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ABSTRACT

In this study, a 10-yr (1998-2007) climatology of observations from the Tropical Rainfall Measuring Mission
(TRMM) satellite is used to study regional mechanisms of monsoon onset across tropical and subtropical
South America. The approach is to contrast regional differences in the structure, intensity, and rainfall of
mesoscale convective systems (MCSs) prior to and after onset, in the context of thermodynamic conditions
from the National Centers for Environmental Prediction (NCEP) reanalysis data. This is accomplished by
analyzing the mean annual cycle time series, 10-yr frequency histograms, and 3-month-averaged values prior
to and following onset in four regions of distinct rainfall variability. Observed MCS metrics and NCEP
variables include lightning flash rate, convective rain fraction, height of the 30-dBZ isosurface, minimum
85-GHz polarization corrected temperature, and the fluxes of sensible and latent heat.

The west-central Amazon region had a distinct maximum of MCS intensity 2 months prior to the monsoon
onset date of each region, which was well correlated with surface sensible heat flux, despite the observation
that thermodynamic instability was greatest after onset. At the mouth of the Amazon, the dry season rainfall
minimum, the premonsoon maximum in MCS intensity metrics, and monsoon onset were all delayed by 2-3
months relative to the west-central Amazon. This delay in the annual cycle and comparatively large difference
in pre- versus postonset MCSs, combined with previous work, suggest that the slow migration of the Atlantic
Ocean intertropical convergence zone controls onset characteristics at the mouth of the Amazon. All metrics
of convective intensity in the tropical regions decreased significantly following onset. These results, in the
context of previous studies, are consistent with the hypothesis that thermodynamic, land surface, and aerosol
controls on MCS intensity operate in concert with each other to control the evolution of precipitation system
structure from the dry season to the wet season. The other two regions [the South Atlantic convergence zone
(SACZ) and the south], associated with the well-documented dipole of intraseasonal rain variability, have
a weaker and more variable annual cycle of all MCS metrics. This is likely related to the strong influence of
baroclinic circulations and frontal systems in those regions. In the south, fewer but larger and more electrified
MCSs prior to onset transition to more, smaller, and less electrified MCSs after onset, consistent with previous
climatologies of strong springtime mesoscale convective complexes in that region.
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1. Introduction

While the annual cycle of cloudiness and precipitation
across tropical South America has the characteristic
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summertime maximum of a monsoon climate (Kousky
1988; Horel et al. 1989; Marengo et al. 2001; Gonzalez
et al. 2007), the South American monsoon system (SAMS)
contains unique and complex features that challenge our
understanding of how the monsoon evolves. The onset of
the wet season in classic monsoon systems such as in
southwestern Asia and northern Australia begins with
a reversal of low-level wind direction to onshore flow. In
contrast, low-level flow across the SAMS is onshore
(easterly) year-round (Zhou and Lau 1998). As monsoon
onset approaches, the mean low-level meridional wind
component in the tropics becomes northerly, following
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the southward migration of solar heating over the conti-
nent. This flow is enhanced ahead of frontal systems that
extend equatorward from higher latitudes, drawing trop-
ical moisture southeastward in a low-level jet. Combined,
these features contribute to the establishment of the South
Atlantic convergence zone (SACZ), a hallmark of the
mature monsoon (Fu et al. 1999; Liebmann et al. 1999;
Garreaud 2000; Rickenbach et al. 2002; Carvalho et al.
2002; Jones and Carvalho 2002; Marengo et al. 2004;
Carvalho et al. 2004; Liebmann et al. 2004; Nieto-Ferreira
and Rickenbach 2010, hereafter NR10).

In tropical South America, the annual cycle of precip-
itation is, in the broadest sense, driven by the seasonal
migration of solar radiation. In the tropics, thermody-
namic instability increases as monsoon onset approaches
and remains high during the wet season (Fu and Li 2004;
Fisch et al. 2004). Yet, studies suggest that the most ver-
tically intense convective systems occur well before onset
during the “dry” season (recognizing that most regions in
tropical South America experience some rain during the
dry season). Increased thermodynamic instability, com-
bined with a high concentration of cloud condensation
nuclei (CCN) via biomass burning (Artaxo et al. 2002;
Williams et al. 2002) coincide with the deepest, most
electrified convective systems 2-3 months prior to mon-
soon onset in western Amazonia (Petersen and Rutledge
2001). The influence of aerosols from seasonal burning on
precipitation efficiency and structure of convective clouds
has been well documented (Andreae et al. 2004): an in-
crease in CCN increases the number of smaller cloud drops,
allowing more water condensate to reach the upper part of
the convective clouds. This lowers precipitation efficiency
and enhances updraft strength by the release of latent heat
by the freezing of the small drops. The intense premonsoon
rain systems contrast with the widespread, rainier, but
vertically weaker systems of the monsoon (Petersen and
Rutledge 2001; Williams et al. 2002). These studies suggest
that a combination of aerosol loading and thermodynamic
instability conspire to maximize convective intensity in the
“premonsoon” period, though the relative importance of
these factors are not well understood.

Land surface type also plays an important role in the
evolution of the monsoon in that a wetter dry season with
enhanced surface moisture flux from a forested surface
favors earlier onset (Fu and Li 2004). Seasonal variation in
moisture available for precipitation derives in part from
seasonal changes in evapotranspiration from the forested
canopy (Salati and Vose 1984). As the monsoon begins
across the continent, the Atlantic intertropical conver-
gence zone (ITCZ) migrates southward more slowly than
the inland ITCZ, which delays onset at the mouth of the
Amazon River compared to the interior (Marengo et al.
2001; NR10).
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The focus of the present study is to use long-term
observations from space to examine regional differences
in the structure and intensity of precipitation systems
prior to and after monsoon onset. A better understanding
of the seasonal transition to onset in key regions will help
to evaluate distinct regional mechanisms controlling on-
set in the SAMS. The regions are objectively defined,
chosen based on distinct variability of the annual cycle of
rainfall as described in NR10. We examine the annual
cycle of the structure and rainfall of mesoscale convective
systems (MCSs) in regions of distinct annual variability.
We construct a 10-yr (1998-2007) climatology of MCS
observations from the Tropical Rainfall Measuring Mis-
sion (TRMM) satellite to examine regional differences in
convective system structure and intensity during the an-
nual cycle across tropical South America, focusing on the
period leading up to and following monsoon onset. We
then contrast the mean dry-to-wet season evolution of
MCS structure in these regions, and from these obser-
vations evaluate onset mechanisms that operate in each
region. Section 2 describes the datasets and analysis
techniques used, sections 3 and 4 present results for the
four regions, and section 5 offers conclusions.

2. Data and methods

This study builds on the regional analysis of monsoon
onset described in NR10. A rotated empirical orthogo-
nal function (REOF) analysis of version 2 of the Global
Precipitation Climatology Project (GPCP-v2) precipita-
tion data presented in NR10 suggested four regions of
distinct annual variability of precipitation in the SAMS
region (Fig. 1). The first two REOFs represent indepen-
dent modes of annual precipitation variability located in
the west-central Amazon (region I, 14.1% of the variance
explained) and the mouth of Amazon (region I, 12.9% of
the variance explained) indicated in Fig. 1. The third
REOF (8.1% of the variance) captures the well-known
dipole of rain variability in the wet season (Nogues-
Paegle and Mo 1997), denoted as region III (SACZ) and
region IV (the south) in Fig. 1. NR10 described and used
an objective methodology to identify the monsoon onset
pentad (5-day period) in each of 42 total 5° X 5° land
“boxes” (Fig. 1) across tropical and subtropical South
America using the GPCP-v2 (Adler et al. 2003) pentad-
averaged precipitation dataset for each year during the
period 1979-2007. The onset pentad for each of the four
regions was determined by the average of the onset pen-
tads for the 5° boxes within each region. As discussed in
NR10, the determination of onset date is sensitive to the
methodology, dataset, and averaging period. NR10 pres-
ent a range of onset pentads, based on analysis of different
precipitation datasets from several previous studies, of
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FIG. 1. The SAMS domain divided into 5° X 5° land boxes (boldface numbers) and analysis
regions (roman numbers) based on the first three REOFs of the GPCP-v2 pentad precipitation
data. The regions are I: west-central Amazon, II: mouth of the Amazon, I1I: SACZ, and IV: the

south.

between 56 and 63 for a region similar to region I (Fig. 1).
The present study used an onset pentad of 60 for that
region, determined by NR10, which falls in the middle of
the range of onset pentads from previous studies. The
main conclusions of this paper would not change if any
onset pentad in that range were used, thus uncertainties in
the determination of onset date do not fundamentally
affect these results. The same conclusion holds for onset
pentads in the other regions shown in Fig. 1.

Metrics of rainfall, intensity, and organization of pre-
cipitating systems were extracted from the TRMM sat-
ellite Precipitation Feature Data Base (PFDB; Nesbitt

et al. 2000, 2006). A precipitation feature (PF) represents
a contiguous portion of an MCS or smaller group of pre-
cipitating clouds identified from the TRMM precipitation
radar during each overpass. Each PF is classified into one
of three categories of organization and vertical structure
(Nesbitt et al. 2000) using thresholds of TRMM Precip-
itation Radar reflectivity and TRMM Microwave Imager
polarization-corrected brightness temperature (PCT) at
85 GHz. Scattering of upwelling microwave radiation at
this frequency by large ice particles in the upper portion
of convective clouds results in low 85-GHz PCT, sug-
gestive of strong convection (Mohr and Zipser 1996). The



3756

first category includes PFs that satisfy the size definition
of an MCS (rain area = 100 km in maximum elliptical
dimension; Houze 1989) and contain an ice scattering
signature (minimum 85-GHz PCT < 250 K) indicative of
deep convective updrafts and strong convection. The pre-
sent analysis focuses on the MCS category, since MCSs
produce the majority of tropical rainfall in general (Nesbitt
et al. 2000) and South American rainfall in particular
(Zipser et al. 2006; Durkee et al. 2009). The second cat-
egory contains smaller PFs with an ice scattering signa-
ture that do not meet the rain area threshold of an MCS
and are interpreted as deep convective clouds. The third
category is defined as those smaller PFs without an ice
scattering signature, representing isolated, shallow con-
vection. A regional analysis of the two smaller PF cate-
gories will be the subject of a forthcoming paper.

Observational metrics derived for each PF include rain
rate, raining area, convective (vs stratiform) rain fraction,
the vertical structure of radar reflectivity, minimum
85-GHz PCT, and lightning flash rate. The convective
rain fraction is the fraction of the rain that is associated
with active convective cells, in contrast with lighter, ho-
mogeneous stratiform rain (Houze 1989). The last three
metrics are proxies for the intensity of vertical air motions
within convective cells (the term “intensity” is used here-
after with regard to the vertical development of convec-
tion). The maximum height of the 30-dBZ isosurface in
each PF has been identified in previous studies (DeMott
and Rutledge 1998; Petersen and Rutledge 2001; Nesbitt
et al. 2000) as a useful measure of the vertical intensity of
convective systems. Larger values of this parameter indi-
cate the presence of stronger updrafts lofting more water
condensate to higher altitudes (Zipser and Lutz 1994).
Lightning flash rate is positively correlated with the
strength of vertical air motions within a storm (Williams
et al. 1989), and therefore provides an independent mea-
sure of the vigor of convective updrafts. Low values of
minimum 85-GHz PCT represent another independent
metric of deep convection (as discussed earlier).

The PF metrics described above were averaged over
each of the 5° boxes for each pentad from 1998 through
2007 and then averaged over each of the four analysis
regions shown in Fig. 1. The 5-day averages were taken
to ensure sufficient sampling for robust estimates of each
parameter. The pentad data were used to construct time
series of the mean (1998-2007) annual cycle for each
parameter, and to compile frequency histograms for the
10-yr period.

The National Centers for Environmental Prediction
(NCEP) reanalysis dataset (Kalnay et al. 1996) is used to
characterize the annual cycle of the regional thermody-
namic environment. The PF time series for each of the
four regions are analyzed along with thermodynamic
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fields from the NCEP reanalysis. We focus on surface
energy exchange with the atmosphere via time series of
sensible and latent heat flux, and on the thermodynamic
stability of the troposphere using time-height diagrams of
the vertical profile of equivalent potential temperature.
Thermodynamic instability can be qualitatively represented
by the vertical gradient of equivalent potential temperature
(Holton 2004). We chose not to derive convective available
potential energy (CAPE) from the NCEP reanalysis as a
measure of thermodynamic instability because of the strong
dependence of CAPE on the choice of boundary layer
parcel to lift, combined with the poor vertical resolution of
the NCEP fields in and above the boundary layer.

3. Climatology and annual cycle: Regions I-1V

The 1998-2007 climatology of rainfall, lightning flash
rate, minimum 85-GHz PCT, and maximum height of
the 30-dBZ isosurface (Fig. 2), presented as frequency
histograms for each of regions I-IV (cf. Fig. 1), provide
the general context to study the evolution of regional
differences in the structure and rainfall of MCSs leading
up to monsoon onset.

The TRMM PF 10-yr rainfall climatology was con-
sistent with other independent satellite precipitation
climatologies for South America discussed in NR10. In
the deep tropics (regions I-III), the upper tail of the
distribution of rainfall rate (Fig. 2a) was shifted more to
higher values in region I (west-central Amazon), region
IT (mouth of the Amazon) had a narrower distribution
centered at weaker rainfall, and region III (SACZ) was
intermediate. NR10 pointed out that the Atlantic ITCZ
intersects region II (mouth of the Amazon), suggesting a
geographic linkage between the oceanic ITCZ and rain-
fall in that coastal region. Oceanic convection in the
tropics is generally weaker in updraft strength, shallower
in vertical reflectivity structure, and lower in lightning
flash rate than tropical land-based convection (Zipser
et al. 2006). Compared to the other regions, the region II
(mouth of the Amazon) frequency distribution of the
convective intensity metrics of lightning flash rate, mini-
mum 85-GHz PCT, and 30-dBZ height (Figs. 2b-d) were
each shifted to values indicating weaker convection,
consistent with the influence of an oceanic regime there.
Region I (west-central Amazon) and region 111 (SACZ)
were similar in the distributions of lightning flash rate and
the ““cold” tail of the minimum 85-GHz PCT, suggesting
active ice processes in the upper troposphere in both re-
gions. The upper tail of the 30-dBZ height distribution of
region III was shifted to deeper convection compared to
region I, consistent with the greater instability and sen-
sible heat flux in region III (see section 3). The general
similarity of regions I and I1I was consistent with previous
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FIG. 2. Frequency histograms (1998-2007) for regions I-1V of
TRMM-observed MCS feature parameters of (a) rainfall rate
(mm day 1), (b) lightning flash rate (number per feature), (c) mini-
mum 85-GHz polarization corrected temperature (K), and (d) height
(km) of the 30-dBZ isosurface.
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studies that have suggested that these two regions are
linked, as the low-level jet transports moisture from re-
gion I to region III contributing to the formation of the
SACZ (Liebmann et al. 1999; Carvalho et al. 2002, 2004;
Jones and Carvalho 2002; Marengo et al. 2004; Liebmann
et al. 2004; Rickenbach et al. 2002). Figure 2 illustrates
that the heaviest rainfall and most intense MCSs by all
measures (lightning, ice scattering, and depth) occurred
in the subtropics in region I'V (the south) compared to the
other regions. Region IV has been associated with large
MCSs and the larger, more persistent mesoscale convec-
tive complexes (MCCs), which are most common during
the spring and continue in the summer months (Velasco
and Fritsch 1987; Durkee and Mote 2009). Previous
studies (Christian et al. 2003; Zipser et al. 2006) asso-
ciate metrics of intense convection from TRMM with
the seasonal MCSs and MCCs in that region, consistent
with the TRMM PFDB results shown here.

We now contrast the 1998-2007 mean annual cycle of
MCS rainfall, lightning flash rate, convective rain fraction,
and maximum 30-dBZ height, along with the fluxes of
sensible and latent heat and profiles of equivalent po-
tential temperature, in each of the four regions (Figs. 3-6).
The minimum 85-GHz PCT is not shown, since the annual
cycle is not pronounced. Each of the TRMM metrics has
been smoothed with a seven-point central moving aver-
age to reduce higher-frequency variations associated with
the relatively short (10 yr) average.

a. Region I (west-central Amazon)

The REOF analysis of GPCP precipitation data by
NR10 determined that, of the four regions, region I (west-
central Amazon) explained the most variance in the
rainfall annual cycle over South America. The TRMM PF
annual cycle of MCS rainfall along with MCS intensity
parameters for region I are shown in Fig. 3a. Following the
rainfall minimum in early June, all metrics of system in-
tensity (lightning, convective rain fraction, 30-dBZ height)
increased together to a general maximum from late July
through August (pentads 41-48). These observations in-
dicate that convection associated with premonsoon MCSs
was more vertically developed than during the wet season.
The annual maximum in MCS intensity occurred fully
2 months prior to monsoon onset in region I. Strong con-
vection has been noted by Petersen and Rutledge (2001) in
September—November for an area similar to this region,
though their study did not examine July—August. Sensible
heat flux increased from June to a maximum in mid-
August, in step with the metrics of system intensity.
The annual cycle of sensible heat flux and lightning flash
rate were particularly well correlated (correlation co-
efficient of 0.94). Latent heat flux decreased during the dry
season to a mid-August minimum. Thus, the maximum in
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FIG. 3. The 1998-2007 mean annual cycle for region I (west-
central Amazon) of TRMM MCS feature metrics and NCEP re-
analysis parameters for (a) MCS rain rate (mm day ' X 5, solid),
MCS lightning flash rate (number per feature per pentad, dotted),
MCS convective rain fraction (%, short dashed), MCS height of the
30-dBZ isosurface (km X 10, dashed-single dot), NCEP reanalysis
sensible heat flux (W m ™2, dashed-three dots) and latent heat flux
(W m™2, long dashed); (b) vertical profile of equivalent potential
temperature (K). The TRMM parameters have been smoothed
using a seven-point central moving average. Vertical solid lines
indicate the mean onset pentad for that region.

convective intensity 2 months before onset coincided with
a seasonal maximum in the Bowen ratio (sensible heat
divided by latent heat), which slightly exceeded unity
from late July through August. Following this maximum,
sensible heat decreased and latent heat increased in the
2 months leading up to monsoon onset, associated with
the seasonal increase in surface temperature and specific
humidity. For the 2 months approaching monsoon onset,
all metrics of system intensity decreased. MCSs became
less convective with decreasing vertical intensity and
lightning even as MCS rainfall increased up to a mid-
October onset.

The annual cycle of the vertical profile of equivalent
potential temperature (Fig. 3b) indicated that thermo-
dynamic instability, inferred from the vertical gradient of
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potential temperature between the surface and 700 mb,
was greatest in the wet (summer) season, associated with
the increased seasonal heating and moistening of the
lower troposphere. The higher instability of the monsoon,
also noted in a radiosonde analysis over western Ama-
zonia (Fisch et al. 2004), is quite consistent with the annual
cycle of rainfall. Yet, the vertical intensity (lightning and
maximum 30-dBZ height) of MCSs was greatest in August
at the seasonal minimum of thermodynamic instability
in the lower troposphere. In fact, as lower-tropospheric
thermodynamic instability increased between August
and November, system vertical intensity decreased steadily.
We will explore this question next.

The strong correlation between surface sensible heat
flux and lightning flash rate suggests that surface energy
exchange drives the premonsoon maximum in MCS
vertical intensity in August. Fu et al. (1999) concluded
from sounding data in the central Amazon basin that
high values of convective inhibition in the wintertime
(associated with a low-level temperature inversion driven
by a cool winter boundary layer) begin to decrease in
August coincident with increasing surface sensible heat
flux, setting the stage for deeper convection. At the same
time, studies show observational evidence that an aerosol
mechanism to enhance the strength of convection oper-
ates in the Amazon. In the central Amazon, Andreae
et al. (2004) documented increased vigor of convection
after the clouds ingested smoky air. Increasing CCN from
dry season biomass burning leads to more cloud droplets
reaching the freezing level in convective updrafts. The
resulting energy released by the latent heat of freezing is
hypothesized to increase convective system vertical in-
tensity (as described in Williams et al. 2002). Observa-
tions of aerosol concentration for a 9-yr period at Alta
Floresta, Brazil (near the center of region I) indicate a
clear and consistent annual maximum in August associ-
ated with biomass burning (Artaxo et al. 2002), coincid-
ing with the present result of the timing of the annual
maximum in lightning flash rate, 30-dBZ height, and con-
vective rain fraction (Fig. 3a). Studies of the geographic
distribution of aerosols from seasonal burning across
tropical South America (Cooke and Wilson 1996; Potter
et al. 2001) show that region I includes the greatest con-
centration of aerosols in the SAMS region. The close as-
sociation of sensible heat flux and lightning flash rate is
consistent with the observations of Fisch et al. (2004) that a
deforested surface in the dry season has a factor of 2 larger
surface sensible heat flux. In this context, the seasonal
change of land surface properties and soil moisture leads to
the strong premonsoon maximum in sensible heat flux.

Region I results suggest that thermodynamic priming
by increasing surface sensible heat flux is consistent with
the maximum in MCS intensity in August, which we will
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FIG. 4. As in Fig. 3, but for region II (mouth of the Amazon).

discuss further in section 3b. It is important to point out
that thermodynamics are not the only control over the
formation and structure of MCSs. Squall-line MCSs form
in an optimum environment of thermodynamic instability
and low-level wind shear (Keenan and Carbone 1992).

b. Region II (mouth of the Amazon)

The annual cycle of rainfall in region II (mouth of the
Amazon) differed from region I (west-central Amazon)
in two important respects. First, the summer-to-winter
difference in the annual cycle of rainfall (Fig. 4a) was
considerably weaker, with the peak-to-peak amplitude
about 25% less than in region 1. Second, the dry season
minimum occurred in late September, fully 3 months
following that of region I. Both of these observations
are consistent with the strong influence of the Atlantic
ITCZ in region II discussed earlier. Easterly winds bring
oceanic air to region II (Zhou and Lau 1998), leading to
a nearly constant surface latent heat flux year-round
(Fig. 4a) and contributing to a less pronounced seasonal
cycle of rainfall. The delayed dry season and subsequent
late monsoon onset date of early December are associ-
ated with the slower seasonal migration of the Atlantic
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ITCZ compared to rainfall over the continent, related
to the greater thermal inertia of the ocean (NR10). Ac-
cordingly, the thermodynamic instability, as inferred
from the vertical profile of equivalent potential temper-
ature (Fig. 4b), had a weaker annual cycle than for region
I, with larger instability in the wet season consistent with
the annual cycle of rain. The dry season minimum in
equivalent potential temperature at 700 mb extended
into October, about a month later than for region I. As
with region I, there was a well-defined maximum in sen-
sible heat flux 2 months prior to monsoon onset that
corresponds well to the annual maximum in lightning
flash rate (0.54 correlation coefficient). However, both
the sensible heat flux and lightning flash rate maxima
were about half as large, and occurred about 2 months
later, compared to region I. The convective rain fraction
and maximum 30-dBZ height were also largest near the
rainfall minimum of early-mid-September, but compared
to region I these metrics of convective intensity (in-
cluding lightning flash rate) were much more variable and
also weaker.

Do the results for region II (mouth of the Amazon) shed
light on the mechanisms controlling stronger premonsoon
convection discussed in the previous section? The ther-
modynamic observations for region II discussed above,
combined with previous studies of the aerosol conditions
in this region, are both consistent with weaker MCS in-
tensity and a delay in the timing of the annual intensity
maximum compared to region I (west-central Amazon).
Observations of aerosols from biomass burning in the dry
season presented in Freitas et al. (2005) demonstrate that
air in region Il is “cleaner” than in the central Amazon,
because of fewer sources and more pristine (low CCN
concentration) oceanic onshore winds. That study further
showed the dry season maximum in total carbon mass
emitted from combustion at the mouth of the Amazon
(October) was delayed by 2 months compared to the west-
central Amazon (August). Both of these results are con-
sistent with the present finding of a weaker premonsoon
maximum in MCS intensity with a 2-month delay in region
II (October) compared to region I (August). It is impor-
tant to note that the timing of prescribed burning in both
regions is engineered to coincide with the timing of the
rainfall minimum in the dry season, so these are not
strictly independent phenomena.

¢. Region Il (SACZ)

The timing of the dry season minimum and monsoon
onset date in region III (SACZ) was similar to region I
(west-central Amazon), though with less average rainfall.
However, the annual cycle of rain and of the intensity
metrics (Fig. 5a) were more variable (even after smooth-
ing), likely due to rain variations strongly tied to the
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FIG. 5. As in Fig. 3, but for region III (SACZ).

passage of transient midlatitude baroclinic wave systems.
The lightning flash rate was greater between August
and October (premonsoon), though with less of a clear
maximum in timing compared to regions I-II. The
convective rain fraction and maximum 30-dBZ height
also decreased somewhat following onset, but not as
dramatically as in region I.

Although the peak in convective intensity metrics of
MCSs generally coincided with the seasonal peak in
sensible heat flux as in region I, intensity metrics were by
comparison weaker in the 3 months prior to onset. The
Bowen ratio reached an annual maximum of about 2.5 in
late September, twice as large as for region I, although
MCS intensity was somewhat weaker than region I. The
annual cycle of equivalent potential temperature pro-
files (Fig. 5b) was very similar to region I in magnitude
and timing. The similar evolution of MCS rainfall and
intensity from dry to wet season in regions I and III were
consistent with the conclusions of NR10 that onset in the
west-central Amazon influences the establishment of
the SACZ via moisture transport to the SACZ region in
a low-level jet ahead of frontal regions, consistent with
Liebmann et al. (2004) and Carvalho et al. (2004).
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FIG. 6. As in Fig. 3, but for region IV (the south).

d. Region IV (the south)

The annual variability of region IV (the south) rainfall
and intensity metrics (Fig. 6a) were the noisiest of all the
regions, due to the influence of wintertime baroclinic sys-
tems and the lack of a strong annual cycle. In the context of
previous studies, these results suggest that the monsoon
precipitation in region IV was dominated by the MCCs
common to this region. MCCs are essentially large, long-
lived, inertially stable MCSs (Maddox 1980; Cotton et al.
1989) that are associated with baroclinic wave pas-
sages (Laing and Fritsch 1997). Each year, these systems
bring severe weather and regional flooding to Argentina
(Velasco and Fritsch 1987). Large MCC occur with high
frequency during the monsoon in this region compared to
regions I-I1I (Durkee and Mote 2009). The climatological
monsoon onset date of mid-October in region IV (Fig. 6)
coincided with the initial seasonal increase in MCC oc-
currence documented by Durkee and Mote (2009).

The peak lightning flash rates for several pentads fol-
lowing onset was more than twice as high in region IV
than in the other regions. Those results are consistent
with the observation of highly electrified MCCs unique to
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TABLE 1. The 1998-2007 mean values of pentad averaged MCS intensity and size metrics and Bowen ratio (ratio of sensible to latent
heat flux) for 3 months before and 3 months after monsoon onset in each of the four regions. Lightning flash units are number per feature
per pentad. The percentage change in each parameter from before to after onset is given in parentheses. Before vs after onset changes in

italics are significant to greater than the 95% confidence level using a Student’s ¢ test, while those in boldface are significant to greater than

the 99% confidence level.

Region I Region II Region IIT Region IV
Before After Before After Before After Before After
Bowen ratio 0.76  0.097 (=87%) 0.20 0.049 (—76%) 1.9 016 (=92%) 0.30 0.15 (-50%)
Lightning flash rate 254 8.1 (—68%) 10.2 1.5 (-85%) 16.8 8.6 (-49%) 45.1 29 (-36%)
Max 30-dBZ height (km) 10.3 82 (—=20%) 8.8 7.0 (—=20%) 8.8 83 (—6%) 8.7 9.2 (+6%)
Convective rain fraction 57 46 (—19%) 64 47 (—=27%) 55 49 (-11%) 53 54 (+2%)
No. of pixels per MCS feature 426 516 (+21%) 335 423 (+26%) 451 491 (+9%) 532 376 (-29%)
No. of MCS features 9.0 25.3 (+183%) 2.0 8.1 (+305%) 56 11.2 (+100%) 4.0 5.8 (+45%)

that region (Zipser et al. 2006). The wintertime equiva-
lent potential temperature profile (Fig. 6b) was particu-
larly variable, likely associated with the strong variability
introduced by baroclinic wave activity. However, as in the
tropical regions, there was a summertime increase in ther-
modynamic instability as inferred from the equivalent po-
tential temperature profiles, consistent with the conditions
required for MCC formation in this region (Laing and
Fritsch 1997).

4. Mean MCS metrics before and after onset
for each region

Table 1 summarizes for each region the change in
several metrics of MCS structure and intensity, along
with the Bowen ratio, averaged for 3 months prior to and
3 months following each region’s monsoon onset pentad.
In addition to lightning flash rate, maximum 30-dBZ
isosurface height, and convective rain fraction, the area
(measured here by the number of raining pixels) of the
mean MCS feature and the mean number of MCS fea-
tures are presented.

A common feature of all 4 regions is the significant
decrease (to greater than a 95% confidence level accord-
ing to a Student’s ¢ test) in lightning flash rate and Bowen
ratio in the transition to onset. The average number and
area of MCS features in all regions increased significantly
after onset. Combined, these changes mean that there are
more, larger, and weaker MCSs after onset everywhere in
the SAMS. The exception to this was a significant de-
crease in MCS area after onset in region IV (the south),
suggesting that the springtime MCSs in that region were
larger than during the summer. The change in pre- to
postonset MCS intensity was greatest in regions I and II,
with a decrease in postonset lightning by roughly three-
fourths, a one-fifth decrease in maximum 30-dBZ height
and a one-fourth decrease in convective rain fraction (all
statistically significant). The greatest difference in all met-
rics of pre- to postonset MCS intensity, size, and number

occurred between regions Il and I, suggesting that the
oceanic influence at the mouth of the Amazon more se-
verely curtailed MCS intensity after onset compared to the
west-central Amazon. Region III (SACZ) has a compara-
tively lower pre- to postonset difference in MCS proper-
ties, despite a larger drop in the Bowen ratio. In region IV
(the south), where the well-studied MCCs occur during the
monsoon (October—-May), the mean size of MCS features
decreased significantly after onset as discussed previously,
with a slight increase (not statistically significant) in maxi-
mum 30-dBZ height and convective rain fraction despite
a significant one-third decrease in lightning flash rate. This
suggests that in region IV, fewer but larger and more
electrified MCSs prior to onset transition to more,
smaller, and less electrified MCSs after onset.

5. Conclusions

Regional differences in a 10-yr (1998-2007) climatology
of MCS rainfall, intensity, and thermodynamic environ-
ment were examined in the context of previous investi-
gations to study the mechanisms involved in the transition
from the dry season to monsoon onset in South America.
Rainfall, lightning flash rate, vertical radar reflectivity
structure, and convective rainfall fraction associated with
MCSs were analyzed using data from the TRMM satellite.
Surface fluxes of sensible and latent heat and the vertical
profile of equivalent potential temperature were exam-
ined from the NCEP reanalysis data. Four regions across
tropical and subtropical South America were compared.
These regions were selected objectively in a prior study
based on geographically distinct modes of rainfall vari-
ability. Results were placed in the context of previous
investigations of the mechanisms controlling the structure
of precipitation systems in the transition from the dry to
wet season.

Region I (west-central Amazon) and region II (mouth
of the Amazon) had the greatest pre- to postmonsoon
onset change in rainfall. Metrics related to the vertical



3762

intensity of MCSs showed distinct maxima 2 months
before monsoon onset in regions I and II. The timing of
the maximum in MCS intensity was different in each
region, with the region I maximum in August and a
delayed maximum in region II during October. This delay
in the annual cycle, combined with much weaker MCS
intensity, low Bowen ratio, lack of annual cycle in surface
latent heat flux, and proximity to the coast, suggest that
the slow migration of the Atlantic ITCZ determines the
timing of onset in region II. In both regions, MCS in-
tensity subsequently decreased leading up to and fol-
lowing onset. The changes in pre- to postonset MCS
intensity, size, and number were greater for region II
compared to region I, suggesting the oceanic influence
at the mouth of the Amazon more severely curtailed
MCS intensity after onset compared to the west-central
Amazon interior.

When placed in the context of the previous studies
discussed in section 3, results for regions I and II suggest
that thermodynamic, surface energy flux, and aerosol
controls on MCS intensity likely operate in concert with
each other. As suggested earlier, the surface heating may
weaken the wintertime low-level inversion and erode
convective inhibition sufficiently for deep convection to
grow explosively. At the same time, the coincident timing
of maxima in convective intensity metrics (lightning flash
rate and 30-dBZ isosurface height) and the general timing
of observed seasonal maxima in aerosol concentration
(Artaxo et al. 2002) are consistent with the hypothesis that
the higher concentrations of CCN during the burning
season energizes convection via an increase in latent heat
of freezing in the upper levels of the clouds due to a shift to
smaller sizes of the cloud drop size distribution (Andreae
et al. 2004). Surface sensible heat flux decreases ap-
proaching monsoon onset, likely in association with the
increase in cloudiness and rainfall, lead to widespread but
less vertically intense convection. The increase in rainfall
approaching monsoon onset limits aerosol production as
the burning is curtailed. This scenario thus envisions a
tight coupling between the seasonal changes in aerosol
concentrations, surface energy fluxes, and the thermody-
namic environment, all of which are interdependent and
mutually reinforcing. As such, observational studies alone
cannot assess the relative importance of these effects on
MCS properties; such an assessment necessarily requires
modeling studies.

The other two regions (SACZ and the south), associated
with the well-documented dipole of intraseasonal rain
variability, have a weaker and noisier annual cycle of all
MCS metrics, despite a strong annual cycle in thermody-
namic instability. In region IV (the south) the large, highly
electrified MCSs just prior to onset are associated with
the climatological occurrence of mesoscale convective
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complexes beginning in October. The large variability
and weak annual cycle of MCS metrics in region I'V likely
stem from the presence of both a wintertime baroclinic
rainfall regime and a summertime, thermodynamically
driven rainfall regime. The similar evolution of MCS
rainfall and intensity from pre- to postonset in region I
(west-central Amazon) and region III (SACZ) highlight
the connection between these regions. Onset in the west-
central Amazon is an important precursor to the estab-
lishment of the SACZ via moisture transport to the
SACZ region in the low-level jet ahead of fronts. Future
work will focus on the year-to-year variation of these
trends, with an analysis of the annual cycle and frequency
distributions of smaller (non MCS) precipitation features,
and will contrast them for the four regions.
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