences play a significant role in the climatology of ini-
tiation and evolution of convection. Understanding
these small-scale local processes is important to model
simulations in similar tropical and subtropical continen-
tal areas since these processes must be resolved by the
models if they are to suitably represent the location,
timing, and intensity of the convection (Moncrieff et al.
2005; Betts and Jakob 2002).

The opportunity for this study was provided by the
Tropical Rainfall Measuring Mission–Large-Scale Bio-
sphere–Atmosphere (TRMM–LBA) field experiment
in 1999, when the National Center for Atmospheric
Research (NCAR) S-band dual-polarization Doppler
radar (S-Pol) was deployed in the state of Rondônia,
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Brazil (Fig. 1). This was the first time a highly sensitive
Doppler radar was deployed in the Amazon. S-Pol’s
ability to detect clear-air boundary layer convergence
lines and nonprecipitating cumulus is particularly suit-
able for studying convective storm initiation and evo-
lution (Wilson et al. 1994).

Section 2 describes previous studies on convection
initiation and references studies over the Amazon that
document the general precipitation climatology of the
region. Section 3 describes the datasets used for this
study. Section 4 discusses the frequent observation of
cumulus cloud rings and associated gust fronts and their
effect on thunderstorm evolution. Section 5 documents
thunderstorm initiation and evolution for a single day
when large-scale forcing is minimal. In addition the rep-
resentativeness of this day to other TRMM–LBA days
is presented. A summary of results is discussed and
incorporated into a conceptual model in section 6.

2. Background

This research was motivated by the following obser-
vations during the TRMM–LBA field campaign: first,
the early initiation of storms on a given day often ap-
peared random; second, visible satellite observations
during the afternoon often showed complex unorga-
nized patterns of convective storms; and, third, the sat-
ellite imagery often showed numerous remarkably cir-
cular cloud rings. These observations coupled with the
knowledge that synoptic forcing was very weak sug-
gested that an excellent opportunity existed to study
convective storm initiation and evolution where local
influences dominated.

The earlier work of Purdom (1976, 1982) with satel-
lite data and Wilson and Schreiber (1986) with radar
data showed that the first initiation of thunderstorms
on a given day for a variety of locations was often trig-
gered by boundary layer convergence lines. Weckwerth
(2000) showed that in Florida the first storms were of-
ten triggered by horizontal convective rolls. It has long
been known that substantial terrain relief frequently
triggers deep convection (Banta and Schaaf 1987;
Schaaf et al. 1988), however, it was not generally ap-
preciated that the modest relief in the study area would
be a significant triggering mechanism.

Purdom (1976, 1982) clearly showed that arcs of cu-
mulus cloud rings associated with thunderstorm out-
flows would collide with other convergence lines and
initiate new storms, often called secondary storms.
What was not obvious from initial observation of the
satellite and radar data over the Amazon was that the
unorganized appearance of much of the afternoon con-
vection was the result of numerous colliding outflows

that were associated with circular cloud rings. Circular
cloud rings are observed in the United States, particu-
larly in the southeast, but with much less frequency
than over the Amazon. The recent Rain in Cumulus
over Oceans (RICO) field campaign in the Caribbean
frequently observed arcs of cumulus clouds apparently
associated with cold pools that were responsible for
most of the observed precipitation (Snodgrass 2006).
Tompkins (2001) utilizing a high-resolution cloud-
resolving model simulated convection over the tropical
ocean under very low-shear conditions. In a similar
manner to that reported in this paper the simulated

FIG. 1. (a) Experimental area of study: Rondônia, Brazil. The
circle shows the 130-km range ring (radius) around S-Pol; (b)
topography surrounding the S-Pol radar and the location of the
sounding site (Abracos) and the surface weather station (Rolim
de Moura) used in the paper.
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initial storms produced circular cold pools that initiated
new storms along the leading edge of the cold pools. In
addition Khairoutdinov and Randall (2006) conducted
a modeling study for a case during TRMM–LBA that
produced circular cold pools that initiated storms. This
is consistent with the modeling findings of Tompkins
(2001) and the observations reported in this paper.

While this study only examines in detail the initiation
and evolution of convective storms on 1 day during
TRMM–LBA, similar evolution was observed on a
number of days during the 44-day field project. This
study would likely be relevant to any warm moist en-
vironment when synoptic forcing is very weak.

Most of the observational studies of convection over
the Amazon have been concerned with the large-scale
characteristics of the summer month’s precipitation. A
notable difference in the structure of the convection
tends to be associated with oscillations in the large-
scale circulation during the active and “break” periods
of the South American monsoon system (Carvalho et
al. 2002; Jones and Carvalho 2002; Petersen et al. 2002).

Data collected during TRMM–LBA (Silva Dias et al.
2002a) have shown that two prevailing regimes existed
that could be defined by the 850–700-hPa wind direc-
tion: westerly (monsoon) when the flow was predomi-
nantly between 270° and 360° and easterly (monsoon
break) when it was between 45° and 135°. These ob-
served alternating flow regimes lead to contrasts in lo-
cal properties of deep convection. During the westerly
(easterly) regime, with moister (drier) conditions the
convection is characterized by lesser (greater) vertical
development, and reduced (enhanced) lightning activ-
ity (Cifelli et al. 2002, 2004; Halverson et al. 2002; Lau-
rent et al. 2002; Williams et al. 2002; Albrecht and Silva
Dias 2005).

Marengo et al. (2004) using rainfall composites from
rain gauge networks found that for both westerly and
easterly regimes there is an early afternoon peak in
rainfall. Utilizing the National Aeronautics and Space
Administration (NASA) Tropical Ocean and Global
Atmosphere (TOGA) C-band Doppler radar data and
infrared satellite data, Rickenbach (2004) corroborated
the above for easterly flow regimes. He also found a
secondary nocturnal maximum in cloudiness and pre-
cipitation decoupled from the afternoon convective ac-
tivity. Consistent with the Marengo et al. study, Pereira
and Rutledge (2006) utilized the S-Pol radar data to
determine that both deep (easterly) and shallow (west-
erly) convection starts in the morning and peaks in the
afternoon. Convection in the easterly regimes showed
higher tops, higher rain rates, and larger convective
areas.

While the above studies have greatly increased un-
derstanding of the general evolution of deep moist con-
vection over the Amazon region, local details of the
initiation and evolution have received little attention.
There were three studies from TRMM–LBA that did
show the importance of the modest terrain over the
area. First, Pereira et al. (2000) have shown that during
the wet season, deep convection started first over areas
with an altitude greater than 300 m for 70% of the
analyzed days. Second, Laurent et al. (2002) docu-
mented the cloud organization using infrared bright-
ness temperature and radar reflectivity over a 5° square
centered on the TRMM–LBA area. The initiation of
mesoscale convective systems occurred preferentially
over hilly regions with an average terrain height be-
tween 250 and 400 m. Third, a model simulation of a
TRMM–LBA case by Silva Dias et al. (2002b) pointed
out the strong impact of topography and land cover on
convective storm evolution for an environment with
very weak large-scale forcing.

The objective of this study is to better understand the
local influences on thunderstorm initiation and evolu-
tion with emphasis on the role of topography and near-
surface cold pools produced by precipitation-driven
downdrafts. Inspection of radar and visible satellite im-
agery for the TRMM–LBA period and subsequent
monitoring of satellite imagery over the region, suggest
that the general behavior shown in this case study
seems to be quite common over the Amazon.

3. Data

a. TRMM–LBA

The availability of frequently updated S-Pol radar
data and satellite data provided an excellent opportu-
nity to study convective storm initiation and evolution
in the Amazon during TRMM–LBA.

The TRMM–LBA field campaign was carried out in
the Amazon from 15 January to 28 February 1999, in
parallel with the Wet Season component of the Ama-
zon Mesoscale Campaign (WETAM) of the LBA. The
goal of TRMM–LBA was to improve the understand-
ing of atmospheric processes in the Amazon with a fo-
cus on the surface–atmosphere processes at different
space and time scales. A detailed description of the
field campaign is found in Silva Dias et al. (2002a).

Supplemental observations collected during TRMM–
LBA used in this study are the NCAR S-Pol radar, the
satellite imagery, the five atmospheric sounding sites,
and the surface station at Rolim de Moura (locations
shown in Fig. 1).

The study area for this paper is defined as within 130
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km of the S-Pol radar. The topography in the study area
ranges from 100 to 600 m. The landscape is dominated
by the Ji-Paraná River basin and two ranges of hills;
one northeast of the radar oriented north–south and
the other oriented northwest–southeast south of the ra-
dar. Tropical forests cover the area with numerous
clear-cut areas used for cattle grazing and farming (Bal-
lester et al. 2003).

b. Satellite data

During the TRMM–LBA experiment visible images
(0.62 �m) from the Geostationary Operational Environ-
mental Satellite-8 (GOES-8) satellite were available ev-
ery 30 min with a resolution of 1 km at nadir. Scans
started 15 and 45 min after the hour with the study area
being scanned approximately 10–11 min later than the
start time (Johnson et al. 1994). Thus, the satellite times
referred to in this paper are the start time plus 10 min.

c. Radar data

The radar data used in this study were low-level re-
flectivity scans from the NCAR S-Pol dual-polarized,
S-band radar (Keeler et al. 2000). During the campaign,
low-level 360° scans at elevation angles of 0.7° and 1.1°
were obtained every 10 min out to a range of 150 km.
These surveillance scans were used to identify atmo-
spheric boundary layer features associated with clear-
air returns such as gust fronts. Boundary layer conver-
gence lines appear as thin lines of enhanced radar re-
flectivity. The radar was also used to detect cumulus
clouds in their early development stage prior to pre-
cipitation. The S-Pol radar operating in other field ex-
periments has demonstrated that it has the capability of
detecting nonprecipitating clouds from Bragg scattering
(Knight and Vivekanandan 2002).

Somewhat surprisingly, boundary layer clear-air ech-
oes in the Amazon are relatively weak (�5 dBZ) or
absent, compared to many other locations in the world.
Previous studies (Wilson et al. 1994) and experience
have indicated that microwave scattering from insects is
the typical source of boundary layer clear-air return.
We speculate that the relatively weak return from in-
sects in this area is a result of the insects mostly remain-
ing below the forest canopy (�30 m), which is below
the radar beam.

Because of the weak insect return, radar identifica-
tion of gust fronts often relied on detecting the line or
ring of cumulus clouds that accompanied the gust
fronts. Figure 2 is an example of the close correspon-
dence between the satellite visible and radar reflectivity
observations of a cumulus cloud ring. In Fig. 2 the vis-
ible cumulus cloud is outlined by a white contour (al-
bedo of 15%) and is overlaid on the radar reflectivity

image. Those clouds exhibiting reflectivity �5 dBZ are
most likely small cumulus that have not developed pre-
cipitation size drops (Knight and Miller 1993). There is
a reasonably good correspondence between the white
satellite contour and radar reflectivity ��4 dBZ.

d. Radar analysis programs

The Thunderstorm Identification Tracking Analysis
and Nowcasting (TITAN; Dixon and Wiener 1993)
software was used to identify and track convective
storms. The software identifies storms at each time step
matching and tracking them in time. For every storm,
the area size, peak and average intensity, direction, and
speed of motion are recorded. Storm initiation was de-
fined when a convective cell first reached 35 dBZ over
an area of 8 km2. This definition is frequently used for
storm designation since reflectivities �35 dBZ are
shown to frequently be associated with lightning (Dye
et al. 1989; Gremillion and Orville 1999; Roberts and
Rutledge 2003). Although the radar data went out to a
range of 150 km, the storm initiation identification pro-
cess was limited to a radar radius of 130 km. This helped
to exclude storms that moved into the radar range.

After the identification of all storms, another soft-
ware tool recorded the time, latitude, longitude, and
the terrain elevation of the initiation location. All data
were projected to a common coordinate system and

FIG. 2. Comparison of radar reflectivity and visible satellite
observations of a cumulus cloud ring at 1458 LST 5 Feb 1999. The
white contours represent the satellite albedo value of 15%, which
is overlaid on the radar reflectivity (dBZ scale across the bottom).
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displayed on the NCAR display system, the Cartesian
Interactive Data Display (CIDD, see online at http://
www.ral.ucar.edu/CIDD).

4. Cold pools and their evolution

Examination of the GOES-8 and S-Pol data over the
6-week period of S-Pol collection indicated there was a
frequently occurring pattern of unorganized storm ini-
tiation in the early afternoon followed by cloud rings
that interacted with other cloud rings and initiated
other storms. Daily examination of satellite images in-
dicated that 50% of the days in this 6-week period
showed similar cloud rings. Before discussing in the
next section a detailed study of storm initiation, it is
important to better understand the cloud rings.

While there is insufficient data to examine in detail

the dynamical structure and evolution of the cloud rings
we are able to provide some insight from time-lapse
images of the radar and satellite and observations from
a surface station. Figure 3 is an example of cloud rings
on 4 different days over Rondônia. It is suspected that
many of these cloud rings are the leading edge of cold
pools that have been generated from downdrafts and
rain-cooled air from earlier showers and thunder-
storms. Typically, the interior of the cloud ring is absent
of both cloud and any radar echo while the leading edge
consists of a ring of cumulus clouds and corresponding
radar echo. The ring of clouds is likely in response to
the boundary layer convergence and forced updraft by
the gust front. The cloud-free region is likely a result of
subsidence and lower stability. The absence of radar
clear-air return inside the cloud ring is reminiscent of
similar observations behind well-defined gust fronts

FIG. 3. Examples of cumulus cloud rings over the Amazon for 4 days as seen by GOES-8. (a) The
arrows point to a few cloud rings.
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throughout the world. In these cases it has often been
assumed that the insects responsible for the clear-air
return are absent because of the lack of thermals to lift
them to beam height. The lack of thermals behind the
gust front is a result of stabilization of the air and sub-
sidence; some evidence for this speculation is provided
in Wilson et al. (1994) and the previously mentioned mod-
eling studies by Tompkins (2001) and Khairoutdinov and
Randall (2006). Time-lapse images from radar and satel-

lite typically show that the cloud rings expand with time,
which is suggestive of the expansion of a cold pool.

The development of a cloud ring over an approxi-
mate 1-h period is shown in Fig. 4. The white oval in
this figure represents the cloud ring at 1455 LST1 5

1 Because of the diurnal nature of this study, local standard time
will be used, which is UTC � 4 h.

FIG. 4. Development of a cloud ring over an approximately 1-h time period as observed by (middle), (right) S-Pol radar and (left)
GOES-8. The white oval represents the cloud ring as observed at 1455 LST by the satellite.
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February as observed via satellite. Examination of the
development of these cloud rings suggests that initially
small outflows from individual showers merge resulting
in larger cold pools that over a period of about 1 h form
more coherent cloud rings with a long dimension of
about 40 km. This sequence of events is very similar to
those described in the cloud-resolving model simulation
of Khairoutdinov and Randall (2006). In the case of
Fig. 4, the convective cells that produced the cloud ring
were about 30–40 dBZ. It was frequently noted that
cells of similar intensity were associated with the cloud
rings.

A search for a cloud ring passing over a surface sta-

tion resulted in the following two examples. Figure 5
shows a steady 8°C drop in temperature over �70-min
period as a cloud ring on 5 February is observed to
move over the surface station called Rolim de Moura.
Figure 6 shows the corresponding satellite visual imag-
ery for this case. Another case was observed on 12
February as a cloud ring passed over the same station
(not shown). In this case the temperature only dropped
3°C when the cold pool first moved over the station,
however, later the temperature dropped 9°C as a sec-
ond gust front passed. These examples provide evi-
dence that cloud rings do surround a pool of near-
surface cool air. Strong collaborating evidence is pro-

FIG. 6. Satellite imagery at 1455 and 1555 LST showing the cloud ring that passed over surface station Rolim de Moura whose data
are shown in Fig. 5.

FIG. 5. Time series of (a) temperature and pressure, and (b) wind direction and speed from the surface station Rolim de Moura
during the passage of a cloud ring. The arrow denotes the passage time of the GF. No rain was recorded.
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vided by the cloud-resolving numerical simulations of
Tompkins (2001) for similar low-shear conditions over
the tropical ocean. Tompkins (2001) showed the gen-
eration of very similar cloud rings surrounding cold
pools that were generated from earlier precipitating cu-
mulus. These simulations showed that, on average, the
cold pool had a temperature and mixing ratio deficits of
1 K and 1.5 g kg�1 respectively. However, this average
only included the initial cold pools prior to subsequent
storm initiation and merger with other cold pools.

5. Storm initiation and evolution

a. Case selection

An example of the initiation and evolution of storms
on 12 February (one of the days shown in Fig. 3) is
shown in Fig. 7. This was a day of minimal large-scale
forcing. In Fig. 7a the first convection of the day begins
near 1100 LST at scattered locations; subsequent analy-
sis shows these locations are over higher terrain. By
1255 LST (Fig. 7c) several cloud rings are apparent; two
of the more dominant are indicated by dashed lines.
These cloud rings are observed to expand (Fig. 7e) and
eventually collide (Fig. 7g) producing additional
storms. In a time period of less than 2 h these cold pools
reached a diameter of about 100 km, which implies a
propagation speed of roughly 6 m s�1.

The winds on 12 February were very light from the
surface up to 300 hPa. CAPE was between roughly 1000
and 2000 J kg�1 and the convective inhibition (CIN) was
�40 J kg�1 depending on estimated surface parcel con-
ditions. Shear values between the surface and 3 km
and surface to 6 km were very small, around 1 � 10�3 s�1.

To study the initiation and evolution of convective
storms due to local influences, it was decided to pick a
representative day and record the initiation and evolu-
tion of each cell. The chosen day was 5 February. Con-
vective storms developed and dissipated within the S-
Pol range. The synoptic situation over the study area
for this day was classified by Marengo et al. (2004) as
large-scale subsidence.

On 5 February multiple scattered convective cells be-
gan shortly after local noon over the hilly areas �300 m
in elevation. These showers produced small cloud rings–
cold pools with horizontal dimensions of only a few
kilometers. These small cold pools merged to produce
larger coherent cold pools (�20–40 km in diameter),
which in turn generated additional clouds and showers.
Figure 4 shows the development of a cold pool on this
day. During the next few hours scattered cells contin-
ued to develop across the region preferentially on the

southwest side of the cold pools. Eventually, some of
these cells merged and formed small convective lines.
Radar observations indicated that the storms decayed
gradually after sunset.

b. Environmental conditions

Figure 8 shows the global analysis from the Centro de
Previsão do Tempo e Estudos Climáticos (CPTEC) for
850 and 200 hPa at 1200 UTC (0800 LST). There is an
upper-level cyclone circulation over northeastern Bra-
zil and the Bolivian high over northern Argentina. The
winds in the study area were very light from the surface
to 400 hPa. A moist surface layer was overlaid by a
slightly drier layer up to 500 hPa (Fig. 9), which was
typical from late January to early February (Halverson
et al. 2002). In the absence of large-scale forcing, the
convection was initiated in response to the diurnal
solar heating and local forcing by topography. Shallow
cumulus clouds in the morning developed into deep
convection during the afternoon. On this day the clos-
est frontal system was along the coast in southeastern
Brazil.

Sounding parameters from the 1100 LST Abracos
Hill site (Fig. 9) can be considered to represent pre-
storm conditions. Similar to 12 February the winds are
very light from the surface up to 300 hPa. CAPE
was between 1000 and 2000 J kg�1 and the CIN was
�40 J kg�1 depending on the estimated surface parcel
conditions. Shear values between the surface and 3 km
and surface to 6 km were very small, around 1 � 10�3 s�1.

c. Classification of the storms’ initiation

During the selected study period, which extended
from 1000 to 2400 LST 5 February, a total of 315 storms
were initiated in the area of analysis. Each storm ini-
tiation was classified according to the physical trigger-
ing mechanism as identified using the radar and satel-
lite. The suspected triggering of initiation was classified
into four categories: terrain (TF), gust front (GF), col-
liding boundaries (CB), which in all cases were collid-
ing gust fronts, and unclassified (UC).

1) TERRAIN FORCED (TF)

Storms that initiated at elevations over 300 m, with-
out evidence of other triggering mechanisms, were
placed in this category. Figure 10a illustrates that the
first clouds observed by satellite are mostly over the
higher terrain and Fig. 10b shows that some of the
clouds quickly grow into radar echoes in excess of 40
dBZ.
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FIG. 7. Evolution of storms and cold pools on 12 Feb 1999 (a) satellite and (b) radar showing
the first initiation over higher terrain; (c) satellite and (d) radar showing developing cold pools
(white dashed ovals) and GF-initiated storms about 1 h later than (a), (b); (e) satellite and (f)
radar showing expanding cold pools (white dashed ovals) and storms on the southwest side of
the cold pools 1 h later than (c), (d); (g) satellite and (h) radar showing storms (white arrow)
that have developed along the collision of the two dissipating cold pools.
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2) GUST FRONT (GF)

Numerous secondary storms were triggered by out-
flows (GFs) from storms that initiated over the higher
terrain. Storms initiated by GFs whether over terrain
above or below 300 m were placed in this category.
Figures 11a,b give an example of this category showing
new storms initiated along a GF that was generated by
a group of storms southwest of the radar. The GF iden-
tification was based on time-lapse observations of radar
reflectivity thin lines and satellite observations of cu-
mulus cloud lines emanating from convective cells.

3) COLLIDING BOUNDARIES (CBS)

New storms initiated by colliding boundaries (GFs)
were placed in this category. This category is illustrated
with radar and satellite data in Figs. 12a–d. Two cold
pools are visible in the radar and satellite data. As the
cold pools expand, they collide and a small line of
storms can be seen in Figs. 12c,d to form along the
collision zone.

4) UNCLASSIFIED STORMS (UCS)

In this classification neither radar nor satellite images
revealed any clear evidence of the triggering mecha-
nism. Many of these cases occurred at radar ranges
beyond 100 km where it was difficult to detect radar
thin lines associated with GFs. There were a number of
cases entered in this classification where storm initia-
tion occurred in close proximity to an existing line or
cluster of storms when no gust front was observed.
There may have been a GF but it was not observed by
radar or satellite. This category also included cases

where cumulus clouds were observed to form over the
higher terrain and move over lower terrain before they
reached 35 dBZ. It was suspected that in some of these
cases small cold pools intercepted these clouds over the
lower terrain prior to reaching 35 dBZ.

d. Convection initiation triggering

The time of initiation for all storms during the period
of analysis is shown in the histogram in Fig. 13. The

FIG. 9. Sounding from Abracos Hill at 1100 LST (1500 UTC)
5 Feb 1999. Wind barbs are in meters per second.

FIG. 8. Winds from the global CPTEC analysis at 1200 UTC 5 Feb 1999: (a) 850 and (b) 200 hPa. Wind speeds are shaded
(see scale). The small black circle shows the study area.
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histogram clearly illustrates the diurnal evolution of
storm initiation, which begins near noon and rapidly
reaches a peak by 1500–1600 LST. As discussed in sec-
tion 2 a midafternoon peak in rainfall is typical for the
Rondônia region (Marengo et al. 2004).

Figure 14 shows the locations of storm initiation for

each hour. The dominance of storm initiation over the
higher terrain until 1400 LST is apparent. For the next
2 h there is considerable initiation over the lower ter-
rain as the GFs reach those locations.

The number of storms initiated by each of the trig-
gering mechanism, defined in section 5c, is shown in

FIG. 10. Example of storm initiation over higher terrain (TF). The terrain (elevation scale at the
bottom) is overlaid with (a) the visible image from GOES-8 (gray shading exceeding albedo of 25%) and
(b) radar reflectivity 18 min later showing that precipitation has developed.

FIG. 11. Example of storms initiated by a GF. (a) Satellite visible image (1355 LST) and (b) reflectivity field (1358 LST) showing the
GF (white line) that was generated by the storms in the southwest part of the image (labeled A). The white arrow shows the location
of storms developing along the GF.
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Fig. 15. The most common initiation mechanisms were
by GFs (36%), followed by high terrain (�300 m) with-
out any other triggering mechanism (21%) and CBs
(16%). The remaining 27% were not classified.

The time distribution of triggering by each mecha-
nism is given in Fig. 16. The histograms clearly show
that storm initiation was primarily triggered by the
higher terrain from 1300 to 1500 LST and then by GFs
and colliding GFs the remainder of the afternoon and
evening. The secondary peak in initiation over terrain
from 1600 to 1700 LST appears to be the result of heat-
ing over the higher terrain after the earlier storms

moved away. Satellite data shows that for the high
terrain south of the radar the skies clear about 1400
LST and that new cumulus begin to grow within
1–2 h and eventually reach 35 dBZ about 1600 LST. A
similar cycle of convective initiation was observed dur-
ing the North American monsoon in southern Arizona
(Zehnder et al. 2006).

e. Storm preferential position

The examples shown in Figs. 3, 4, 6, and 7 show that
the more intense showers and clouds are typically lo-
cated on the western and southwestern sides of the cold

FIG. 12. Example of storm initiation by colliding GFs (CB): (a) visible imagery and (b) radar reflectivity show two cold pools (white
dashed ovals) and associated clouds just prior to collision where (c) visible imagery and (d) radar reflectivity show a line of clouds and
storms (white arrows) along the collision line.
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pools. It is speculated that the reason is similar to the
balanced vertical vorticity arguments of Rotunno et al.
(1988) and the balanced GF–cell motion arguments of
Wilson and Megenhardt (1997). Generally these two
arguments produce the same result. With a circular GF,
the Rotunno et al. (1988) arguments would indicate
that storms would be favored on the side where the
vertical shear through the depth of the GF in a vertical
plane perpendicular to the GF would produce a coun-
terclockwise rotation in advance of the GF in opposi-
tion to the clockwise rotation behind the GF. Typically
the shear is computed over the depth of the GF. Radar
cross sections (not shown) through four GFs on this day
showed the radar thin line to be about 1.0 to 1.5 km
deep. A study by Fisch et al. (2004) indicated a bound-
ary layer depth of 1100 m for this day. Assuming the GF
is 1–1.5 km deep, the sounding in Fig. 9 shows that the
winds are very light and variable becoming northeast-
erly a few meters per second above 1.5 km. Thus, the
winds are so light in this case it is likely the counter-
clockwise rotation is very weak and may not balance
the clockwise rotation produced by the GF at any lo-
cation around the cold pool but would be most favor-
able on the southwest side.

The Wilson and Megenhardt (1997) argument states
that storm initiation and longer lifetime is favored
where the motion of the GF and motion of the convec-
tive cell are similar. In this case the southwest quadrant
of the GF would be favored; since this portion of the
cloud ring is moving toward the southwest at approxi-
mately 5 m s�1 and the radar echo motion is also about
4 m s�1 toward the southwest. This motion is also simi-
lar to the storm steering level winds between 850 and
500 mb, which are averaging roughly 5–10 m s�1 toward
the southwest.

To test the speculation that the preferred location of
storms is dependent on the direction of the storm steer-
ing level winds, a search of all days during the 6-week
period was performed to find whether the steering level
winds were from a direction other than the northeast
quadrant or if clouds and storms were prevalent on a
side other than the southwest quadrant. Some cases
were found during westerly regimes when the steering
winds were westerly and the storm preference was on
the easterly side.

f. Representativeness of 5 February

To obtain a measure of how representative this one
study day is of other days during TRMM–LBA all 44
days were examined to determine how storms first ap-
peared in the study area for each day. Also recorded
was how the storms evolved during the day. The results
are provided in Table 1. Examination of how first storm
appeared resulted in four modes: 1) storm initiation
along cumulus cloud streets likely associated with hori-
zontal convective rolls, 2) storm initiation over high
terrain (category TF in this study), 3) storms that
moved into study area, and 4) undefined initiation.
Table 1 shows that storm initiation in association with
horizontal convective rolls was the most common with
50% of the days in this category. Nine days each were
observed for initiation over higher terrain and for the
storms that moved into the study area. For the TRMM–
LBA period, the first storm initiation over high terrain,
as observed on 5 February, accounted for 20% of the
days.

Table 1 shows that cold pools were observed on 20
days. Excluding the nine days when storms moved into
the study area circular cold pools occurred in over half
the days. Those days when storms moved into the area
tended to be associated with mesoscale storm systems
where large-scale forcing was presumably relatively
strong.

6. Summary

It was possible to detect and monitor the full evolu-
tion of cumulus clouds, cold pools, and their associated
GFs with the NCAR’s S-Pol weather radar combined
with GOES-8 visible satellite imagery. This study is
unique in that it examines in detail the convection ini-
tiation triggering mechanism of individual storms for an
entire day (5 February). This day is likely representa-
tive of many summer days over the Amazon. Storm
initiation was defined to occur when the radar reflec-
tivity reached 35 dBZ over an area of 8 km2. There
were 315 storm initiations on this day within 130 km of

FIG. 13. Number of storm initiations as a function of time
(LST).
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S-Pol. Storm initiation began around local noon over
the higher terrain (�300 km). Many of these storms
generated very small cold pools at the surface, which
would merge with others forming larger cold pools with
associated near-circular GFs. These GFs would then
initiate additional storms preferentially on the south-
west quadrant of the ring GF. Toward midafternoon,
GFs collided initiating the strongest and longest-lived

storms. During the late afternoon, as cooling increased
the stability, convection rapidly decreased and ended
shortly after sunset.

A conceptual model of storm initiation and evolution
is presented in Fig. 17 for storm initiation and evolution
over the Amazon for a weak synoptic forcing situation.
This model presents two alternatives for first storm ini-
tiation, either over high terrain or with horizontal con-

FIG. 14. Location of storm initiations as a function of time. Gray shading refers to elevation.
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vective rolls. How representative this model is for the
Amazon requires further study. However, cursory ex-
amination of satellite data for other years frequently
shows circular cloud rings and storm evolution similar
to what was observed in this study.

Provided the conceptual model for storm initiation
and evolution presented here has broad application to
the Amazon region it is then important for numerical
models to resolve these very small-scale processes if

they are to suitably represent the location, timing, and
intensity of the convection. Proper representation of
cold pools in numerical models has been shown to be
essential for an accurate prediction of deep convective
events, especially when synoptic-scale forcing is not
strong (e.g., Stensrud and Fritsch 1994; Stensrud et al.
1999). Thus, numerical models must either explicitly
resolve cold pool circulations or effectively parameter-
ize their effects.

FIG. 14. (Continued)
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