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ABSTRACT

Based on high-spatiotemporal-resolution data, the authors perform a climatological study of strong rainfall
events propagating from southeastern South America to the eastern slopes of the central Andes during the
monsoon season. These events account for up to 70% of total seasonal rainfall in these areas. They are of
societal relevance because of associated natural hazards in the form of floods and landslides, and they form an
intriguing climatic phenomenon, because they propagate against the direction of the low-level moisture flow
from the tropics. The responsible synoptic mechanism is analyzed using suitable composites of the relevant
atmospheric variables with high temporal resolution. The results suggest that the low-level inflow from the
tropics, while important for maintaining sufficient moisture in the area of rainfall, does not initiate the for-
mation of rainfall clusters. Instead, alternating low and high pressure anomalies in midlatitudes, which are
associated with an eastward-moving Rossby wave train, in combination with the northwestern Argentinean
low, create favorable pressure and wind conditions for frontogenesis and subsequent precipitation events
propagating from southeastern South America toward the Bolivian Andes.

1. Introduction

Southeastern South America (SESA) is frequently
affected by severe thunderstorms in the form of me-
soscale convective systems (MCS), which add sub-
stantial contributions to the total rainfall sums in this
region (Durkee et al. 2009; Durkee and Mote 2009).
Some particular cases of these MCS have been ob-
served to form in series, with overall convective de-
velopment initiating in SESA and subsequently
propagating northwestward (Anabor et al. 2008). The
general influence of cold fronts on large-scale circula-
tion and associated precipitation anomalies has been
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thoroughly studied (e.g., Kousky 1979; Kiladis and
Weickmann 1992; Liebmann et al. 1999; Siqueira and
Machado 2004; Siqueira et al. 2005). In particular,
northward migrating convective disturbances over
SESA have been associated with southerly incursions
of cold air from midlatitudes (Garreaud and Wallace
1998; Garreaud 2000). These authors showed that the
convective bands add an important contribution to
overall rainfall amounts and occur with a frequency of
roughly 7-12 days. Related precipitation events at the
eastern central Andes (ECA) have been addressed in
(Montes de Oca 1995). However, these studies are
based on data with coarse temporal and spatial reso-
lution (daily, 2.5° X 2.5°), which might not be good enough
to adequately resolve the responsible physical mechanism
including possible feedback contributions (Garreaud and
Wallace 1998). Using high-spatiotemporal-resolution
data, we intend to further deepen the understanding of
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these propagation events with special focus on the tem-
poral order of the atmospheric features leading to their
occurrence.

In a recent study (Boers et al. 2014a), techniques from
complex network theory were developed and applied to
identify dominant synchronization patterns of extreme
rainfall (above the 99th percentile of 3-h time steps). The
authors found that during the monsoon season in South
America [December-February (DJF)], extreme rainfall in
SESA propagates northwestward toward the slopes of the
ECA under certain atmospheric conditions. They showed
that these propagation events were associated with frontal
systems originating from the south and causing the initial
precipitation in SESA. Furthermore, it was shown how this
information can be used for a statistical forecast of more
than 60% of extreme rainfall events and associated floods
and landslides at the ECA.

To better understand the temporal order and relations
between the occurrence of strong rainfall, pressure
anomalies, and variability of the low-level flow, here we
will analyze the atmospheric conditions favoring the
propagation of strong precipitation along the typical
propagation path from SESA to ECA using 3-hourly
rainfall data. This path is delineated by the spatial boxes
1-7in Fig. 1. First, we show that this propagation pattern
is a rather typical feature of the South American mon-
soon system (SAMS). Then we analyze 3-hourly com-
posites of rainfall data obtained from the Tropical
Rainfall Measuring Mission satellite product in its
newest version (TRMM 3B42 V7; Huffman et al. 2007),
as well as 3-hourly geopotential height and wind fields
at 850hPa obtained from NASA’s Modern-Era Re-
trospective Analysis for Research and Applications
(MERRA) dataset (Rienecker et al. 2011). These
composites will be constructed for the following tem-
poral subsets, where we call rainfall strong if the spatial
average over the respective spatial boxes is above the
90th percentile of all DJF time steps with rainfall rates
larger than 0mmh™': 1) times of strong rainfall in SESA
that subsequently propagates to the ECA; 2) times of
strong rainfall in SESA not propagating to the ECA;
3) times for which strong rainfall at the ECA is preceded
by strong rainfall at SESA; and 4) times for which
strong rainfall at the ECA is not preceded by strong
rainfall in SESA. We will show that our results are, in
principle, consistent with the results of Garreaud and
Wallace (1998), Garreaud (2000), and Siqueira et al.
(2005). However, several additional details concern-
ing the interplay of frontal systems, orography, and
climatological low pressure cells in the area can be de-
duced from our study because of higher-spatiotemporal-
resolution data and different composite selections at
process-relevant times.
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F1G. 1. Topography and key features of the SAMS, including the
ITCZ and the SACZ. The typical propagation pathway of surface
rainfall is indicated by the boxes 1-7. The region SESA (boxes 1-3)
and the ECA (boxes 5-7) are delineated by magenta boxes. The
study regions at Santa Cruz de la Sierra (SC), at NAL, and NNAL
are delineated by black dashed lines.

2. Climatic setting

The core monsoon season in South America from
December through February (Marengo et al. 2012) is
characterized by a southward displacement of the inter-
tropical convergence zone (ITCZ; see Fig. 1). Trade
winds, further strengthened by the differential heating
between ocean and land (Zhou and Lau 1998), are re-
sponsible for enhanced moisture flow from the tropical
Atlantic Ocean to the continent (Rodwell and Hoskins
2001; Liebmann and Mechoso 2011). After crossing the
Amazon basin and recharging its moisture content from
evapotranspiration (Eltahir and Bras 1994), this low-level
flow is blocked by the Andes mountain range to the west,
resulting in a southward turn of the wind directions (Byerle
and Paegle 2002). The direction of the subsequent low-
level flow toward the subtropics depends on thermody-
namic (Berbery and Collini 2000) as well as synoptic
conditions in subtropical South America and can range
from SESA (Nicolini et al. 2002; Salio et al. 2007) to the
South Atlantic convergence zone (SACZ; Carvalho et al.
2004, 2011). Strong southward anomalies of the flow are
associated with the establishment of the South American
low-level jet (SALLJ; Marengo et al. 2004), which is partly
controlled by the Chaco low over Bolivia and the north-
western Argentinean low (NAL) (Seluchi and Saulo 2003;
Ferreira et al. 2003; Saulo et al. 2004). Southward anom-
alies of the low-level flow have been found to be re-
sponsible for enhanced rainfall at the ECA: strengthened
winds from the Amazon toward the Andes carry moist air
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masses to higher elevations and rainfall occurs at the
Andean slopes as a consequence of orographic lifting
(Bookhagen and Strecker 2008; Giovannettone and
Barros 2009; Romatschke and Houze 2013).

A pronounced southward component of the flow east of
the Andes (as during SALLJ events) is also related to
enhanced rainfall in SESA (Nicolini et al. 2002; Diaz and
Aceituno 2003) while, on the other hand, a stronger east-
ward component goes alongside with enhanced rainfall in
the SACZ (Liebmann et al. 2004). The oscillation in
rainfall amounts between the SESA and the SACZ area is
usually referred to as the South American rainfall dipole
(Nogués-Paegle and Mo 1997; Boers et al. 2014b). The
variability in subtropical moisture flow is associated with
cold fronts approaching from the south (Siqueira et al.
2005), caused by eastward propagating Rossby waves
originating from the western Pacific Ocean (Lenters and
Cook 1999; Renwick and Revell 1999; Carvalho et al.
2004). A large fraction of rainfall in SESA is contributed
by MCS (Durkee et al. 2009; Durkee and Mote 2009). The
occurrence of these MCS in the La Plata basin has been
associated with southward anomalies of the low-level flow
from the tropics (Salio et al. 2007), but the causal re-
lationship between anomalies of the low-level flow from
the Amazon to SESA and MCS development in SESA has
not been determined.

3. Data

For all climatic variables, we focused on the area from
40° to 5°S and from 85° to 30°W and the DJF seasons in
the time period from 1998 to 2012. For rainfall data, we
employ the 3-hourly TRMM 3B42 V7 (Huffman et al.
2007) with a spatial resolution of 0.25° X 0.25°. For
pressure and wind data, we use 3-hourly instantaneous
fields from MERRA (Rienecker et al. 2011) with a
spatial resolution of 1.25° X 1.25°.

4. Methods

In Boers et al. (2014a), a sequence of seven geo-
graphic boxes was identified along which extreme rain-
fall events (above the 99th percentile) propagate from
SESA to ECA (Fig. 1). In contrast to the nomenclature
used in the previous publication, we will refer to the first
three boxes of this sequence as SESA and to the last
three boxes as ECA in this manuscript.

We compute the spatial average of rainfall in each of
the seven boxes for each 3-hourly time step. Time steps
during DJF for which the sum of rainfall in the three
boxes constituting SESA (ECA) is above the 90th per-
centile of wet times (rainfall > Ommh™") we will call
SESA times (ECA times). In the remainder of this
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study, we will call rainfall rates strong if these conditions
are fulfilled.

As mentioned above, we are interested in the fol-
lowing 4 different regimes:

1) SESA-ECA times: times at which there is strong
rainfall in SESA followed (within the next 6-36 h) by
strong rainfall in ECA,

2) SESA-NO-ECA times: times at which there is strong
rainfall in SESA not followed by strong rainfall
in ECA,

3) ECA-SESA times: times at which there is strong
rainfall in ECA preceded (within the previous 6—
36 h) by strong rainfall in SESA, and

4) ECA-NO-SESA times: times at which there is strong
rainfall in ECA not preceded by strong rainfall
in SESA.

We will construct composites of rainfall and geopotential
height and wind fields separately for all four regimes in
order to explain the northwestward propagation of rain-
fall from SESA to ECA. Note that SESA-ECA times and
ECA-SESA times are defined in a similar manner, but
the first are centered at the times of peak rainfall in
SESA, while the latter are centered at the times of peak
rainfall in ECA. Since the delays between these two
temporal subsets are not constant, ECA-SESA times are
not simply shifted SESA-ECA times.

Events of an active low-level jet were identified on a
3-hourly basis following Marengo et al. (2004), who
suggested the following conditions based on the Bon-
ner criterion 1 (Bonner 1968): 1) wind speeds at
850hPa equal or larger than 12ms™ ' with southward
meridional component larger than the zonal compo-
nent and 2) wind speeds at 700hPa at least 6ms '
slower than at 850 hPa. Here, also following Salio et al.
(2007), we applied these conditions to Santa Cruz at
17°S, 62°W for the SALLJ. To investigate possible in-
fluence of the actual wind speeds, we separately iden-
tified events for which wind speeds at 850 hPa are equal

to or larger than 9, 12, 15, and 18ms™ .

5. Results
a. Composite fields for the four regimes

For each DJF season, there are 736 time steps of 3 h.
Out of these, there are, on average, 56 SESA-ECA
times, 5 SESA-NO-ECA times, 81 ECA-SESA times,
and 74 ECA-NO-SESA times. Thus, 91% of SESA
times are also SESA-ECA times (and the remaining
9% are SESA-NO-ECA times), and 52% of ECA
times are ECA-SESA times (i.e., slightly more than
half of all strong rainfall events at ECA occur with
preceding strong events at SESA). During SESA-ECA
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FIG. 2. (a) Spatially averaged rainfall over each of the seven boxes in Fig. 1 for each of the four different temporal
subsets defined in the text. Time O corresponds to the time of peak rainfall in (top) SESA and (bottom) ECA.
(b) Relative frequencies of the occurrence times in the diurnal cycle of the four temporal subsets. The 3-hourly
rainfall rates are plotted at their midpoint: for example, values at 12 h are integrated from 1030 to 1330 local time.

and ECA-SESA times, rainfall indeed propagates
along the sequence of seven spatial boxes, while this
is not the case for SESA-NO-ECA and ECA-NO-
SESA times (Fig.2a). More than 50% of SESA-ECA
times occur between 6 and 12h, while more than

70% of ECA-SESA times occur between 21 and 9h
(Fig. 2b).

To understand the importance of the above regimes
for the climatological rainfall budget, we computed the
following rainfall fractions: SESA-ECA times account
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FIG. 3. Fraction of total seasonal rainfall in DJF accounted for during (a) SESA-ECA, (b) SESA-NO-ECA,
(c) ECA-SESA, and (d) ECA-NO-SESA times.

for more than 70% of total DJF rainfall in SESA
(Fig. 3a), and ECA-SESA times account for up to 60%
of total DJF rainfall at the ECA (Fig. 3b). We note that
the values shown slightly differ from the ones we found
in Boers et al. (2014a) because of the different selection
criteria based on averaging rainfall over the different
SESA and ECA boxes employed here. For compari-
son, less than 10% of total DJF rainfall in SESA oc-
curred during SESA-NO-ECA times, and less than
40% of total DJF rainfall in ECA occurs during ECA-
NO-SESA times.

Composites of rainfall and geopotential height and
wind fields at 850 hPa centered at the time of strong
rainfall in SESA that will be followed (within 6-36h)
by strong rainfall at the ECA (SESA-ECA times;
Fig. 4) show that already 2 days prior to peak rainfall in
SESA, there exists a frontal system between 35° and
40°S. The associated low pressure anomaly reaches

northward along the eastern slopes of the southern
Andes in the form of a tongue, which develops when
the frontal systems’ low pressure anomaly merges with
the NAL (Arraut and Barbosa 2009). This tongue
deepens and propagates farther north during the
subsequent 24h (from —48 to —24h), with strong
winds from the tropics approximately following its
isobars. Around —12h, a part of the South Pacific high
begins to cross the southern Andes, leading to relatively
high pressure immediately east of the Andean slopes
around 35°S. This results in the formation of a saddle
point of the isobars at 35°S, 65°W, at which cold and dry
winds from the south meet with moist and warm winds
from the tropics. This leads to strong frontogenesis in
equivalent potential temperature, which is mainly caused
by deformation of the wind field (Arraut and Barbosa
2009). Rainfall in SESA starts exactly at the position of
this saddle point (i.e., the deformation axis) and will
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FIG. 5. As in Fig. 4, but for SESA-NO-ECA times.

moving northeastward, but the isobar saddle point never
goes farther north than 35°S, 65°W. At Oh, there is
abundant rainfall in SESA, which will subsequently
move northeastward in the subsequent time steps, but
no rainfall occurs to the west at the slopes of the Andes.
Despite the low pressure tongue, wind speeds east of the

Bolivian Andes are lower at Oh as compared to SESA-
ECA times.

Composites centered at times of strong rainfall at the
ECA that were preceded (within 6-36h) by strong
rainfall in SESA (ECA-SESA times; Fig. 6) reveal that
the isobar saddle point already developed around 35°S,
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FIG. 6. Composites of rainfall (color), geopotential height (m; contours), and wind fields (vectors) at 850 hPa
from 48 h before to 12 h after ECA-SESA times. In contrast to Fig. 4, in this figure the label 0 h corresponds to the
time when rainfall peaks at the ECA. Since the temporal delays between events at SESA and ECA are not
constant, the composites for ECA-SESA times shown in this figure are not simply shifted composites for SESA-
ECA times.
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ECA-NO-SESA: Rainfall, 850mbar GPH and Winds
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65°W at —48 h relative to the time of rainfall at the ECA.
During the following time steps, the isobaric saddle
point will move northeastward together with the frontal
system. Strong rainfall in SESA starts (—24 h) where the
saddle point promotes deformation and thus fronto-
genesis. At Oh, the saddle point moved farther north,

60°W
ECA-NO-SESA times.

and the position where southerly and northerly winds
meet is shifted toward the ECA, where strong rainfall
can be observed during the subsequent 12 h.

For ECA-NO-SESA (Fig. 7) times, there is no frontal
system and no low pressure anomaly approaching SESA
from the south. Instead, a high pressure cell persists over
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FIG. 8. (a) Mean geopotential height and standard deviations at 850 hPa over the climato-
logical position of the NAL, represented by a box defined by 32°S, 68°W and 27°S, 65°W.
Composites are shown for the four climatic regimes SESA-ECA, SESA-NO-ECA, ECA-
SESA, and ECA-NO-SESA, as well as for DJF climatology. Shaded areas correspond to one
standard deviation. (b) The same for the region NNAL, represented by a box defined by 25°S,

66°W and 20°S, 63°W.

SESA for the entire composite period. Rainfall at the
ECA at 0h is more pronounced in the northern part of
ECA than in the southern part as compared to ECA-
SESA times.

b. Variability of the northwestern Argentinean low

In this section, we give a quantitative analysis of the
variability of geopotential height and wind fields at two
different locations in the vicinity of the NAL.

At the climatological position of the NAL [defined by
32°S, 68°W and 27°S, 65°W, following Seluchi and Saulo
(2003); see Fig. 1], geopotential height at 850 hPa begins
to decrease already 2 days prior to SESA-ECA times
and reaches its minimum value within this time span
between 15 and 12 h prior to SESA-ECA times (Fig. 8a).
For ECA-SESA times, the local minimum is already
reached 36 h before peak rainfall in ECA. Both exceed
the one standard deviation band during these times. For
SESA-NO-ECA and ECA-NO-SESA times, no such
clear variation can be observed.

For the region north of the NAL (NNAL; defined by
25°S, 66°W and 20°S, 63°W, close to box 6 in Fig. 1),
geopotential height at 850hPa shows a qualitatively
similar behavior (Fig. 8b), but the local minimum is
assumed to be shorter before SESA-ECA and ECA-
SESA times (i.e., later in absolute time): For SESA-ECA

times, the minimum is located 12h before, and for
ECA-SESA times, 24 h before. Geopotential height
does not leave the one standard deviation band of
DIJF climatology for SESA-NO-ECA and ECA-NO-
SESA times.

The meridional components of 850-hPa winds averaged
over the regions NAL and NNAL show significant patterns
corresponding to the propagation of strong rainfall events
(Fig. 9): For NAL and SESA-ECA times, the meridional
component decreases in absolute terms in the 36 h before
rainfall in SESA, crosses the DJF mean of —4.1ms ' at
21 h prior, reaches its lowest absolute value (Oms ') at the
time of rainfall in SESA, and decreases thereafter. For
ECA-SESA times, the behavior is similar, but the maxi-
mum is reached 12 h before rainfall at the ECA. At NNAL,
for SESA-ECA and for ECA-SESA times, the northerly
component is more pronounced than at NAL before
rainfall at SESA and ECA, respectively. In addition, the
maximum values are reached later: almost 24 h after rain-
fall in SESA for SESA-ECA times and 9h later than
rainfall at ECA for ECA-SESA times.

c. Connection to the low-level jet east of the Andes

The composite wind fields (Figs. 4, 5, 6, and 7)
suggest a possible role of the SALLJ in the propagation
of strong rainfall cells from SESA to ECA.
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climatology.

Meridional wind speeds at Santa Cruz de la Sierra in
Bolivia (Fig. 9) for SESA-ECA times begin to increase
already 2 days prior and reach their maximum exactly at
the time of strong rainfall at SESA. At this time, me-
ridional wind speeds differ by more than one standard
deviation from the DJF mean, and—even on average—
meet the criterion for SALLJ events of absolute wind
speeds larger than 12ms™ ' (not shown). Meridional
wind speeds also increase prior to ECA-SESA times but
already reach their maximum about one day before
strong rainfall occurs at the ECA.

The fraction of SALLJ times that are also SESA times
increases when more restrictive SALLJ conditions are
chosen (wind speeds at Santa Cruz from 9 to 18ms™!).
The same holds true for SALLJ times that are also SESA-
ECA times, but not for SALLJ times that are also SESA-
NO-ECA times, for which no trend can be observed
(Fig. 10a). Furthermore, rainfall at SESA has a positive
trend with stronger SALLJ conditions for SALLJ times
that are also SESA or SESA-ECA times (Fig. 10b). By
implication, wind speeds at Santa Cruz increase with more
restrictive SALLJ conditions (Fig. 10c). Similarly, the
fraction of SALLJ times that are also ECA times increases
when choosing a more restrictive SALLJ condition. While
the same qualitative behavior is shown for SALLJ times
that are also ECA-SESA times, for ECA-NO-SESA

times, the fraction of SALLJ times decreases for stron-
ger LLJ conditions (Fig. 10d). Rainfall at the ECA seems
to be independent of the SALLJ condition (Fig. 10e).
Again, by implication, wind speeds at Santa Cruz increase
with more restrictive SALLJ conditions (Fig. 10f). For all
SALLJ conditions (9—18ms71), the fraction of SESA-
ECA (ECA-SESA) times that are SALLJ times as well is
higher than the fraction of SESA-NO-ECA (ECA-NO-
SESA) times (Figs. 10g,j) that are SALLJ times.

6. Discussion
a. Composites for the four regimes

The propagation of strong and spatially extensive
rainfall events from SESA to ECA is a recurring feature
of the monsoon season, with more than 90% of strong
rainfall events in SESA propagating upstream (of the
low-level moisture flow) toward the ECA, leading to
strong rainfall there within the subsequent 6-36 h. This
climatic regime is responsible for more than 70% (50%)
of total DJF rainfall at SESA (ECA) and thus provides a
large contribution to the total water supply in the area
but also imposes a great risk to the resident population
in the form of floods and landslides (Bookhagen and
Strecker 2012; Boers et al. 2014a).
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Comparing the composites for SESA-ECA times
(Fig. 4) and SESA-NO-ECA times (Fig. 5), we infer that
initial rainfall in SESA will propagate to the ECA if a
saddle point of the isobars develops at 35°S, 65°W,
connecting the NAL with a midlatitude low pressure cell
approaching from the south. This saddle point causes
deformation and, hence, frontogenesis, which in turn
provides favorable conditions for organized convection.
The midlatitude low pressure cell is itself embedded on
an eastward-moving Rossby wave train that originates
from the western Pacific Ocean. The impacts of this wave
train on South American convection have, for instance,
been studied in (Renwick and Revell 1999; Diaz and
Aceituno 2003). It can be detected from the geopotential

height and wind anomalies at 850 and 250 hPa compos-
ited for SESA-ECA times (Figs. 11 and 12).

Without the topological feature of a saddle point of
the isobars (SESA-NO-ECA times), there still occurs
abundant rainfall in SESA because of the cold front, but
rain will only propagate northeastward. On the other
hand, if the saddle point is present (SESA-ECA times),
it will cause a clash of cold and dry winds from the south
with warm and moist winds from the tropics: A high
pressure cell crossing the southern Andes (the south-
western part of the saddle point) in the aftermath of the
preceding low pressure will drive cold air masses from
the south toward the slopes of the Andes, where they
meet warm and moist air masses originating from the
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SESA-ECA: 850hPa GPH and Winds
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fields for 1 day before to 1 day after SESA-ECA times. Note the eastward-moving oscillation of
negative and positive pressure anomalies over the southeastern Pacific and how the low
pressure cell over the southern tip of South America merged with the NAL before retreating
toward the subtropical Atlantic Ocean. Regions of nonsignificant anomalies based on a one-

sample-location ¢ test are shown in white.

Amazon to cause abundant rainfall in the southern parts
of the ECA. Because of the eastward movement of the
Rossby wave train, the high pressure cell pushes the
saddle point and thus the deformation axis of fronto-
genesis northwestward in the subsequent time steps,
explaining the northwestward propagation of the con-
vective development and, hence, precipitation. It should
be noted, however, that this does not imply that single
MCS propagate northeastward, but rather that the
conditions favoring convective development propagate

in this direction and cause the formation of serial MCS
along the way, as has also been described in the case
study by Anabor et al. (2008).

At the same time, the preceding deepening of the low
pressure tongue leads to an increase of northerly wind
speeds east of the Andes, in particular in northern
Bolivia, enhancing the moisture flow from the tropics.
These strengthened winds lead to strong rainfall peaks
in the northern parts of the ECA because of orographic
lifting (Bookhagen and Strecker 2008). The presence of
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sample-location ¢ test are shown in white.

the NAL is thus a necessary condition for the propaga-
tion of convective activity from SESA to ECA. During
the summer season, the NAL is mainly thermally driven,
although a strengthening effect caused by the Zonda
winds cannot be ruled out, which are however more
relevant during the winter season (Seluchi and Saulo
2003). In (Garreaud 2009), the author describes the
Zonda winds as a consequence of the interplay of the
surface low and strong upper-level westerlies crossing
the Andes, although a previous intensification of the low
east of the subtropical Andes is also suggested because

of leeside subsidence of warm air, hinting at a possible
feedback mechanism.

As expected, composites for ECA-SESA times yield
qualitatively very similar results as composites for
SESA-ECA times (shifted by about 1 day). On the other
hand, composites for ECA-NO-SESA times show the
average atmospheric conditions for strong rainfall
events that were not preceded by rainfall at SESA. Al-
though these times account for more than 30% of DJF
rainfall in parts of the ECA, comparing composites of
ECA-SESA times with composites of ECA-NO-SESA
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times reveals that, for ECA-NO-SESA times, rainfall is
confined toward the north, where orographic lifting
should play a more important role because of the typical
direction of low-level winds in relation to the orienta-
tion of the Andes. Thus, these strong rainfall events at
the ECA are not due to the discussed mechanism, but
rather a direct consequence of orographic effects in
these parts of ECA.

b. Variability of the northwestern Argentinean low

The deepening of the NAL around 24h before
rainfall peaks at SESA and 36 h before rainfall peaks at
ECA (Fig. 8) implies that this low pressure system
plays a crucial role for modulating the propagation of
rainfall clusters from SESA to the ECA. This is con-
sistent with the discussion above, since a deep NAL is
necessary for the formation of the described saddle
point of isobars. The role of the NAL in this situation is
twofold: First, it enhances the speed of warm and moist
low-level winds from the north, establishing conditions
favoring the establishment of the Chaco jet (Saulo et al.
2004). Second, in interplay with the high pressure cell
approaching from the west and crossing the Andes
south of the NAL, it causes cold westerly winds to the
south to tilt counterclockwise, resulting in very small
values of the typically southward-directed meridional
low-level flow at NAL (Fig. 9).

In Garreaud and Wallace (1998) and Garreaud (2000)
it has been suggested that northward-directed low-level
winds are pushing the convective activity northward.
However, in our high-temporal-resolution composites,
absolute winds do not point northward after crossing
28°S for SESA-ECA times (cf. the meridional compo-
nent at NAL and NNAL for SESA-ECA times). In-
stead, dictated by the saddle point, southerly and
northerly winds meet at the climatological location of
the NAL, with a pronounced positive meridional
anomaly, indicating that the typically northerly winds
slow down significantly during these times (Figs. 9 and 6
at Oh). Therefore, we propose that the propagation of
strong rainfall from SESA to ECA occurs for two rea-
sons: first, the deformation of the flow around the saddle
point where cold dry air masses from the South collide
with moist warm air masses from the tropics, leading to
strong frontogenesis in equivalent potential tempera-
ture and, second, the westward lifting of the air masses
over the sloping terrain (orographic forcing).

c. Connection to the low-level jet east of the Andes

There exists an obvious connection between the
propagation of strong rainfall from SESA to ECA and
the SALLJ, as determined from wind speeds at Santa
Cruz (Fig. 9). In particular, the increase in fractions of
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SALLJ times that are also SESA-ECA or ECA-SESA
times with increasing wind speeds (Figs. 10a,b) suggests
that, the faster the winds, the higher the probability of a
rainfall propagating from SESA to ECA. This is consis-
tent with the discussion above, since stronger winds from
the tropics enhance the deformation at the saddle point.
However, despite the increase of fractions of SALLJ
times that are also SESA-ECA (or ECA-SESA) times
when choosing stronger SALLJ conditions, during more
than half of the times that are SALLJ events according to
the most common definition [12ms~'; Marengo et al.
(2004); Salio et al. (2007)], rainfall does not propagate
from SESA to ECA. Similarly, only 15% (13%) of
SESA-ECA (ECA-SESA) times are SALLIJ times
(Figs. 10g,j, determined using the 12-ms~' condition).
Therefore, we emphasize that the SALLJ and the prop-
agation of atmospheric conditions favoring convection
from SESA to ECA are neither necessary nor sufficient
conditions for one another.

The physical mechanism described above suggests
that increased wind speeds at Santa Cruz (and associ-
ated SALLIJ events) are a passive consequence of the
formation of the low pressure tongue developing when
the NAL joins the low pressure system of the northward-
propagating cold front. This is supported by the fact that
the maximum southward wind speed at Santa Cruz is
assumed at the time when front-induced rainfall in
SESA reaches its maximum (Fig. 9). Furthermore, the
deeper the NAL, the stronger is the pressure gradient,
and thus the faster the winds along the isobars. On the
other hand, the deeper the NAL, the more likely is the
development of the low pressure tongue and the asso-
ciated saddle point of the isobars, and therefore the
more likely it is that rainfall will propagate from SESA
to ECA. Therefore, we argue that the deepening of the
low pressure tongue acts as common cause for increased
wind speeds at Santa Cruz and increased deformation
and, hence, frontogenesis at the saddle point, which in
turn leads to the propagation of strong rainfall from
SESA to ECA. In turn, this also suggests that the
moisture inflow from the tropics (e.g., by the SALLIJ) is
not an independent driver of rainfall in SESA or ECA.
Thus, the positive relationship between the strength of
the low-level flow from the Amazon along the Andes
toward the subtropics and rainfall in the subtropics,
which was, for example, observed in Salio et al. (2007)
and in Arraut et al. (2012) using monthly data, is not due
to a direct causal relationship. Instead, it is due to the
frontal system approaching from the south and its in-
terplay with the NAL as common drivers.

Since we consider only strong rainfall events during
DJF (above the 90th percentile), it seems likely that
most of the considered rainfall events are caused by
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MCS (Durkee and Mote 2009; Durkee et al. 2009; Boers
etal.2013,2015). Anabor et al. (2008) studied particular
cases of serial MCS that develop subsequently from
SESA toward the northwestern Argentinean Andes. In
fact, all three serial MCS events analyzed in that study,
which occurred during DJF on 5 December 2005,
12 January 2006, and 16 January 2006, fall into our
SESA-ECA times. Recalling that more than 90% of
strong rainfall events in SESA will be followed by strong
events at the ECA, our study suggests that these serial
MCS might be less exotic than previously thought and
may play a crucial role for total DJF rainfall amounts as
well as any natural hazards they might lead to. There-
fore, it seems plausible that these MCS typically develop
in association with midlatitude low pressure systems and
corresponding frontal systems approaching from the
south and crossing SESA: The moisture needed for
such a northwestward propagation of subsequent orga-
nized convection is provided by the low-level flow from
the Amazon. However, the mechanism actually trigger-
ing the propagation of conditions favoring convection is
the interplay of the midlatitude low pressure systems
approaching from the south with the NAL and the ori-
entation of the Andes mountain range. This interplay
leads to the formation of a saddle point in pressure levels,
which causes pronounced frontogenesis through de-
formation, providing the environment for the develop-
ment of the MCS. Because of the eastward movement of
the Rossby wave train on which these lows are embed-
ded, the saddle point is pushed northward by the next
high pressure cell approaching from the west. This ex-
plains the propagation of atmospheric conditions favor-
ing convection from SESA toward the ECA. The rather
periodic occurrence of this phenomenon can be further-
more explained by the periodicity of the midlatitude
wave train. In addition, we speculate that the variability
of NAL indirectly responds to the alternation of low and
high pressure systems in a way that enhances the overall
mechanism: suppressed convection in the aftermath of a
propagating thunderstorm will favor the subsequent
thermal deepening of the NAL once again, which in turn
prepares the conditions for the next occurrence of the
saddle point in the pressure configuration.

7. Conclusions

We have shown that the propagation of strong rainfall
associated with deep convection from southeastern South
America toward the eastern slopes of the central Andes
is a rather typical feature of the South American mon-
soon system. Based on high-spatiotemporal-resolution
data, we have described and discussed a climatic mech-
anism that, in accordance with corresponding composites,

JOURNAL OF CLIMATE

VOLUME 28

explains this propagation. This mechanism consists of an
interplay of low-level moisture flow from the tropics, al-
ternating low and high pressure cells originating from
midlatitudes, and the Andean orography. The interplay
of these features leads to the formation of a saddle point
of the pressure levels, where deformation leads to strong
frontogenesis.

The results of our systematic study are consistent with
case studies on the propagation of conditions favoring
organized deep convection from southeastern South
America to the eastern central Andes. Although it seems
plausible, based on surface rainfall estimates provided by
the TRMM 3B42 V7 dataset alone, we cannot prove that
the propagation events of strong rainfall we identified are
exclusively due to organized convective systems. In view
of the complexity of the physics behind the formation of
organized convection (see, e.g., Lima and Wilson 2008),
this will be the subject of future work.

Our key findings can be summarized as follow:

(i) The propagation of rainfall toward the central
Andes only occurs if a midlatitude low merges
with a previously established thermal low in north-
western Argentina such that a saddle point estab-
lishes in the pressure configuration. Abundant
rainfall will occur at the position of this saddle
point because of the deformation and associated
frontogenesis around this saddle point, causing
clashes of cold and dry air from the south with
warm and moist air from the north.

(i) Because of the eastward movement of the Rossby
wave train that dictates the occurrence of the
midlatitude low and the blocking effect of the
subsequent midlatitude high, this saddle point and
hence the conditions favoring deep convection
move northwestward toward the central Andes,
where the associated rainfall is further enhanced by
orographic lifting effects.

(iii) The South American low-level jet east of the
Andes is neither a necessary nor a sufficient
condition for their formation. Instead, it can be
seen as a consequence of the described atmospheric
mechanism, since the low-level wind channel along
the isobars of the merged low pressure cells may
sometimes be pronounced enough to meet the
criterions of a low-level jet.

(iv) The low-level wind channel conveying tropical
moisture along the Andean slopes to the South
American subtropics provides the conditions nec-
essary for the formation of convective systems but
does not itself initiate their onset. Instead, the
formation of the saddle point should be viewed
as a common driver for the establishment of this
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wind channel and the occurrence of these large
rainfall clusters.
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