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•  Observations from the Tropical Rainfall Measuring Mission (TRMM) satellite 
have led to the realization that intense deep convective storms just east of the 
Andes in subtropical South America are among the most intense anywhere in the 
world (Zipser et al. 2006) 

 
•  On average, South American MCC cloud shields are 60% larger than those over 

the United States (Velasco and Fritsch 1987), the convection is deeper (Zipser et 
al. 2006), and they have larger precipitation areas than those over the United 
States or Africa (Durkee et al. 2009) 

•  Despite the severity and intensity of the storms, relatively few studies have been 
conducted on South American convection, especially in the lee of the Andes 
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Background


• the greater the lightning flash rate attained in a 
PF, the more intense the storm.

RELATIVE FREQUENCY OF EXTREME 
EVENTS. The database for this study consists of all 
TRMM PFs greater than four pixels in size (> 75 km2) 
between 1 January 1998 and 31 December 2004. Au-
gust 2001 was not used because the TRMM satellite 
orbit was boosted from 350 to 402 km during that 
month to increase its lifetime, and the PR data are 
compromised for that period; August 2005 was sub-
stituted. The frequency of rare events is quantified in 
Fig. 2. For example, of the ~13 million PFs, only about 
1% have lightning flash rates greater than 2.9 min–1, 

0.1% greater than 32.9 min–1, etc. As the intensity 
of the event increases, it becomes increasingly rare, 
with the thresholds for each order of magnitude in 
rarity signified by the green, orange, purple, and black 
lines, respectively. These same colors are then used 
to show the geographic distribution of rare, intense 
events in Fig. 3.

The most significant result demonstrated in Fig. 
3 is the similarity of the distributions of extreme 
events as defined by each criterion. Each distribution 
comes from a different sensor (or frequency) and is, 
in principle, mostly independent of the others. To 
the extent that extreme values of one parameter are 
indicative of the intense vertical speed of convective 

FIG. 3. Locations of intense convective events using the color code matching their rarity. The parameter limits 
for each category are indicated above each color bar. For example, of the 12.8 million PFs, only about 0.001% 
(128) have more than 314.7 lightning flashes per minute. The exact percentages for the break points are slightly 
different from the 40-dBZ echo-top figure because radar data are reported in discrete increments of 250 m.
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UW methodology to separate TRMM 
Precipitation Radar (PR) echoes into 
three storm types (Houze et al. 2007): 
deep convective cores, wide convective 
cores, and broad stratiform regions 
•  South Asia:  Houze et al. (2007), Romatschke 

et al. (2011a, b) 
•  South America: Romatschke et al. (2010), 

Rasmussen and Houze (2011) 

Figure 1. Locations of intense convective events using the color code matching their rarity.        
From Zipser et al. (2006).


Storm evolution hypothesis presented in 
Romatschke and Houze (2010) and Rasmussen 
and Houze (2011): 

•  Deep convective cores initiate along Andes 
foothills and secondary topo features 

•  Convection grows upscale, develops wide 
convective cores, and moves eastward 

•   Decaying convective elements move 
farther eastward and develop broad  
stratiform regions 

MCSs in later stages of development. It is especially
apparent that, unlike deep and wide convective cores,
which do not correlate with rainfall, the frequency pat-
tern of broad stratiform regions coincides closely with
the pattern of rain accumulation over the entire region
of interest (Fig. 5d), suggesting that the broad stratiform
regions are parts of the large MCSs that are the major
rain producers over the continent (Ashley et al. 2003;
Fritsch et al. 1986; Garstang et al. 1994).

d. Selection of subregions

Based on the patterns of occurrence of deep convec-
tive cores, wide convective cores, and broad stratiform
regions, as well as the precipitation climatology (Figs.
5a–d), we select the seven regions shown in Fig. 1b to
investigate the synoptic, topographic, and diurnal pro-
cesses that affect the occurrence of different types of
extreme convective systems. These regions enclose max-
imum occurrence of one or more types of radar echo
structures and/or precipitation. They are the PLB, the

southern and northern foothills of the central Andes
(FHS and FHN, respectively), the AMZ, the north-
eastern coast (NEC), the BHL, and the Atlantic Ocean
region just off the coast of Brazil (ATL). The NEC was
chosen because a precipitation maximum in the 3B43
combined precipitation product occurs along this coast
(Fig. 2a). This maximum may be overestimated by this
product, because it does not show nearly so strongly in
the 3A25 product (Fig. 5d), which is based solely on the
PR. In any case, none of the categories of extreme radar
echo structures tend to occur in the NEC, so this maxi-
mum must be due to generally less intense convection.
This region is also of interest because of the tendency
of squall lines to form in this zone. Often the precipi-
tation maxima over the northern half of the continent,
that is, in the AMZ and BHL regions, are considered to
be an extension of the SACZ. However, the precipita-
tion mechanisms over land are substantially different
than those over the ocean, and we consider them sep-
arately from the oceanic SACZ in the ATL region, as

FIG. 5. Geographical distribution of the probability of finding (a) a deep convective core, (b) a wide convective core, and (c) a broad
stratiform region. Note the different color scales. (d) DJF precipitation climatology from the TRMM PR product 3A25. Topographic
contours of 0.3, 1.5, and 3 km are shown (black).
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Figure 2. Locations of storm types in South America  
derived from TRMM PR data. From Romatschke and 
Houze (2010)


events. An example is the Cap Rock escarpment
in northwest Texas (Smull and Houze 1985). However,
these features do not dominate the statistics of extreme
convective events as strongly as do the Sierra de Cordoba
range and surrounding Andean foothills in southeast-
ern South America (Romatschke and Houze 2010).
In South America, moist air from the Amazon is also

capped, but for a different reason. The vertical motion
composite climatology at 700 hPa for days on which
storms with wide convective cores were identified in the
Sierra de Cordoba and La Plata Basin regions is pre-
sented in Fig. 8a. In subtropical South America (from
208 to 408S), mean upward motion occurs on the wind-
ward side of the Andes mountain range and is coupled
with downwardmotion on the leeward side. This vertical
motion signature is a nondiurnal effect clearly associ-
ated with the mean westerlies crossing the Andes at
these latitudes. The mean values of the downward mo-
tion are not very large, but they are evidently sufficient
to cap the convection just east of the Andes. Borque
et al. (2010) examined a high-resolution model case
study and noted that preceding the outbreak of a large
MCS, the genesis region (near the Sierra de Cordoba
range) experienced midlevel drying resulting from sub-
sidence preceding the passage of an upper-level trough
over the Andes Mountains (see their Figs. 7 and 14).
Their results thus corroborate the pattern in our Fig. 8.
For intense convection to break out in the Sierra de

Cordoba region, it must be triggered by low-level conver-
gence sufficient to break through the cap. The 1000-hPa
composite wind pattern for the same days is shown in
Fig. 8b. The SALLJ is strongly evident and flows un-
derneath the downslope subsidence. The convergence
that occurs as the SALLJ encounters the Sierra de
Cordoba range is in the location where Romatschke
and Houze (2010) showed that intense deep convective
cores prefer to form. They also showed that convective
triggering is partly synoptic, as it is also favored by the
presence of a trough. In the case of the Himalayan re-
gion, it has been found that lower mountains provide
enough lift to break the cap and allow deep convection
to break out (Medina et al. 2010). Previous studies of the
storms in southeastern South America (Salio et al. 2007;
Borque et al. 2010) have speculated that complex me-
soscale flow patterns and frontal lifting are important
in convective initiation and destabilization of the envi-
ronment. Nevertheless, it is hard to ignore the robust
statistics from Zipser et al. (2006) and Romatschke
and Houze (2010) showing that the highest frequency of
deep convective cores is found in the Sierra de Cordoba
range and nearby Andean foothills. In addition, Borque
et al. (2010) found an MCS genesis region directly over
the Sierra de Cordoba Mountains. A high-resolution

FIG. 7. Climatological composite maps for days on which the
TRMM PR showed storms containing wide convective cores over
the Sierra de Cordoba and La Plata North and South regions.
(a) Sea level pressure (hPa) climatology composite for South
America. Wind vectors at 1000 hPa were composited for the same
time period and show a strong SALLJ and easterly flow into the
Amazon basin. (b) Composite of the monthly progression of pre-
cipitable water (28-mm contour) in South America. Each month
is represented by a color contour and the color scale is located on
the eastern ordinate of (c). (c) Composite of the monthly pro-
gression of near-surface air temperature (238C contour). Each
month is represented by a color contour and the scale is the same as
in (b). The topographic scale for (a)–(c) is located on the ordinate
of (b). Climatology data are from the Twentieth-Century Reanalysis
Dataset (Compo et al. 2009) and are used for higher-resolutionmaps
over South America.
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events. An example is the Cap Rock escarpment
in northwest Texas (Smull and Houze 1985). However,
these features do not dominate the statistics of extreme
convective events as strongly as do the Sierra de Cordoba
range and surrounding Andean foothills in southeast-
ern South America (Romatschke and Houze 2010).
In South America, moist air from the Amazon is also

capped, but for a different reason. The vertical motion
composite climatology at 700 hPa for days on which
storms with wide convective cores were identified in the
Sierra de Cordoba and La Plata Basin regions is pre-
sented in Fig. 8a. In subtropical South America (from
208 to 408S), mean upward motion occurs on the wind-
ward side of the Andes mountain range and is coupled
with downwardmotion on the leeward side. This vertical
motion signature is a nondiurnal effect clearly associ-
ated with the mean westerlies crossing the Andes at
these latitudes. The mean values of the downward mo-
tion are not very large, but they are evidently sufficient
to cap the convection just east of the Andes. Borque
et al. (2010) examined a high-resolution model case
study and noted that preceding the outbreak of a large
MCS, the genesis region (near the Sierra de Cordoba
range) experienced midlevel drying resulting from sub-
sidence preceding the passage of an upper-level trough
over the Andes Mountains (see their Figs. 7 and 14).
Their results thus corroborate the pattern in our Fig. 8.
For intense convection to break out in the Sierra de

Cordoba region, it must be triggered by low-level conver-
gence sufficient to break through the cap. The 1000-hPa
composite wind pattern for the same days is shown in
Fig. 8b. The SALLJ is strongly evident and flows un-
derneath the downslope subsidence. The convergence
that occurs as the SALLJ encounters the Sierra de
Cordoba range is in the location where Romatschke
and Houze (2010) showed that intense deep convective
cores prefer to form. They also showed that convective
triggering is partly synoptic, as it is also favored by the
presence of a trough. In the case of the Himalayan re-
gion, it has been found that lower mountains provide
enough lift to break the cap and allow deep convection
to break out (Medina et al. 2010). Previous studies of the
storms in southeastern South America (Salio et al. 2007;
Borque et al. 2010) have speculated that complex me-
soscale flow patterns and frontal lifting are important
in convective initiation and destabilization of the envi-
ronment. Nevertheless, it is hard to ignore the robust
statistics from Zipser et al. (2006) and Romatschke
and Houze (2010) showing that the highest frequency of
deep convective cores is found in the Sierra de Cordoba
range and nearby Andean foothills. In addition, Borque
et al. (2010) found an MCS genesis region directly over
the Sierra de Cordoba Mountains. A high-resolution

FIG. 7. Climatological composite maps for days on which the
TRMM PR showed storms containing wide convective cores over
the Sierra de Cordoba and La Plata North and South regions.
(a) Sea level pressure (hPa) climatology composite for South
America. Wind vectors at 1000 hPa were composited for the same
time period and show a strong SALLJ and easterly flow into the
Amazon basin. (b) Composite of the monthly progression of pre-
cipitable water (28-mm contour) in South America. Each month
is represented by a color contour and the color scale is located on
the eastern ordinate of (c). (c) Composite of the monthly pro-
gression of near-surface air temperature (238C contour). Each
month is represented by a color contour and the scale is the same as
in (b). The topographic scale for (a)–(c) is located on the ordinate
of (b). Climatology data are from the Twentieth-Century Reanalysis
Dataset (Compo et al. 2009) and are used for higher-resolutionmaps
over South America.

2408 MONTHLY WEATHER REV IEW VOLUME 139

Figure 3. Seasonal progression of moisture (28 mm 
precipitable water). From Rasmussen and Houze (2011)


The Andes Mountains funnel warm and moist air 
southward via the South American Low Level Jet 
 

Analogous environmental setup for 
deep convection observed near 
other major mountain ranges 
(Rocky Mountains and Himalayas)! 

 

Figure 5. a) TRMM PR data with GOES-12 
IR data (K) underneath at 1010 UTC on 27 
December 2003. (b) Cross section of 
TRMM PR data taken along the black line 
in (a). From Rasmussen and Houze (2011).


•  Strong influence of the Andes foothills and the Sierras 
de Córdoba Mountains in convective initiation and 
maintenance of MCSs 

•  Storms with wide convective cores tend to be linearly 
organized 

•  Pattern of leading convective line and trailing 
stratiform precipitation in wide convective core storms 

 

Figure 4. Sequence of infrared satellite 
images (K) showing storm initiation and 
evolution for the 26-27 December 2003 
wide convective core. From Rasmussen 
and Houze (2011).
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•  Storms with wide convective cores tend to be 
linearly organized 

•  Similarity to leading-line/trailing-stratiform 
archetype identified in the United States (Houze et 
al. 1990; adapted for South America in Fig. 7) 
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← Composite maps for 
days when TRMM 
observed a wide 
convective core show 
mid-level subsidence 
and low-level 
convergence in the lee of 
the Andes (Figure 6) 

 
Figure 6. Climatological composite maps for days on which the TRMM PR showed 
storms containing wide convective cores over subtropical S. America. (a) Vertical 
motion (omega) and (b) 1000 mb winds. From Rasmussen and Houze (2011).
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Figure 7. Schematic of the leading-line/
trailing stratiform archetype described in 
Houze et al. (1990), but reoriented for study 
in the Southern Hemisphere. Increasing 
levels of shading indicate more intense radar 
reflectivity. Storms with wide convective 
cores were systematically compared to this 
idealized structure. From Rasmussen and 
Houze (2011).


Degree of 
Organization


Range of 
Scores


South America 
(Rasmussen and 

Houze 2011)


Oklahoma 
(Houze et al. 

1990)


Switzerland 
(Schiesser et 

al. 1995)


Strongly Classifiable
 C > 5
 11 (20%)
 14 (22.2%)
 0 (0%)


Moderately 
Classifiable
 0 ≤ C ≥ 5
 30 (54.5%)
 18 (28.6%)
 12 (21.4%)


Weakly Classifiable
 C < 0
 7 (12.7%)
 10 (15.9%)
 18 (32.1%)


All Classifiable 
Systems
 All C
 48 (87.3%)
 42 (66.7%)
 30 (53.6%)


All Unclassifiable 
Systems
 ---
 7 (12.7%)
 21 (33.3%)
 26 (46.4%)


Total Number of 
Storms Analyzed
 ---
 55
 63
 56


★  Storms with wide convective cores in subtropical 
South America tend to be line-organized and are 

similar in organization to squall lines in Oklahoma  ★ 
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TRMM PR and GOES IR


← WRF simulations 
have produced an 
excellent 
representation of 
the 27 December 
2003 case study 
from Rasmussen 
and Houze (2011)  

← Microphysics 
testing indicated 
that the Thompson 
scheme captures 
leading-line/trailing 
stratiform structure 

 Figure 8. Comparison of a WRF simulation (top row) to TRMM PR and GOES data (bottom row). 


Hydrometeor mixing ratios

Color shading = rain water

Black = graupel

Blue = ice

Green = snow


Figure 9. Vertical cross-sections from the WRF simulation at 30° S. Shading indicates 
relative humidity, the dashed contours are equivalent potential temperature, and the 
vectors are circulation winds in the plane.  


← WRF simulation 
confirms the lee 
subsidence 
hypothesis 
presented in 
Rasmussen and 
Houze (2011) 
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•  Deep convection initiates near the Sierras de Córdoba 
Mountains and Andes foothills, grows upscale into eastward 
propagating MCSs, and decays into stratiform regions 

•  Storms with wide convective cores in subtropical South 
America tend to be line-organized and are similar in 
organization to squall lines in Oklahoma 

•  Lee subsidence capping low-level moisture is observed in the 
model results 

•  Choice of microphysics scheme can greatly impact the storm 
structure and is important for deep convective simulations 

 

Red = Rising motion

Blue = Sinking motion
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the Amazon


Upper-level 
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subsiding air 
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