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ABSTRACT

Thisstudy utilizesthe Tropical Rainfall Measuring Mission (TRMM) satellite precipitation radar (PR), lightning
imaging sensor (LIS), and passive microwave imager (TMI) data together with ground-based lightning data to
investigate the vertical structure, lightning, and rainfall characteristics of Amazonian and subtropical South
American convection for three separate wet seasons. These characteristics are partitioned as a function of 850-
mb zonal wind direction, motivated by observations collected during the 6-week TRMM—L arge-scale Biosphere—
Atmosphere Experiment in Amazonia (LBA) field campaign. The TRMM—-LBA field campaign observations
suggest that systematic variations in Amazonian convective vertical structure, lightning, and rainfall are al linked
to bimodal variations in the low-level zona wind (e.g., easterly and westerly regimes). The more spatially and
temporally comprehensive TRMM dataset used in this study extendsthe TRMM—-LBA observations by examining
regime variability in Amazonian and South American convective structure over a continental-scale domain.

On a continental scale, patterns of east and west regime 850—700-mb winds combined with LIS lightning
flash densities suggest the presence of synoptic-scale controls [e.g., intrusion of extratropical frontal systems
and interaction with the South Atlantic Convergence Zone (SACZ)] on regional-scale variability in convective
vertical structure. TRMM PR, TMI, and ground-based lightning data suggest that regional variability in wet-
season convective structure is most evident over the southern Amazon, Mato Grosso, Altiplano, southern Brazil,
and eastern coastal regions of central and southern South America. Convective vertical structure, convective
rainfall rates, and lightning activity are all more pronounced during easterly (westerly) regimes over the southern
Amazon and Mato Grosso (Altiplano, and southern Brazil). Importantly, when considered with case study results
from TRMM-LBA, the systematic differences in convective structure that occur as a function of regime suggest
that associated regime differences may exist in the vertical distribution of diabatic heating. Hence the discrim-
ination of convective vertical structure ‘‘regimes’ over parts of the Amazon and vicinity based on a resolved
variable such as the 850-700-mb zona wind direction, while far from being perfect, may have important
applications to the problems of cumulus parameterization, rainfall estimation, and retrievals of latent heating
over the Amazon.
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1. Introduction

Copious amounts of convection, rainfall, and latent
heating occur in the Amazon basin (AMZ); however,
there arerelatively few detailed observations of the con-
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vection, and more specifically, convective structure over
the AMZ. Satellite-based studies utilizing special sensor
microwave Imager (SSM/I) passive microwave (e.g.,
Mohr et al. 1999) and optical transient detector (OTD)
lightning data (Toracinta and Zipser 2001) suggest that
in the mean, wet-season convection over the AMZ is
distinctly different from that of other continental loca-
tions such as tropical Africa or the Maritime Continent
region. Indeed, studies utilizing various combinations
of the Tropical Rainfall Measuring Mission (TRMM)
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Fic. 1. Map of South America with mean lightning flash density (shaded; flashes km~2 month-*) for the
wet seasons of Dec—Mar 1998-2000. Regions of analysis examined in this study are indicated by numbered
boxes (see Table 1). The red box indicates the region in which TRMM-LBA was held. The location of the
Abracos Hill rawinsonde site is indicated by a white dot.

satellite precipitation radar, lightning, and passive mi-
crowave observations (Nesbitt et al. 2000; Boccippio et
al. 2000; Petersen and Rutledge 2001) suggest that wet-
season convection over the Amazon typically possesses
a precipitation vertical structure that is somewhat in-
termediate to that observed over tropical oceans (less
lightning, less vertically developed) and continents
(more lightning, robust vertical development). Thesere-
sults suggest that in model-based retrievals of hydro-
meteor, rainfall, and/or latent heating profiles (e.g., Tao
et al. 1990, 1993; Kummerow and Giglio 1994) over
the AMZ, it may not be sufficient to feed inversion
algorithms with normalized profiles of the aforemen-
tioned variables based on studies of convection con-
ducted over other tropical continents.

In addition to wet-season intercontinental differences
in convective structure, the vertical structure of con-
vection over the AMZ exhibits a pronounced seasonal
variability. Just prior to the wet season in the so-called
transition period (e.g., September—November), AMZ
convection is much more continental, exhibiting agreat-
er frequency of deep radar reflectivity cores (e.g., re-
flectivities = 30 dBZ) and more frequent lightning (Pe-
tersen and Rutledge 2001). To first order, the satellite
observations suggest that seasonal mean convectivever-
tical structure and lightning characteristics in the AMZ
(Fig. 1) represent two dominant modes of convective
vertical structure often referred to in the literature to
describe convection in the Tropics: oceanic and conti-
nental (Rutledgeet al. 1992; Williamset al. 1992; Zipser
and Lutz 1994; Neshitt et al. 2000).

On a seasonal timescale, changes in Amazonian con-
vective structure (Petersen and Rutledge 2001) arelikely

modulated by changes in the thermodynamic and dy-
namical structure of the troposphere associated with
transitions between wet and dry seasons (Fu et al. 1999;
Marengo et al. 2001). Additionally, seasonal variability
in aerosol loading [e.g., the cloud condenstation nuclei
(CCN) concentration] may influence the seasonal mean
convective structure (Rosenfeld and Lensky 1998; Wil-
liams et al. 2002, hereafter WIL). Variability in atmo-
spheric forcing of convection also occurs on intrasea-
sonal timescales over the AMZ (Garreaud and Wallace
1998; Liebman et al. 1999; Rickenbach et al. 2002,
hereafter RFHS; Carvalho et al. 2002, hereafter CJS).
Hence, as in other locations of the Tropics (e.g., over
the Maritime Continent region of northern Australia;
Rutledge et al. 1992; Williams et al. 1992; Cifelli and
Rutledge 1998), it is likely that intraseasonal variability
over Amazoniais aso reflected in modes of convective
vertical structure that appear on similar timescales.
Indeed, recent ground-based radar observations of
convection in the southwestern Amazon (AMZ) col-
lected during the 6-week TRMM-Large-scale Bio-
sphere-Atmosphere Experiment in Amazonia (LBA)
field campaign (January—February 1999; Silva Dias et
al. 2002) suggest that wet-season convective character-
istics possess two general modes (RFHS; Cifelli et al.
2002, hereafter CPCR). During TRMM-LBA these
modes were most obviously manifested in the convec-
tive vertical structure, associated cloud-to-ground (CG)
lightning flash density, and rainfall statistics. In turn,
changes in the mode of convection were highly corre-
lated to changes in the 850—700-mb zonal wind direc-
tion (CPCR; RFHS; WIL; CJS). For example, during
periods of westerly (easterly) 850-mb zonal wind, the



1280

vertical structure of convection was observed to be more
oceanic/monsoon (continental)-like, exhibiting weaker
(stronger) updrafts, relatively shallow (deep) radar re-
flectivity cores, and reduced (copious) amounts of light-
ning. Accompanying the changes in convective vertical
structure, westerly (easterly) regime convection tended
to produce relatively larger (smaller) areas of lighter
(heavier) rainfall (RFHS; CPCR) as reflected in a nar-
rower (broader) distribution of rainfall rates (CPCR).
Further, characteristic changes in the raindrop size dis-
tribution appear to occur between the regimes, with
smaller (larger) median volume drop diameters occur-
ring in westerly (easterly) regimes (A. Tokay 2001, per-
sonal communication; Carey et al. 2001). Recent find-
ings from TRMM—-LBA have also noted decreases in
CCN concentration, lightning flash count, convective
available potential energy (CAPE) and convective in-
hibition (CIN) during westerly regimes (Halverson et
al. 2002; WIL). In addition, the diurnal cycle of rainfall
observed during the westerly (easterly) regimes of
TRMM-LBA was less (more) peaked (RFHS). In many
respects the regime differences in convective vertical
structure and electrical activity observed over south-
western Amazonia during TRMM-LBA are similar to
those documented for monsoon and break-period re-
gimes in tropical northern Australia (Rutledge et al.
1992; Williams et al. 1992; Cifelli and Rutledge 1998).

In order to expand upon the temporally and spatially
limited observations collected during TRMM-LBA, we
examine continental-scale, multiple wet-season east—
west regime changesin convective vertical structureand
associated lightning activity over the AMZ and sub-
tropical South America (Fig. 1). To accomplish thistask
we combine TRMM satellite precipitation radar (PR),
microwave imager (TMI), lightning imaging sensor
(L1S), and Brazilian Lightning Detection Network
(BLDN) data with 850—700-mb zonal wind data [Na-
tional Centers for Environmental Prediction—-National
Center for Atmospheric Research (NCEP-NCAR) re-
analysis; Kalnay et al. 1996]. The 850—700-mb winds
are utilized in order to maintain consistency with
TRMM-LBA observations. Analysis of the aforemen-
tioned observations provides a means for placing the
TRMM-LBA ‘“‘regime’ observations into a more cli-
matological framework.

More specifically, we address the following ques-
tions: Relative to the observations documented for
TRMM-LBA, how robust are regime trends in Ama-
zonian convective vertical structure when considered
temporally over multiple wet seasons and spatially over
a continental-scale domain? Do associated changes in
convective vertical structure occur in locations sur-
rounding the Amazon? If the bimodal relationship in
convective vertical structure observed during TRMM—
LBA is robust, then the results of this study combined
with those of TRMM—-LBA (e.g., CPCR; Halverson et
al. 2002; RFHS; WIL; CJS). may have important im-
plications for rainfall estimation, latent heating retriev-
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TaBLE 1. Analysis regions.
Box number
(Fig. 1) Location

1 SWAMZ; (7.5°-15°S; 67.5°-60°W); TRMM—
LBA

2 West-central Amazon (0°-10°S; 70°-60°W)

3 East-central Amazon (0°-5°S; 60°-50°W)

4 South-central Amazon (5°-15°S; 60°-50°W)

5 Mato Grosso (10°-20°S; 60°—-50°W)

6 Altiplano region (including plains to the east;
18°-28°S; 67.5°-57.5°W)

7 Southern Brazil (21°-34°S; 57.5°-47.5°W)

als, and cumulus parameterization over the Amazon re-
gion.

2. Data and methodology

Three full wet seasons (December—March, 1997-98,
199899, and 1999-2000) of TRMM satellite datawere
partitioned into easterly and westerly regimes. The par-
titioning methodology used was based on the afore-
mentioned relationship (section 1) between low- to mid-
level wind direction and convective structure observed
in easterly and westerly wind regimes over the south-
western Amazon (SWAMZ) during TRMM-LBA
(RFHS; CPCR). Since the TRMM-LBA easterly and
westerly regimes were highly correlated to changes in
the continental-scale circulation over South America
(RFHS), the regime partitioning method employed in
this study made exclusive use of the zonal wind direc-
tion observed over the SWAMZ (Table 1; see also box
1in Fig. 1). To the extent that ** convective regimes”’
(e.g., intraseasonal variability) occurring inthe SWAMZ
are a reflection of large-scale continental controls on
convection, this partitioning methodology when utilized
over multiple wet seasons should also reveal associated
changes in convective structure and the large-scale cir-
culation over other regions of tropical and subtropical
South America. The combined applicability, simplicity,
and availability of both 850—700-mb zonal wind and
cloud-to-ground lightning data (a proxy for convective
structure) provided an expedient means for determining
east and west partitions over periods extending well
beyond the 6-week TRMM—-LBA sampling period (e.g.,
the full 1998-99 wet season, and the wet seasons of
1997-98 and 1999-2000).

In order to partition each of the three wet seasons
into east and west regimes, gridded zonal winds at 850
mb were utilized to compute daily, low-level, areamean
zonal wind directions for a box covering the TRMM—
LBA domain in the SWAMZ (7.5°-15°S, 68°-60°W;
Table 1, Fig. 1). These winds were then smoothed (5-
day running mean) and plotted in time series form. To
ensure that trends in the NCEP-NCAR wind data were
representative, atime series of SWAMZ areamean 850-
mb zonal wind (normalized) was compared to a similar
time series observed over the TRMM—-LBA Abracos
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Fic. 2. Normalized zonal wind time series (5-day running mean)

for TRMM-LBA time period Jan—Feb 1999. Area mean NCEP-

NCAR reanalysis winds covering the TRMM—-LBA analysis domain

(box 1; Fig. 1) are indicated by a solid line. Winds observed at the

Abracos Hill sounding site (TRMM-LBA) are indicated by a dashed
line.

Hill sounding site (located at 10.75°S, 62.35°W) during
January—February 1999 (Fig. 2). Importantly, the
TRMM-LBA sounding data have not been assimilated
into the NCEP-NCAR reanalysis data used herein, thus
the two datasets provide independent measures of the
tendency in zonal wind direction for comparison. While
the smoothed Abracos Hill windsrepresent only asingle
data point in the TRMM-LBA domain, trends in the
Abracos zonal wind were highly correlated to zonal
winds observed at all four of the TRMM-LBA sounding
locations (J. Halverson 2001, personal communication),
hence the Abracos Hill winds are taken to be represen-
tative of the region as a whole. The favorable compar-
ison between trends in the normalized NCEP-NCAR
and Abracos zona wind time series (Fig. 2) supports
the use of NCEP-NCAR 850-mb zonal winds as an
objective means for identifying easterly and westerly
regimes over multiple wet seasons.

Utilizing the smoothed time series of zonal wind cre-
ated for each wet season, intervals of easterly and west-
erly wind direction could be easily identified and par-
titioned into regimes. Asasimpleway to test thevalidity
of this partitioning method, the partitioned wind time
series was subsequently compared to a 5-day running
mean time series of CG lightning data collected by the
BLDN! (Blakeslee et al. 1999) for the 1998-99 and
1999-2000 wet seasons (cf. section 3 and Fig. 5). We
compared the partitioned zonal winds to lightning data
for two reasons: 1) during TRMM—-LBA, CG lightning
tendencies were highly correlated to regime changesin
convective vertical structure; and 2) the temporal con-
tinuity of the CG lightning data provide a robust means

1 This network consists of four advanced lightning direction finders
that detect and locate cloud-to-ground lightning flashes over the
TRMM-LBA domain and surrounding areas of the SWAMZ. The
network is still in operation.
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to detect temporal trends in both the frequency and/or
intensity of convection over a large portion of the
SWAMZ. The lightning—zona wind comparison sug-
gested that anomalies in the zonal wind speed (e.g.,
relative maxima and minima) were far better correlated
to peaks in CG lightning activity than the absolute di-
rection of the zonal wind (as observed during TRMM—
LBA). Hence the partitioning methodology was refined
by requiring relative maxima in the time series of 850-
mb zonal wind anomaliesto exceed 1 standard deviation
of the seasonal mean (also consistent with TRMM—-LBA
data) prior to a given time period being identified as
either a ““westerly” or ‘‘easterly’” regime.?

Having identified easterly and westerly regimes for
each wet season, TRMM PR convective vertical struc-
ture and LIS lightning statistics were subsequently com-
puted for each regime over the three wet seasons for
several different areas in the vicinity of the Amazon
basin (Fig. 1; Table 1). First, three-dimensional radar
reflectivity histograms were created by binning PR re-
flectivities by height (1-km bins), reflectivity (5-dBZ
bins beginning at 20 dBZ) and relative frequency for
al TRMM 2A-25 algorithm *‘rain-certain” PR pixels
(~4.3-km footprint) that were geolocated in the regions
and regimes being studied (cf. Petersen and Rutledge
2001). Approximately 2—4 X 108 reflectivity pixels per
location were used to create each reflectivity histogram.
Relative frequencies were computed for the histograms
by taking the number of points in each reflectivity bin
and dividing by the total number of reflectivity pixels
at each height level. In addition to the reflectivity sta-
tistics, rainfall rate distributions were created utilizing
rain rates from the TRMM PR 2A-25 algorithm (Iguchi
and Meneghini 1994; Meneghini et al. 1999; Iguchi et
al. 2000).

To complement analysis of the pixel-based refl ectivity
histograms, especially over the south-central AMZ
where the signal of the regimes turned out to be the
strongest (cf. section 3, Fig. 4), individual precipitation
features (PFs) were identified and cumulative distribu-
tion functions (CDFs) were computed for the ensemble
of PFs utilizing both PR reflectivities and TMI bright-
ness temperatures (37- and 85-GHz channels). To iden-
tify the PFs, the PR and TMI datawere collocated within
the 220-km-wide PR swath to identify contiguous areas
of PR rainfall and TMI 85-GHz ice scattering (cf. Nes-
bitt et al. 2000). The PF areas were required to be at
least 4 PR pixelsin size (~75 km?) and to contain either
PR near-surface reflectivities > 20 dBZ or 85-GHz po-
larization corrected temperatures (PCTs, Spencer et al.
1989) < 250 K. The PFs were then classified by their

2 Note that meridional perturbations in the wind also occur with
regime transitions, such that one could also partition the data into
equivalent ‘“northerly” or ‘“‘southerly” regimes. There is some pre-
liminary evidence to suggest that a partition based on meridional
winds would yield results similar to the zonal partitioning method
used herein (R. Fu 2001, personal communication).
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radar and ice scattering properties into three categories:
precipitation feature without ice scattering (PCT > 250
K at 85 GHz), precipitation feature with ice scattering
(at least 1 pixel with 85-GHz PCT < 250 K), and pre-
cipitation feature with a mesoscale convective system
[MCS; PF contained at least 2000 km? of contiguous
areawith 85-GHz PCT < 250 K and 185 km? with 85-
GHz PCT < 225 K to ensure alarge convective system
analogous to the Mohr and Zipser (1996) and Houze
(1993) ice scattering and radar MCS definitions, re-
spectively]. These precipitation features were identified
for all TRMM satellite overpasses that occurred over
the south-central Amazon during the three wet seasons
examined.

Finally, because (i) lightning frequency was observed
to vary as a strong function of regime during TRMM—
LBA (e.g., WIL); and (ii) the presence or absence of
lightning can be utilized at | east asa qualitativeindicator
for kinematic intensity and mixed phase microphysical
processes, LIS lightning flash densities for each regime
were also computed over the South American continent
for grid boxes of 0.5° X 0.5° for comparison to the PR
and TMI datasets (Fig. 1). The BLDN data were sim-
ilarly utilized as a regime metric (e.g., diurnal cycle
comparisons) for the SWAMZ for the last two wet sea-
sons (1999 and 1999-2000).

3. Continental-scale flow and lightning activity in
east and west regimes

RFHS suggested that intraseasonal flow transitions
from easterly to westerly in the southern AMZ (over
the TRMM—-LBA domain in particular) and along the
South Atlantic convergence zone (SACZ) are associated
with the periodic intrusion of frontal systems/baroclinic
waves into the Tropics (Garreaud and Wallace 1998;
Liebmann et al. 1999). These frontal boundaries tend
to become quasi-stationary in the Tropics, assuming a
northwest to southeast orientation, and modul ate the in-
tensity of convection along the climatological position
of the SACZ on submonthly timescales (e.g., Liebmann
et al. 1999). RFHS noted that these fronts are often
accompanied by a westward movement of the Bolivian
high and/or westward movement of a semipermanent
upper-level (200-mb) cyclonic circulation that is typi-
cally located over northeastern Brazil during austral
summer. Hence, it is likely that the two convective re-
gimes identified in this study, based on zona wind
anomalies over the SWAMZ, should bereflected in syn-
optic-scale regime composites of the flow over a large
portion of central and southern continental South Amer-
ica. Indeed, when the vector winds over South America
are composited for multiple wet seasons at the 850- and
700-mb levels for each regime clear differences in the
synoptic-scale flow become apparent.

For example, at the 700-mb level, both the westerly
(Fig. 3a) and easterly (Fig. 3b) regime composites in-
dicate the presence of a synoptic-scale anticyclonic fea-
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Fic. 3. South America 3-yr mean 700-mb winds by regime for the
wet seasons of 1997-2000; (a) westerly and (b) easterly. Rondonia
(TRMM-LBA domain) indicated by box. Topography is shaded as
indicated.

ture in the wind field (Southern Hemisphere convention)
that extends from the northwest to southeast and is ul-
timately associated with the South Atlantic high. During
westerly (easterly) regimes, the axis of this flow feature
is shifted toward the north (south) of the southern AMZ
resulting in enhanced northwesterly (northeasterly) flow
over and adjacent to the SWAMZ and reduced (en-
hanced) easterly flow farther to the east in the south-
central AMZ. To the south (30°-35°S), the presence of
a midlatitude wave is indicated in the westerly regime
at 700 mb (more enhanced at 850 mb—not shown), but
is much less pronounced during the easterly regimes.
Coincident with the presence of enhanced northwesterly
flow along the Andes, the midlatitude wave, and north-
ward movement of the ridge axis in the westerly com-
posite, confluence of the northwesterly flow into the
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SACZ is enhanced. Thisis consistent with the presence
of a more pronounced SACZ observed in satellite im-
agery during westerly events (Liebmann et al. 1999;
RFHS).

Relative differences in the flow and convective in-
tensity between the two regimes at the continental scale
become more apparent when examining a difference-
vector map of the 850-mb winds over most of South
America together with spatially filtered (3-step Leise)
lightning data from the LIS (Figs. 4a-b). In Fig. 4a,
enhanced northwesterly flow (e.g., northwesterly jet;
Nogues-Paegle and Mo 1997; Marengo et al. 2001) is
present during the westerly regimes along the foothills
of the Andes and over the southern AMZ. To the south-
east, over the coast of Uruguay and Argentina (35°S,
53°W) the flow is more cyclonic during westerly re-
gimes. The aforementioned synoptic-scale features pre-
sent in Figs. 3—-4 are consistent with the influence of
periodic extratropical disturbances on the flow regime
of the southern AMZ and central to southern South
America (e.g., Garreaud and Wallace 1998; Lenters and
Cook 1999; Liebmann et al. 1999; RFHS; CJS).

It isinteresting to note that the submonthly timescale
changes in wind flow between the regimes represented
in Fig. 4 (composited means) are quite similar to the
10-yr mean January climatological anomalies presented
by Zhou and Lau (1998) to support the presence of a
South American **monsoon.” Of the three wet seasons
that were averaged in our analysis, westerly regimes
tended to dominate the percentage of time spent in either
regime during the wet season (>60%). Considering this
fact, in combination with the results of Zhou and Lau
(1998) and those of Fig. 4, it may be that westerly
anomaly regimes are more representative of the Zhou
and Lau ““monsoonlike’ conditions over South America
after averaging the submonthly westerly periods over
multiple wet seasons.® If this is the case, then easterly
and westerly regimesin the southern AMZ may be anal-
ogous to alternating active-monsoon and monsoon-
break conditions observed in other regions of the Trop-
ics such as tropical northern Australia (e.g., Holland
1986). In the case of South America, the submonthly
modulator of monsoon or break conditions may be the
large-scale circulation in the form of extratropical bar-
oclinic waves (e.g., Liebmann et al. 1999; RFHS).

Though perhaps an oversimplification, to the extent
that low to midlevel flow regimes in the southern AMZ
are analogous to “‘break’ and monsoon periods, we ex-
pect to observe marked changesin the vertical structure
of convection as a function of regime (e.g., Rutledge et
a. 1992; Williams et al. 1992; Cifelli and Rutledge
1998). Indeed, changes in lightning flash density (Figs.
4a-b) suggest that such changes do occur as a function

3 Note that the large-scale mechanisms responsible for transitions
between the regimes are likely to be numerous (e.g., Nogues-Paegle
and Mo 1997; Garreaud and Wallace 1998; Lenters and Cook 1999;
Liebmann et al. 1999; RFHS) and are beyond the scope of this study.
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Fic. 4. (a) Difference (west — east) in regime vector winds at 850
mb and LIS lightning flash density (shaded) over AMZ and southern
South America averaged and spatially filtered (3-step Leise) over wet
seasons from the years 1997 to 2000. Cool (warm) colors indicate
larger lightning flash densities during westerly (easterly) wind re-
gimes. The PR analysis box locations are indicated. (b) Asin (a) but
lightning flash density differences expressed as percentage increases
relative to the opposing regime. Warm (cool) colors indicate the per-
centage increase in lightning flash density that occurs during easterly
(westerly) regimesrelative to westerly (easterly) regimes. Topography
contoured at the 0-, 1000-, 2500-, and 4000-m levels.

of low-level wind regime. For example, relative to west-
erly regimes a 100%—-200% increase in lightning (sta-
tistically significant at the 80%—90% level) occurs over
the south-central AMZ during easterly regimes (box 4,
Figs. 4a—b), consistent with observations from TRMM—
LBA (WIL; CPCR). When low-level easterly flow dom-
inates in the southern AMZ, CAPE, CIN, and CCN
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concentration are all increased relative to westerly re-
gimes (Halverson et a. 2002), a situation more con-
ducive to lightning production. The large-scale condi-
tions during easterly regimes are also more conducive
to enhanced dynamical forcing and organization of con-
vective systems in association with eastward-propagat-
ing squall lines and mesoscale instabilities that originate
on the east coast of tropical South America and prop-
agate deep into the AMZ basin (e.g., Sun and Orlanski
1981; Silva Dias and Ferreira 1992; Garstang et al.
1994; Cohen et al. 1995). Therefore, during easterly
regimes both relative increasesin CAPE and convective
forcing/organization favor more lightning-producing
convection.

During westerly regimes, the central AMZ experi-
ences arelative reduction in lightning activity. However,
Figs. 4a—b suggest that westerly regime lightning flash
densities are significantly enhanced relative to easterly
regimes (100%—700%) to the south of the AMZ, over
the Altiplano (box 6), the southern fringe of the SACZ
including southern Brazil (portions of box 7), and along
the central and southern coast of South America (10°S,
40°W to 40°S, 60°W). These differences are statistically
significant at the 70%—-90% level (90% over the Alti-
plano). Enhanced lightning activity occurs along the
southern fringe of the SACZ during westerly regimes
as evinced by the presence of a broken to nearly solid
northwest—southeast-oriented band of higher lightning
flash densities that originatesin the Andes (e.g., 0°-5°S)
and extends from the Altiplano to the Atlantic Ocean
off the coast of southern Brazil and Uruguay (Fig. 4a;
~35°S, 40°W). More intense convective activity would
be expected over the Altiplano and along the southern
edge of the SACZ during westerly regimes in associ-
ation with southeastward transports of moisture out of
the AMZ (e.g., Nogues-Paegle and Mo 1997; Lenters
and Cook 1999), more pronounced north-south mois-
ture gradients, and increased convergence/forcing as-
sociated with extratropical frontal disturbances (Gar-
reaud and Wallace 1998; Liebmann et al. 1999; RFHS).
Interestingly, the location of the northwest—southeast-
oriented band of enhanced lightning activity during
westerly regimes (Fig. 4a) approximately coincideswith
a similarly oriented band of air with high values of
equivalent potential temperature (6,) and enhanced con-
vection discussed in Garreaud and Wallace (1998, their
Fig. 9) and RFHS. Both RFHS and Garreaud and Wal-
lace associate this band of high 6, and convection with
the equatorward propagation of midlatitude frontal sys-
tems. The presence of increased lightning activity along
the band of high 6, (and large gradients in 6,) is con-
sistent with previously noted sensitivities between
CAPE (astrong function of 6,) and lightning frequency
(e.g., Williams et al. 1992; Petersen et al. 1996).

Relative decreases in lightning activity over the
southern AMZ during westerly regimes (Fig. 4b) should
not be interpreted as a decrease in the amount of con-
vective activity. On the contrary, thereisstill widespread
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Fic. 5. Time series of GPCP 1° X 1° daily rainfall (mm day 1)
averaged over the area of box 1 in Figs. 1 and 4. (a) Jan—Apr 1999.

(b) Dec 1999-Apr 2000. Shaded areas indicate easterly regime pe-
riods.

convection and rainfall over the AMZ during westerly
regimes (e.g., RFHS; CPCR; CJS). This is clearly il-
lustrated in Figs. 5a—b, which show 5-day running
means of Global Precipitation Climatology Project
(GPCP; Huffman et al. 1997) gridded daily mean rain-
fall (1° X 1° grid) averaged over the SWAMZ (box 1;
Fig. 4). Note that in the mean, daily rainfall over the
SWAMZ during westerly regimesis often similar to that
of easterly regimes. Though westerly regime cloud sys-
tems produce copious amounts of rainfall and exhibit
considerable depth and area coverage, case studiesfrom
TRMM-LBA suggest that the vertical structure of west-
erly regime convection over the SWAMZ is associated
with shallow reflectivity cores and relatively weak ice-
phase processes (e.g., CPCR). These convective char-
acteristics are similar to those typically associated with
the vertical structure of tropical oceanic or monsoon
convection. Hence it is expected that lightning flash
densities should exhibit an overall reduction during
westerly regimes in the southern AMZ relative to that
observed during the easterly regime.

The enhancement in lightning that occurs along the
coastline of tropical northeastern and eastern Brazil dur-
ing westerly regimes (~15°S, 40°W; Fig. 4) may be
associated with acombination of reduced low-level east-
erly flow off the Atlantic Ocean and elevated terrain
located just inland. Northeastern Brazil isrelatively arid,
being located under subsidence associated with the
South Atlantic ridge, hence any weakening in easterly
trade winds may permit an eastward penetration of mois-
ture and associated enhancements in conditional insta-
bility from the Amazon toward the coast (M. SilvaDias
2001, personal communication). Further, the difference
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Fic. 6. Time series of BLDN stroke counts over the southwest
AMZ for the wet seasons of (a) Jan—-Mar 1999; and (b) Dec 1999—
Mar 2000. Yellow areas indicate easterly regime periods.

flow in Fig. 4 suggests that sea-breeze fronts would
probably not be able to propagate as far inland during
westerly regimes, resulting perhaps in more conver-
gence just inland over elevated coastal terrain.
Somewhat surprisingly, over the SWAMZ where pro-
nounced differences in convective vertical structure be-
tween easterly and westerly regimes were observed dur-
ing the TRMM-LBA field campaign (RFHS; CPCR),
the signal in LIS lightning flash density in Figs. 4a-b
is somewhat mixed (relative to the south-central AMZ)
even though the regime signal in the NCEP-NCAR 850-
mb winds remains quite pronounced across the entire
SWAMZ box. By comparison, when ground-based
lightning data from the BLDN are examined (Fig. 6)
for the same region in time series form, the variability
in lightning frequency between easterly and westerly
regimes is robust and of the same character observed
during TRMM-LBA and in the south-central AMZ.
Specifically, for the SWAMZ analysis box during east-
erly (westerly) regimes there is a pronounced increase
(decrease) in lightning activity. Regime variability in
the BLDN data for this analysis box is further mani-
fested when the diurnal cycles of lightning are examined
(Fig. 7). In Fig. 7 the BLDN lightning data suggest a
much more (less) amplified diurnal cycle during easterly
(westerly) regimes, consistent with the diurnal cycles of
rainfall for easterly and westerly regimes observed dur-
ing TRMM-LBA (RFHS). Overall, theL IS dataindicate
similar regime trends in the diurnal cycles of lightning
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SWAMZ: LIS/BLDN Diurnal Cycles of Lightning
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Fic. 7. Mean diurnal cycles of LIS and BLDN lightning flashes.
BLDN (LIS) data are dashed (solid) with diamond markers. Westerly
(easterly) regimes are gray (black) as indicated for each instrument.

for the SWAMZ (Fig. 7) but the differences between
the two regimes are not as pronounced at those observed
utilizing the BLDN data. These results suggest that (i)
either the orbiting TRMM satellite is not capturing a
complete sample of the regime variability across the
SWAMZ box relative to a continuously sampling
ground-based platform like the BLDN; or (ii) the
SWAMZ box is located in a region where the regime
signal in convection is in transition (e.g., the nature of
the relationship between zonal wind direction, convec-
tive vertical structure, and lightning reverses).

To test option (ii) above, since the LIS data suggest
a relatively strong regime signal in the south-central
AMZ (Fig. 4) and in the far eastern portion of the
SWAMZ box (which also contains the center of the
TRMM-LBA domain), we partitioned the BLDN data
in the SWAMZ along the 62.5°W meridian. We then
examined the diurnal cycles and total flash counts for
both sides of the SWAMZ box. The total flash count
data suggest that the CG lightning flash density in the
eastern side of the SWAMZ box is at least twice that
of the western side. Hence, the LIS is far more likely
to sample lightning flashes on the eastern side of the
SWAMZ box relative to the western side. If the regime
signals in the BLDN data for the entire SWAMZ box
were excessively weighted by lightning occurring on
the eastern side of the SWAMZ box, then discrepancies
between the LIS, BLDN, and TRMM-LBA diurnal cy-
cle observations could be explained by the location of
the SWAMZ box convolved with changing regime con-
trols on convection across the box. However, the BLDN
diurnal cyclesof lightning for both sides of the SWAMZ
box still indicate a strong, consistent regime variability
that is virtually identical to Fig. 7 (i.e., markedly more
lightning in easterly regimes).

Hence, based on the BLDN data it seems likely that
the sameregime signal (e.g., morelightning during east-
erly periods) is observed in a continuous sense across
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the mgjority of the SWAMZ box. Incomplete sampling
of the regimes by TRMM [e.g., option (i) above] may
provide a reasonable explanation for both the mixed
signal in regimes in the LIS data across the SWAMZ
box (Fig. 4) and the difference in diurnal cycle between
the LIS and BLDN datasets (Fig. 7). This is further
evident when regime view times for the LIS instrument
are compared for the SWAMZ box. For the 3-yr analysis
period, there was approximately 50%—75% more view
time over the SWAMZ during local afternoon hours
(when the peak in the diurnal cycle of convection oc-
curs; Fig. 7) of the westerly regime periods. Hence, the
natural diurnal cycle of convection convolved with the
sampling period of the TRMM satellite may also be
affecting the degree to which the regime signal is being
detected in the SWAMZ for the three wet seasons being
studied.

In summary, easterly and westerly convective re-
gimes in the southern AMZ, as defined by the direction
of the 850-mb zonal wind in the SWAMZ (the TRMM—
LBA domain), appear to be the result of continental-
scale circulations (e.g., RFHS). These regimes are man-
ifested in the large-scale low- to midlevel flow,* and for
at least some locations over South America, appear cor-
related to proxies for convective intensity/frequency
such as the lightning flash count.

4. The vertical structure of convection in easterly
and westerly regimes

In addition to being linked to the presence or absence
of lightning in deep convection, vertical structureisre-
lated to the profile of latent heating in deep convection
through both water budget and dynamical feedbacks
(e.g., Tao et al. 1990, 1993; Cartwright and Ray 1999;
Yang and Smith 1999). Hence to the extent that vari-
ability in vertical structure varies as a function of low-
level wind regime over the AMZ, accurate determina-
tion of the wind regime may yield important information
as to the mean convective structure and associated mi-
crophysical processes occurring in agiven region at any
time. Since the amount of lightning is often indicative
of certain types of convective structure (e.g., enhanced
mixed phase processes), and east—west regime signals
do appear inthe LIS data (Figs. 4, 7), theregime signals
discussed in section 3 are likely to be manifested in
coincident precipitation data (acknowledging the pos-
sible sampling issues). Therefore, following the meth-
odology outlined in section 2, in this section we utilize
PR and TMI datato address the question of how vertical
precipitation structure and rain rate distributions change
as a function of regime for several locations over the
South American continent.

4 RFHS also note regime changes in the relative location of centers
of semipermanent circulation features at 200 mb, such asthe Bolivian
high.
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a. Pixel-based PR statistics

Three-dimensional histograms of regime precipitation
vertical structure constructed from individual PR re-
flectivity pixels are shown in Fig. 8a for several loca-
tions in the Amazon basin and neighboring subtropical
locations (boxes 1, 3, 4, 5, 6, 7; Fig. 1). Heavier pre-
cipitation is emphasized in Fig. 8a by focusing on layer
relative frequencies of PR reflectivity pixels = 30 dBZ.
Relative frequencies at heights below 5 km aretruncated
in Fig. 8ato emphasize colder regions of the troposphere
(cf. item 2 below). The reflectivity histograms suggest
the following:

1) Systematic differences (significant at ap = 0.01 lev-
el) in vertical structure between the regimes are most
apparent in the south-central AMZ, Mato Grosso,
Altiplano region, and over southern Brazil. Though
weaker, regime differences are also apparent over
the SWAMZ. Consistent with the Geostationary Op-
erational Environmental Satellite (GOES) satellite
analysis of CJS, there appeared to be very little dif-
ference in convective vertical structure detected as
afunction of regime by the TRMM satellite over the
central and west-central AMZ (box 2, Fig. 1; not
shown).

2) The most systematic differencesin vertical structure
are generally found at temperatures = —10°C, and
are manifested asincreases (decreases) intherelative
frequency of reflectivity = 30 dBZ in easterly (west-
erly) regimes. Intense convection (e.g., reflectivities
> 30 dBZ at temperatures = —10°C) is 10%—20%
more (less) likely over the SWAMZ during easterly
(westerly) regimes and 30%-50% more (less) likely
over the south-central AMZ during easterly (west-
erly) regimes. These vertical structure changes are
consistent with an approximately 40% (11%) in-
crease in lightning flash density during easterly re-
gimes in the southern (southwestern) AMZ.

3) Over the Altiplano and southern Brazil the situation
is reversed. Westerly (easterly) regimes are associ-
ated with a marked increase (decrease) in the fre-
guency of reflectivities = 30 dBZ at temperatures =
—10°C. These changes are consistent with 60% and
25% increases in lightning flash densities over the
Altiplano and southern Brazil, respectively, during
westerly regimes.

To further elucidate the vertical profile changes in
convective structure as a function of regime, relative
frequencies associated with areas covered by boxes in
the vicinity of the AMZ and south of the AMZ (e.g.,
the Altiplano and southern Brazil domains) were av-
eraged for both easterly and westerly regimes, and sub-
sequently normalized to expressrelative increasesin the
frequency of reflectivity pixels = 30 dBZ at any given
height level. For the AMZ (Altiplano/southern Brazil)
region we computed the difference in relative frequency
between east and west regimes and divided by the west
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(a) Dec.-Mar. 1997-2000 TRMM-PR: Z, > 30 dBZ vs. Height
South Amenca' Amazon and vicinity
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FiG. 8. (8) Wet-season (Dec—Mar 1998-2000) PR 2A—-25 radar reflectivity (dBZ) relative frequency histograms asafunction
of height, regime, and location for dBZ = 30. Easterly (westerly) regimes are indicated by striped (solid) colors. The
approximate height of the —10°C isotherm is also indicated by a bold white line. (b) Regime relative change in frequency
of pixels > 30 dBZ as a function of height. Solid line indicates mean relative changes expressed as a percent increase relaive
to westerly regimes for analysis boxes in the Amazon and vicinity. Dashed line indicates mean relative change for the
Altiplano and southern Brazil analysis boxes expressed as a percent increase relative to the easterly regime.
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FiG. 9. Dec—Feb 1998-99 south-central Amazon time series of TRMM CDF for precipitation features. (a) The PR daily maximum height
of 30-dBZ echo tops; (b) TMI daily minimum 85-GHz (PCTs). Easterly regime periods are indicated by red horizontal lines located above
the Julian day (abscissa), while the median level of the observation is indicated by the dark solid line. Missing data are indicated by black

vertical lines/bars.

(east) regime relative frequency at each height level.
Thisresulted in vertical profilesthat indicate the percent
change in 30-dBZ frequency that occurs when transi-
tioning from westerly to easterly regimesfor each region
(Fig. 8b).

For the AMZ region (primarily the southern AMZ
wherethe signal was strongest in Fig. 8a), Fig. 8b clearly
shows the very small mean difference in the vertical
structure below the freezing level (e.g., ~5 km). How-
ever, asthe altitude increases and temperature decreases,
the fraction of reflectivity pixels exceeding 30 dBZ sys-
tematically increases by an average of 10%—25% when
transitioning from a westerly to an easterly regime. The
Altiplano/southern Brazil mean profile is almost a mir-
ror image of the AMZ profile, reflecting the reverse
trend in this region for more intense vertical develop-
ment in westerly regimes. If the profilesin Fig. 8b are
compared as afunction of temperatureinstead of height,
the profiles become almost exact mirror images (since
the freezing level is slightly lower in subtropical/mid-

latitude South America where the Altiplano and south-
ern Brazil boxes are located). The common overall
structure exhibited in both vertical profiles of Fig. 8b
(e.g., height of peaks, etc.) also seems to point to a
population of convection and/or convective character-
istics that behave similarly as a function of regime
changes in both locations.

The PR pixel-based results summarized in Figs. 8a—
b suggest that systematic regime differences in convec-
tive vertical structure occur on a continental scale and
that these changes are al so manifested in regime changes
in lightning flash density. While being physically con-
sistent with the TRMM—-LBA observations and the LIS
dataset, the large 3-yr sample of PR reflectivity pixels
[O(109)] aso results in the regime differences (Fig. 8a)
being statistically significant at a level exceeding a p
value of 0.01 (though spatial seria correlation is not
accounted for). In order to place the pixel-based statis-
tics within the framework of individual convective sys-
tems and to further verify the internal consistency of
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Fic. 9. (Continued)

the results, we also examine vertical structure statistics
for individual precipitation features in each regime.

b. Regime differences in precipitation features

In this section we now describe PF statistics (cf. sec-
tion 2) for the south-centra AMZ analysis box, and
extend the PR analysis by examining TMI brightness
temperatures by regime for the ensemble of PFs. The
number of TRMM satellite-identified PFs for the three
wet seasons (1997-98, 1998-99, 1999—2000) separated
by regime type and fraction of the season spent in each
regime, is shown in Table 2. From the composite of all
three wet seasons, it is evident that there is a slightly
higher fraction of westerly regime days (62.3%) than
westerly regime PFs (55.6%) (6392/5110 + 6392). This
difference is increased when further partitioning PFs
into those with 85-GHz ice scattering signatures and/or
those occurring with an MCS. Hence the PF analysis
suggests there is a higher fraction of weak and/or small
features occurring during the westerly regime. Systems
with PR rain volume > 103 mm h~* km? do not follow

this regime distinction; an equal likelihood of finding
these larger rain producers occurs in both regimes.

Significant variability in the number of regime days
occurs among the three examined wet seasons. The
1998-99 wet season (when the TRMM-LBA field ex-
periment was conducted) contained a higher fraction of
easterly regime days than the other two seasons. As a
result, a higher fraction of features with 85-GHz ice
scattering signatures (brightness temperature < 250 K)
were detected. The other two seasons contained roughly
2:1 and 5:3 ratios of westerly to easterly regime days
and PFs with to without ice scattering, reflecting the
higher fraction of moreintense features contained within
the easterly regime days.

Figures 9a—b show atime series of the daily variations
in the daily cumulative distribution functions (CDFs) of
precipitation feature intensities during the 1998-99 wet
season. These time series can be directly compared to
Figs. 2, 5, and 6. Daily distributions of the maximum
height of the 30-dBZ contour within each PF are shown
in Fig. 9a, while Fig. 9b shows the daily variations in
minimum 85-GHz PCTs. The dark line indicates the
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TaBLE 2. Precipitation feature analysis (south-central AMZ).
PFs PFs with rain Percent

Total with PFs with ice PFs without >103 mm h—*  of season

Season Regime PFs MCS scattering ice scattering km? in regime
1997-98 E 1276 30 295 981 372 37.2
w 2244 38 403 1841 610 62.8
1998-99 E 1977 27 471 1506 561 52.1
w 1811 34 404 1407 530 47.9
1999-2000 E 1857 39 469 1388 548 238
w 2337 38 518 1819 655 76.2
Total E 5110 96 1235 (24.2%) 3875 (75.8%) 1481 37.7
w 6392 110 1325 (20.7%) 5067 (79.3%) 1795 62.3

median level, while the days containing ared line along
the x axisindicate intervals contained within the easterly
regime. Despite scatter associated with irregular sam-
pling by the TRMM satellite, it is apparent that the days
contained within the easterly regime contain more in-
tense convection as indicated by the most intense radar
profiles (i.e., deepest reflectivity cores) and ice scatter-
ing signatures (i.e., coldest brightness temperatures).
This trend is also evident in the daily time series for
the other two seasons (not shown) although to a lesser
extent, perhaps due to reductions in the wind anomaly
magnitudes. It is clear however, that the daily view of
regimes over the south-central AMZ from the TRMM
satellite agree qualitatively with the regime transitions
noted in the BLDN lightning data (Fig. 6) and other
radar studies from TRMM-LBA (e.g., RFHS; CPCR).

To further highlight regime differences, PFs contain-
ing at least 103 mm h-* km? of volumetric rain were
isolated from the entire three wet-season dataset (e.g.,
Table 2) to compare only systems with significant rain-
fall between the regimes. Figure 10a shows a CDF of
PF maximum heights of the 20-, 30-, and 40-dBZ echo
top. For each echo top height threshold, there is a sys-
tematic shift (by as much as 750 m in some cases)

L

indicating more intense radar reflectivity profiles in the
easterly regime. The differences are fairly uniform at
all parts of the distribution. Figure 10b shows a CDF
for minimum 85- and 37-GHz PCTs for all systems
meeting the aforementioned rain volume threshold.
Again, both indicators show more intense convection
occurring during the easterly regime over the southern
AMZ (with the smaller differences at 37 GHz linked to
a decreased ice scattering dynamic range at that fre-
guency; Spencer 1986). These systematic differences
show that the TRMM satellite identifies regime-depen-
dent differences in convective intensity and vertical
structure.

c. Rain-rate distributions

Case studies of convection observed during TRMM—
LBA suggest that east—west regime differencesin con-
vective structure should also be manifested as changes
in the shape of regime rainfall rate distributions (RFHS;
CPCR; Carey et a. 2001). Intuitively, larger instanta-
neous rainfall rates are expected to occur in regimes
associated with convection that is more verticaly de-
veloped (e.g., deep reflectivity cores) and highly elec-
trified. Indeed, utilizing pixel-based rain-rate statistics
from the TRMM 2A-25 algorithm (smoothed to account

g Lo P i for discretization in measured reflectivity values), the
g% (‘20002 cesery 11 expected behavior in therain-rate distributions (Fig. 11)
< 08F Edoni A = isobserved for analysis boxes where regime signalsin
§ 04 !i‘g‘;ii”;:::::g ol “ convective structure are most pronounced, for example
Eooee _ [wsmzwesy -~ [ the Altiplano and south-central AMZ boxes (Figs. 4, 8-
o s 101 20 9).Further, the overall shape of the rain-rate distribution
) Max Height of Echo (km) is similar to that observed during TRMM-LBA (Carey
... etal. 2001).
Sosk % E Though slight differences in rain rates = 10 mm h-*
£ osf 5 doexist between the regimes in Fig. 11 (lower rainfall
2 0ab Do Gttty — T rates are not emphasized on Fig. 11), by far, the largest
2 ozE | 3 Sz Bty oo E relative differences in the 2A-25 rainfall rate distribu-
oot e oo 1 tion appear a the relatively small percentage of rain
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Fic. 10. The 3-yr wet-season CDFs for south-central Amazon PFs
containing at least 10° mm h-* km~2 rain rates partitioned by regime
for (a) maximum heights of PR reflectivity at 20-, 30-, and 40-dBZ
thresholds; and (b) minimum TMI 85- and 37-GHz PCTs.

rates exceeding 10 mm h-*. This implies that regime
differences in rainfall are dominated by differences in
convective precipitation as opposed to stratiform (e.g.,
Austin and Houze 1972; Steiner et al. 1995; Atlaset al.
1999; Belcher 2000). It isimportant to note that though
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Fic. 11. TRMM 2A-25 smoothed rainfall rate distributions for the
south-central Amazon and Altiplano regions of South America. Solid
(dashed) lines indicate easterly (westerly) regimes.

rain rates exceeding 10 mm h-* amount to = 1% of the
total sample analyzed in this study (Fig. 11), severa
studies of tropical rainfall have noted that greater than
50% of accumulated rainfall occurs as the result of rain-
fall classified as ‘‘convective’ (e.g., Gamache and
Houze 1983; Simpson et al. 1993; Steiner et al. 1995;
Cifelli and Rutledge 1998; Rickenbach and Rutledge
1998), and/or falling at rates in excess of 10 mm h-*
(e.g., Rosenfeld et al. 1995). Indeed, >50% of the total
rain volume measured in the SWAMZ during TRMM—
LBA occurred at rain rates in excess of 10 mm h-1, but
these rain rates made up less than 5% of the total rain-
rate distribution by occurrence (L. D. Carey 2001, per-
sonal communication).

Differences in convective vertical structure and light-
ning flash density between the east and west regimes
suggest that convective precipitation processes in the
two regimes may also be different. For example, regimes
associated with larger rainfall rates occurred with more
vertically developed (e.g., Fig. 8a) and morehighly elec-
trified convection, implying a greater contribution to
rainfall via mixed-phase ice processes. These are im-
portant points because from a diabatic heating perspec-
tive, differences in diabatic heating between the two
regimesarelikely to be dominated by regime differences
in the convective heating profile (e.g., Houze 1989).

While we have not rigorously examined accumulated
rainfall for the regimes in each area, results from
TRMM-LBA (and also those of Fig. 5) suggest that the
area mean daily accumulated rainfall® produced in each
regime is similar (Carey et al. 2001; RFHS). Hence
regimes associated with more intense convection and
larger instantaneous rainfall rates are also likely to be
associated in arelative sense with either smaller (in an

5 Here we explicitly differentiate between daily means and longer
accumulations such as monthly or seasonal.
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area coverage) or less frequently occurring convective
systems. Observations presented in RFHS suggest that
the former is the case, at least in the SWAMZ. For
example, during westerly regimes over the SWAMZ
RFHS reported that convective systems exhibited rain-
fall ratesthat were 28% weaker in intensity (dueto more
stratiform precipitation) than those observed in easterly
regimes, but the westerly regime systems covered 40%
more area. If the mean daily accumulated rainfall is
approximately the same between the regimes, then dif-
ferencesintherainfall ratedistribution (Fig. 11) coupled
with the differences observed in convective structure
between the regimes suggest that (i) a larger amount of
latent heating per unit mass of cloud occurs in regimes
with more vertically developed convection, and (ii) the
vertical distribution of latent heating and mass flux in
the two regimes are likely to be different (Houze 1989;
CPCR).

5. Summary and conclusions

Analysis of TRMM datasets (precipitation radar,
lightning imaging sensor, and microwave radiometer),
ground-based lightning location network, and NCEP-
NCAR reanalysis data reveal a systematic intraseasonal
(submonthly) variability in convective vertical structure
as a persistent feature of the convection occurring over
portions of the Amazon basin and central and southern
South America. Consistent with observations collected
during TRMM-LBA, this variability can be decom-
posed into two regimes denoted as *‘ easterly’” or ‘‘ west-
erly,” based on the sign of seasonal low- to midlevel
(850—700 mb) zonal wind anomaliesin the southwestern
Amazon. Regime composites of the wind field at 850
and 700 mb suggest that changes in the low-level flow
regime (from easterly to westerly or visa versa) occur
not only over the southwestern Amazon, but across a
significant part of central and southern South America.

For example, in the easterly regime composite a
northwest—southeast-oriented axis of anticyclonic flow
extends from the South Atlantic high into the extreme
southwestern Amazon. This feature is associated with
astrong east-northeast flow acrossthe Amazon that orig-
inates along the South American coast and penetrates
al the way inland to the foothills of the northern Andes.
During westerly regimes the axis of anticyclonic flow
is shifted north to the central Amazon and a north-
westerly jet develops along the foothills of the northern
Andes and over southwestern Amazon. The resultant
change in the low-level flow provides a moist influx of
air from the Amazon into portions of subtropical South
America, and an enhanced confluence of low-level flow
into the South Atlantic convergence zone. Areas be-
tween the equator and 15°S that are not located in the
southwestern Amazon, experience either a marked
weakening in easterly trade flow or a weak northwest-
erly flow.

The continental-scale pattern of the vector difference
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in low-level wind between the two regimes is similar
in many respects to the pattern of low-level wind anom-
alies associated with the influence of midlatitude frontal
systems and baroclinic waves on Amazonian convection
(e.g., Garreaud and Wallace 1998; Liebmann et al. 1999;
RFHS). Interestingly, the regime wind vector difference
pattern also strongly resembles the ** South American
monsoon”’ low-level wind anomaly pattern presentedin
Zhou and Lau (1998). Hence it seems conceivable that
the westerly and easterly regimes examined herein, are
related in some way to either, or both, the intrusion of
midlatitude frontal systems/disturbances into the sub-
tropics and Tropics and/or submonthly modulation of
the South American ““monsoon’ (perhaps neither pro-
cess being mutually exclusive).

Marked changes in the vertical structure of deep con-
vection were found to accompany regime changes in
the low-level flow. These regime changes in the con-
vective structure were manifested in both three-dimen-
sional PR reflectivity histograms (based on counting
pixels), and in individual precipitation feature statistics
(cumulative distribution functions) computed from both
PR and TMI data. The regime changes were also well
manifested in other parameters related to convective
structure such as rainfall rate distributions, the diurnal
cycle of lightning (which parallels that of precipitation;
RFHS), and time series of cloud-to-ground lightning
flash counts. When combined, the statistics reveal that
during easterly (westerly) regimes, convection over the
southern Amazon and Mato Grosso tends to exhibit
more (less) robust vertical development as evinced by
greater (lesser) vertical extension of precipitation cores
possessing reflectivities in excess of 30 dBZ, colder
(warmer) 85-GHz brightness temperatures, larger
(smaller) convective rainfall rates, and relatively more
(less) lightning activity. Interestingly, but consistent
with the regime-relative changes in the wind field, over
the Altiplano region, southern Brazil, and aong the
coastline in central and southern South America, the
situation was reversed. Westerly regimes were associ-
ated with more robust vertical development, larger light-
ning flash rates, and larger rainfall rates (easterly re-
gimes in these areas exhibited the opposite tendencies).
In the central and west-central Amazon (e.g., north of
5°S), very little change was observed to occur with the
changes in the low-level wind regime.

Radar observations from the southwestern AMZ dur-
ing TRMM-LBA suggest that there was relatively little
differencein the daily mean rainfall totals between east-
erly and westerly regimes (Carey et al. 2001). Further,
both TRMM-LBA and TRMM satellite observations
suggest marked differences in the rainfall rate distri-
butions, with the easterly (westerly) regimeinthe AMZ
(Altiplano/southern Brazil) being associated with a
broader rain-rate distribution and attendant heavier in-
stantaneous rainfall rates. If similar daily accumulations
of rainfall but dissimilar rain-rate distributions are typ-
ical of all the locations as a function of regime, thenin
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the mean, regimes associated with stronger vertical de-
velopment, more lightning activity, and larger instan-
taneous rainfall rates must be associated with a more
‘““concentrated”’ daily latent heat release (i.e., greater
amount of latent heat release per unit of cloud volume).
Thisis consistent with observations from TRMM-LBA
where it was noted that a greater areal coverage of rain-
fall occurs during westerly regimes, but the rain falls at
a correspondingly lower rate and in association with
more weakly developed convection (e.g., RFHS).

Thus far, two mechanisms have been proposed to ex-
plain the observed changes in overall convective struc-
ture and lightning frequency between the two regimes
(e.g., WIL). These mechanisms are tied to either ther-
modynamics (changes in CAPE and CIN that modify
the energetics of the cloud ensemble), or aerosol loading
(e.g., changes in CCN concentration that modify cloud
ensemble microphysical structure). Dynamica expla-
nations (changes in shear or convective organization,
etc.) have yet to be explored. Regardless of which mech-
anism playsamoreimportant rolein manifesting regime
characteristics such as a change in convective vertical
structure or rainfall, the changes in regime are system-
atic and observable.

From a TRMM physical validation perspective, these
results, when compared to those of TRMM—-LBA sug-
gest that the TRMM satellite is capturing a significant
portion of the intraseasonal variability in convective
structure and rainfall over the Amazon. In turn, remote
sensing of changes in the diurnal cycle, vertical struc-
ture, and intensity of rainfall as a function of intrasea-
sonal regime have important implications for precipi-
tation estimation and thus quantification of the hydro-
logic cycle on aregional basisin South America. More
importantly, the results herein suggest that, while not
perfect, changes in cloud-ensemble properties such as
vertical precipitation structure can be crudely inferred
for regions of the Amazon basin and vicinity utilizing
the 850-mb zonal wind anomaly (a ‘‘ resolved”’ variable)
and/or tendencies in other parameters such asthe light-
ning flash count (an easily measured, countable quan-
tity). With future research it may be possible to refine
the definition of the large-scale regimes in the Amazon
and to better establish the statistical properties associ-
ated with the convection therein. The resultant outcome
could have important implications for cumulus param-
eterization and representation of diabatic heating pro-
filesin large-scale numerical models, latent heat retriev-
als, and rainfall estimation over the Amazon and other
regions of South America.
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