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these four event types on the high-elevation Altiplano-Puna 
Plateau as well as in the main river catchments along the 
foothills of the Andes. Our results suggest that one to two 
particularly large squall lines per season, originating from 
northern Brazil, indirectly trigger large, long-lasting thun-
derstorms on the Altiplano Plateau. In general, we observe 
that extreme rainfall in the catchments north of approxi-
mately 20◦S typically originates from the Amazon Basin, 
while extreme rainfall at the eastern Andean foothills south 
of 20◦S and the Puna Plateau originates from southeastern 
South America.

Keywords  Extreme rainfall · Synchronization · Complex 
networks · South American monsoon system

1  Introduction

The South American Andes are exposed to intense rain-
fall events that often lead to landslides and downstream 
flooding, with severe socio-economic impacts (Morei-
ras 2005; Harden 2006; Barros et al. 2006; PNUD 2011). 
These events frequently occur as large and long-lasting 
thunderstorms. Characteristic examples are the so-called 
Amazonian squall lines (Cohen et al. 1995) in the tropics, 
as well as mesoscale convective systems (Maddox 1980; 
Griffiths et al. 2009; Romatschke and Houze 2013; Boers 
et al. 2013), which attain largest spatial scales in subtropi-
cal South America (Velasco and Fritsch 1987; Durkee and 
Mote 2009a, c; Durkee et al. 2009; Romatschke and Houze 
2010; Rasmussen and Houze 2011).

During the monsoon season from December to February, 
the southward displacement of the Intertropical Conver-
gence Zone as well as differential heating between ocean 
and land leads to enhanced easterly moisture inflow from 
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the tropical Atlantic ocean to the South American continent 
(Zhou and Lau 1998; Vera et al. 2006). After crossing the 
Amazon basin, these low-level winds are blocked by the 
Andes, where their interplay with the orography is respon-
sible for intense, orographic rainfall and associated flood-
ings at the eastern slopes of the tropical (i.e., northern and 
northern Central) Andes (Bookhagen and Strecker 2008; 
Houze 2010). The mountain range forces the winds south-
ward, leading to the establishment of the South American 
Low-Level Jet (Marengo et al. 2004; Poveda et al. 2014). 
This wind system leads to further orographic rainfall at 
the eastern slopes of the Central Andes (Bookhagen and 
Strecker 2008; Houze 2010), but also provides the mois-
ture necessary for the formation of mesoscale convective 
systems in subtropical South America (Salio et  al. 2007). 
Large rainfall clusters frequently propagate from the sub-
tropical plains towards the Andes, causing severe flooding 
and landsliding events at the eastern slopes of the subtropi-
cal Andes (Boers et al. 2014a).

The local characteristics of extreme rainfall in terms of 
their frequency distribution has been thoroughly studied 
in the literature (e.g. Renard et  al. 2013; Papalexiou and 
Koutsoyiannis 2013; Serinaldi and Kilsby 2014). Statisti-
cal analysis of the temporal durations and spatial exten-
sions of extreme rainfall events in South America as well 
as their hydrological importance have, for example, been 
been studied in Khan et al. (2007), Romatschke and Houze 
(2010), Rasmussen and Houze (2011). The specific contri-
bution of mesoscale convective complexes in subtropical 
South America to the total rainfall budget has been ana-
lyzed in Durkee et al. (2009). However, the dynamical syn-
chronization properties of extreme rainfall events, whilst 
taking into account their spatiotemporal characteristics, 
need to be known for a robust assessment of their geo-
graphical origins. This becomes particularly relevant when 
identifying the sources of extreme rainfall in given river 
catchments. Here, we focus on four different types of rain-
fall events: (1) events which are solely determined by their 
high magnitude; (2) events which are characterized by their 
long duration and high magnitude; (3) spatially extensive 
events; and (4) high magnitude, long-lasting and spatially 
extensive events.

In a first step, using high spatiotemporal resolution sat-
ellite rainfall data, we analyze the frequencies, intensities, 
and spatial extensions of the four proposed event types. In 
addition, we quantify their respective contribution to the 
overall water budget of the main drainage basins along the 
Andean mountain range, including several sub-basins of 
the Amazon and the La Plata rivers.

We are particularly interested in the spatial scales of 
rainfall clusters. The size of these clusters will be deter-
mined by the number of grid cells belonging to a connected 
component of simultaneous events and we will analyze the 

frequency distribution of these cluster sizes. The employed 
gauge-calibrated satellite product TRMM 3B42 V7 is con-
sidered to provide high-quality estimates of rainfall vari-
ability in South America (Carvalho et  al. 2012; Zulkafli 
et al. 2014; Boers et al. 2013), but also in other regions of 
the earth (Xue et al. 2013; Chen et al. 2013). Its high spa-
tiotemporal resolution is essential for the study of extreme 
events and the spatial patterns of their synchronization 
using complex networks.

In a second step, we investigate the geographic source 
areas of the four types of rainfall events for the mountain-
ous Andean drainage basins, including the high-elevation 
Altiplano-Puna Plateau. The spatiotemporal characteristics 
of rainfall events on the Altiplano-Puna Plateau are crucial 
for understanding and sustaining water resources in this 
region. While this area forms an almost continuous topo-
graphic plateau with a mean elevation of 4041± 524 m and 
constitutes the second-largest plateau on earth (after the 
Tibetan Plateau), the geomorphic and climatic character-
istics of its northern and southern parts are distinct (Mes-
serli et al. 1997; Vuille 1999; Garreaud and Aceituno 2001; 
Garreaud et  al. 2003; Bookhagen and Strecker 2012). We 
therefore divide this arid 1800 km long and 350 to 400 km 
wide region into the northern Altiplano (C1) and the south-
ern Puna de Atacama (C2) Plateaus (Fig. 1). In addition to 

Fig. 1   Topography of South America derived from Shuttle Radar 
Topography Mission (SRTM) data (Farr et  al. 2007), as well as the 
climatological positions of the Intertropical and South Atlantic Con-
vergence Zones (ITCZ and SACZ) and typical low-level wind direc-
tions for the DJF season. The seven catchments C1 to C7 referred to 
in the text are delineated by white contour lines. The labels refer to 
the Altiplano plateau (C1), the Puna de Atacama plateau (referred to 
as the Puna) (C2), and river catchments at the eastern slopes of the 
southern (C3), southern Central (C4), Central (C5), northern Central 
(C6), and northern Andes (C7)
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the high-elevation Altiplano-Puna Plateau, the origins of 
extreme rainfall are of particular hydrological importance 
in the mountainous drainage basins along the Andes. We 
will divide them into five sub-catchments roughly corre-
sponding to the southern Andes (C3), the southern Central 
Andes (C4), the Central Andes (C5), the northern Central 
Andes (C6), and the northern Andes (C7) (Fig. 1). We will 
occasionally refer to the northern and northern Central 
Andes (C6 and C7) as tropical, and to the remaining south-
ern parts as subtropical.

In order to determine the geographical origins of 
extreme rainfall in these river catchments, we employ and 
refine a recently introduced statistical method based on a 
non-linear synchronization measure and complex network 
theory. While so-called climate networks have been applied 
to a wide range of meteorological and climatological prob-
lems (Tsonis et  al. 2006; Yamasaki et  al. 2008; Donges 
et  al. 2009; Steinhaeuser et  al. 2012; Berezin et  al. 2012; 
Radebach et al. 2013), the specific methodology employed 
here has proven to be particularly useful for the climato-
logical analysis of extreme rainfall (Malik et  al. 2012; 
Boers et al. 2013, 2014a, b, c, 2015; Rheinwalt et al. 2014; 
Stolbova et al. 2014), because it is specifically designed to 
uncover temporally resolved interdependencies of extreme 
events in the presence of non-linearities and strongly non-
Gaussian data distributions. Here, we further generalize 
this approach in order to take into account different tem-
poral and spatial scales of rainfall events. For this pur-
pose, we first carry out several steps of temporal and spa-
tial pre-processing. Furthermore, we refine the directed 
network approach first introduced in Boers et  al. (2014a) 
to identify geographical source regions. Using this frame-
work, we then resolve the source regions of rainfall in the 
mountainous Andean catchments (C1–C7) with respect to 
the four types of rainfall events described above. We note 
that our approach is conceptually different from techniques 
like Lagrangian backtracking, since it does not analyze 
the actual moisture transport process. Instead, our method 
identifies spatial linkages to locations where extreme rain-
fall occurs synchronously with extreme rainfall in a region 
under consideration, while taking into account the temporal 
order of rainfall events and assuring that the association of 
events is unique and statistically significant.

2 � Data

We employ the gauge-calibrated remote-sensing derived 
rainfall dataset TRMM 3B42 V7 of the Tropical Rainfall 
Measurement Mission (Huffman et  al. 2007) for the time 
period from 1998 to 2012 for the spatial domain 15◦N to 40◦

S and 85◦W to 30◦W. The spatial resolution of this dataset 
is 0.25◦ × 0.25◦, and the temporal resolution is 3 hours. 

For each 3-hourly time step, the data is provided as average 
rainfall rate in units of [mm/h]. River catchments have been 
delineated from resampled topographic data [Shuttle Radar 
Topography Mission, (Farr et al. 2007)] at a spatial resolu-
tion of 15 arcseconds (≈500 m).

3 � Methods

3.1 � Definition of extreme events

We will focus on the monsoon season in South America 
from December to February (DJF) and analyze the follow-
ing three different spatial and temporal characteristics of 3
-hourly rainfall events: Their intensity, duration, and spa‑
tial extent.

Existing climate networks approaches to analyze 
extreme rainfall synchronization are either based on a 
fixed threshold or on a percentile score to determine 
extreme events in each time series, without taking into 
account the temporal and spatial scales of these events 
(e.g. Malik et  al. 2012; Boers et  al. 2013, 2014a). Here, 
we explicitly disentangle the impacts and origins of 
extreme rainfall in the main Andean drainage basins with 
respect to their intensity, duration, and spatial extent. For 
this purpose, we estimate the temporal duration of each 
event, dynamically record the sizes of the associated rain-
fall storms, and finally combine the thereby obtained tem-
poral and spatial information of rainfall events. Depend-
ing on these characteristics, we apply several steps of 
preprocessing:

1.	 Let the rainfall time series at location i be denoted by t̃i,  
where 1 ≤ i ≤ N = 48,400. We can apply a running-
mean filter in order to account for the temporal dura-
tion of rainfall events: 

where σ is the time index and 2w+ 1 is the width of 
the running-mean filter. For ease of notation, we omit 
making the dependency of tσi  on w explicit. The appli-
cation of this running-mean filter will in the following 
be referred to as smoothing.

2.	 For each filtered time series ti, we define local event 
thresholds Tp

i  by computing the pth percentile of all 
tσi  with tσi > 0.2 mm. The latter condition assures 
that only significant rainfall amounts (“wet times”) 
are taken into account when computing the percentile 
thresholds. Local events are then defined as time steps 
σ for which tσi  is above this threshold: 

tσi :=

∑w
s=−w t̃σ+s

i

2w+ 1
,

ẽi := {σ |tσi > T
p
i }



604 N. Boers et al.

1 3

 Again for the sake of clarity, we omit to make explicit 
that ẽi depends on w as well as on p.

3.	 We are also interested in the spatial extent of events, 
given by the size of connected components {Cσm}1≤m≤Nσ

 
with simultaneous events ẽi at a given time σ . Here, 
grid points are considered to be connected if they are 
(also diagonally) adjacent in space, and Nσ denotes 
the total number of connected components at time step 
σ . To each grid point i, we then assign the size of the 
component it belongs to: 

 where |Cσm| denotes the cardinality of Cσm (i.e., the num-
ber of elements in that set) and δCσ

m
(i) = 1 if i ∈ C

σ
m and 

δCσ
m
(i) = 0 otherwise. We then define a component size 

threshold Sqi  at each grid cell i as the qth percentile of 
all SCσ

i  for which SCσ
i > 0 (i.e., the qth percentile of 

the set {SCσ
i |σ such that SCσ

i > 0}). We then define 
spatially extensive events as local events which belong 
to a connected component that is larger than the cor-
responding Sqi : 

which depends on the width of the temporal filter w, 
the intensity threshold Tp

i , and the threshold for the 
cluster size Sqi .

We define the following four types of events that we will 
analyze in the following sections:

1.	 Local and short extreme events (LSE), which are 
intense rainfall events (high magnitude), regardless of 
their duration and spatial extent: w = 0, p = 90, and 
q = 0

2.	 Local and long-lasting extreme events (LLE), which 
are long-lasting intense rainfall events, but without 
condition on their spatial extent: w = 5, p = 90, and 
q = 0

3.	 Spatially extensive events (SEE), which are not neces-
sarily very intense or long-lasting: w = 0, p = 50, and 
q = 90

4.	 Spatially extensive and long-lasting extreme events 
(SLE): w = 5, p = 90, and q = 90

We note that these four definitions are deliberately not 
disjoint, i.e., given events may be part of two or more of 
these classes. The reason for this is that for a given event 
type, we are interested in the characteristics of all events of 
that type, in contrast to the characteristics of events which 
only fulfill the conditions of one event type, but none of the 
conditions of the remaining three event types.

SCσ
i =

∑

{Cσ
m}

δCσ
m
(i)|Cσm| ,

ei := {ẽi|SC
ẽi
i > S

q
i } ,

We further emphasize that by events we always refer to 3
-hourly time steps, and not to the possibly longer or shorter 
period of consecutive rainfall above the prescribed thresh-
old. In particular, an event should not be confused with an 
individual convective storm. Furthermore, the temporal 
filter introduced above does by definition not quantify the 
actual duration of a given rainfall storm, but rather assures 
that the resulting (3-hourly) events belong to persisting 
high-rainfall periods, since they still exhibit high values 
after being smoothed by a 15-h running mean (w = 5 for 
LLE and SLE). The reason for defining events like this is 
that in order to apply the synchronization measure which 
will be introduced in the following, it is crucial to have all 
events at the same time scale.

3.2 � Event synchronization

In order to quantify the synchronicity of events at different 
locations, we employ event synchronization (ES), a non-
linear measure which we define based on Quiroga et  al. 
(2002), Malik et al. (2012), Boers et al. (2013):

Suppose we have two event series {eµi }1≤µ≤li and 
{eνj }1≤ν≤lj with li (lj) events at grid points i ( j). As explained 
in the last section, eµi  denotes the time index of the µ-th 
event observed at grid point i. In order to decide if two 
events eµi  and eνj  can be uniquely assigned to each other, we 
compute for the waiting time dµ,νij := eνj − e

µ
i  between two 

events the dynamical delay

To exclude unreasonably long delays between events at 
different locations, we introduce a maximum delay of 
τmax = 8 time steps (i.e., one day). If 0 < d

µ,ν
ij ≤ τ

µν
ij  and 

0 < d
µ,ν
ij < τmax, we count them as synchronous events in a 

way that the event at i happened before the event at j:

ES between ei and ej for events at i occurring before events 
at j is given as the sum of all Sµνij  (for fixed i and j):

while the reverse time direction is given by

Each value ESij therefore yields the number of events 
at grid point j which occurred synchronously (i.e., 
could be uniquely assigned to each other) with suc-
ceeding events at grid point i. This procedure is 

τ
µν
ij := min

{d
µ−1,µ
ii , d

µ,µ+1

ii , d
ν−1,ν
jj , d

ν,ν+1
jj }

2
.

S
µν
ij =

{

1 if 0 < d
µ,ν
ij ≤ τ

µν
ij and 0 < d

µ,ν
ij ≤ τmax,

0 else.

ESij :=
∑

µν

S
µν
ij ,

ESji :=
∑

µν

S
µν
ji .
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performed for all combinations of grid points i and j, with 
1 ≤ i, j ≤ N = 48,400. Note that, by construction, events 
that occur at the very same time step at different locations 
are discarded, since they do not allow to determine the tem-
poral ordering of events.

3.3 � Construction of complex networks

Most studies employing ES in the context of extreme 
rainfall use a simple percentile thresholding procedure to 
determine extreme events, which leads to the same number 
of events at each grid cell (e.g. Malik et  al. 2012; Boers 
et al. 2013, 2014a). In contrast, the fact that here we define 
extreme events based on their intensity, temporal, and spa-
tial scales together leads by construction to typically dif-
ferent numbers of events at different grid cells. Since this 
number of events affects the measured values of ES, we 
propose the following network construction procedure 
based on locally adapted statistical null models: For each 
pair of grid cells (i, j), we first estimate the statistical sig-
nificance of the values ESji and ESij by constructing a null 
model under the assumption that the li events at i and lj 
events at j occur independently according to a uniformly 
random distribution of periods of consecutive events: We 
independently construct 1000 surrogate pairs of event time 
series, on average preserving the original distribution of 
periods of consecutive events and compute ES for all these 
pairs. In this way, we obtain a relative frequency distribu-
tion of values of ES consistent with the assumptions of the 
null model and infer the score ET  of the 95% significance 
level from this distribution. A directed network link from 
grid cell i to grid cell j will be placed if the corresponding 
value ESij is above this threshold:

where Θ denotes the Heaviside function and Kronecker’s 
delta δ is used to exclude self loops.

3.4 � Application of complex networks

We will use this combination of ES and complex networks 
to determine the geographic origins of extreme rainfall in 
a given region of interest R. This methodological frame-
work is well-suited for this task, since it is designed to 
reveal possibly non-linear climatic linkages on the basis 
of event time series. We note that the identification of such 
geographical source regions is limited by the fact that the 
thresholding with respect to intensity, duration, and size 
applies on the entire spatial domain: Any event eµi  will by 
construction only be identified as statistically synchro-
nous to a given event eνj  if it fulfills the same set of defining 
conditions (types 1–4 above). Possible geographic origins 
of events of a given type in a given region R will thus be 

Aij = Θ(ESij − ET(li, lj))− δij,

missed if the events in the source region are not of the same 
type. We define regional connectivity of R by counting for 
each grid point i the number of links pointing into R:

This measure yields a value for each grid point i. In order 
to be able to visualize RC for different regions on the same 
spatial map, we will in the following use a binary version 
of this measure: A grid point i will be considered to have 
strong linkages to a region R if the number of network links 
pointing from i to R is more than ten times larger than what 
should be expected from a uniformly random placement 
of all available links. Note that, compared to Boers et  al. 
(2014a), we hereby expand the presentation of RC by an 
estimation of statistical significance.

By indicating where rainfall events typically occur 
before they synchronously occur in a region under con-
sideration, RC estimates the geographic origins of rain-
fall events in that region. These directed climatic linkages 
are helpful for identifying and understanding spatial syn-
chronization patterns of extreme rainfall events, but also 
provide essential information for assessing the statistical 
predicability of these events at any region R (e.g. Boers 
et  al. 2014a). In Sect. 4.2, we will investigate these cli-
matic linkages separately for the four different event types 
proposed above.

4 � Results

4.1 � Frequency, intensity, and spatial extent of rainfall 
events

4.1.1 � Rainfall intensity

The monsoon season in South America is characterized by 
high mean rainfall values in the vicinity of the Intertropi-
cal Convergence Zone (ITCZ), in the Amazon Basin and 
along the South Atlantic Convergence Zone (SACZ), as 
well as along the eastern slopes of the Peruvian and Boliv-
ian Andes (Fig. 2a). The 50th percentile scores of wet times 
(hourly rainfall larger than 0.2 mm/h) shows highest val-
ues at the northeastern South American coast, the eastern 
slopes of the Bolivian Andes as well as in northern Argen-
tina (Fig. 2b). 90th percentile scores of 3-hourly wet times 
exhibit highest values at the eastern slopes of the Boliv-
ian Andes and in northeastern Argentina as well (Fig. 2c). 
While the spatial distribution of 90th percentile scores for 
3-hourly wet times of the 15-h smoothed time series (Fig. 
2d) resembles that obtained for the non-smoothed case, the 
assumed values are considerably lower due to the temporal 
smoothing.

RCi(R) =
∑

j∈R

Aij
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4.1.2 � Frequencies of the four event types

In the previous section, we have defined four types of 
extreme events that we will analyze in more detail: LSE, 
LLE, SEE, and SLE. Each event type occurs with differ-
ent frequencies, although the relative spatial distribution of 
these frequencies remains similar (Fig. 3). We emphasize 
that by frequency, we refer to the number of 3-hourly time 
steps which have an event, implying that, e.g., 4 consecu-
tive time steps fulfilling the respective event condition are 
counted as 4 events.

1.	 For LSE, we obtain typical values between 12 and 18 
events per DJF season in the Amazon Basin and at the 
eastern Andean slopes north of 20◦S, but only around 4 
to 6 events in the subtropical plains of southern Bolivia, 
Paraguay, northern Argentina, and the adjacent Andean 
slopes (Fig. 3a).

2.	 For LLE, these numbers are 25–30 and 7–12 respec-
tively (Fig. 3b).

3.	 For SEE, there are between 7 and 10 events in the Ama-
zon Basin at the slopes of the northern Central Andes 
and between 1 and 4 events in the subtropical plains 
(Fig. 3c).

4.	 For the most extreme SLE, we find 1–4 events in the 
Amazon Basin and the adjacent foothills of the Andes, 
but less than one such event per season in the subtrop-
ics of northern Argentina and Uruguay (Fig. 3d).

Most notably, for all four event types, we observe a pro-
nounced latitudinal gradient of event frequencies between 
the tropics and the subtropics: the northern, tropical regions 
have high event frequencies, while the subtropics exhibit 
considerably lower frequencies. This gradient can be 
assumed to be inherited from the mean rainfall profile (Fig. 
2a), which exhibits the same characteristic. Similar results 

Fig. 2   a Mean hourly rainfall for DJF from 1998 to 2012. b 50th 
percentile of rainfall distribution confined to wet times (i.e., 3-hourly 
time steps with average hourly rainfall larger than 0.2 mm/h). c 90th 

percentile of rainfall distribution confined to wet times. d 90th per-
centile of 15-h smoothed (using a 5-point moving average) rainfall 
distribution confined to wet times
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on the spatial distribution of mean rainfall sums have for 
example been reported in Durkee et al. (2009), Romatschke 
and Houze (2010, 2013).

4.1.3 � Contributions to total seasonal rainfall

The fraction of total DJF rainfall sums (not confined to 
wet times) accounted for by the four event types varies 
considerably:

1.	 LSE events account for more than 40% of total seasonal 
rainfall in large parts of tropical South America, and even 
more than 50% in some areas in the subtropics (Fig. 4a).

2.	 The spatial distribution of total rainfall fractions for 
LLE is similar to the one obtained for LSE, but local 
values are about 10% lower (Fig. 4b).

3.	 In contrast, SEE account for much lower fractions of 
total rainfall, with values ranging between 5 and 10% 
in most of Brazil, and between 10 and 20% in the sub-
tropical plains (Fig. 4c).

4.	 The lowest contributions were found for SLE, with 
fractions reaching 10% only in some parts of northern 
Argentina and Paraguay (Fig. 4d).

As emphasized above, events of all four types are by 
construction 3-hourly time steps. Consecutive time steps 
with events will in the following be referred to as bursts. 
We emphasize that typical time scales of duration of the 
four events types (i.e., the number of events per bursts) 
vary by definition: bursts of LSE and SEE usually last 3–6 
hours (roughly 1–2 events), while for LLE we find typical 
duration periods of 9–15 h (3–5 events), and SLE last 6–12 

Fig. 3   Number of events per DJF season for local and short extreme events (a LSE), local and long-lasting extreme events (b LLE), spatially 
extensive events (c SEE), and spatially extensive long-lasting extreme events (d SLE)
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h (2–4 events) (cf. Fig. 5). In order to adjust for the vary-
ing event frequencies and burst durations when considering 
fractions of accounted DJF rainfall, we compute the aver-
age fraction of total DJF rainfall contributed by a single 
burst (Fig. 6). To avoid confusion, we remark that Fig. 4 
shows the rainfall fractions contributed by all events of the 
respective type, while Fig. 6 shows the respective contribu-
tions by each single burst.

1.	 We find that each LSE burst accounts on average for 
3–4 % of total DJF rainfall in the Amazon Basin and 
the eastern slopes of the northern and northern Central 
Andes. In contrast, up to 10% of total DJF rainfall is 
accounted for by each burst in the subtropical plains 
(Fig. 6a).

2.	 LLE bursts contribute more to total DJF rainfall, with 
corresponding fractions between 4 and 8 % in the trop-
ics and up to 20% in the subtropics (Fig. 6b).

3.	 For SEE, we find contributions below 2% from each 
burst in the Central Amazon Basin and between 6 and 
10% in northern Argentina (Fig. 6c).

4.	 Finally, SLE bursts contribute 2–6% to total DJF rain-
fall in the tropics, and up to 20% in the subtropics (Fig. 
6d).

We note that, by dividing these values by the typical 
numbers of events per burst, the fraction accounted for by 
each single event can be obtained. For an integration of 
these fractions with respect to the mountainous catchments 
C1 to C7 we refer to Fig. 7.

Fig. 4   Percentage of total DJF rainfall contributed by local and short extreme events (a LSE), local and long-lasting extreme events (b LLE), 
spatially extensive events (c SEE), and spatially extensive long-lasting extreme events (d SLE)
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4.1.4 � Spatial extensions

By construction, the two event types SEE and SLE involve 
a minimum spatial size of connected components of simul-
taneous events (their minimum “rainfall cluster size”, Sqi ).  
We show this size in units of km2, which we obtain by 
computing (0.25◦ × 111km)2 × S

q
i × cos(�), where 

� ∈ [−40◦, 15◦] denotes the latitudinal angle. We empha-
size that the conversion from the number of grid cells to 
km2 is only approximately true, since the spatial distribu-
tion of the component size thresholds is biased by the 
dependence of the grid cell size on the latitudinal position. 
We correct for this effect by weighting each threshold value 
with cos(�).

The component size threshold for SEE (Fig. 8a) shows 
highest values north of the ITCZ over the tropical Atlantic 

Ocean and east of the Brazilian coast south of 10◦S. Over 
southeastern South America values are smaller than in the 
latter regions, but still higher than over the remaining part 
of the continent. In contrast, SLE events (Fig. 8b) exhibit 
highest component size thresholds over southeastern South 
America, centered over Uruguay.

4.2 � Regional connectivity of Andean catchments

In the second step of this study, we investigate the ori-
gins of extreme rainfall on the Altiplano-Puna Plateau (C1 
and C2, Fig. 9) in Bolivia and northern Argentina as well 
as at the eastern foothills of the entire Andean cordillera, 
which we resolved with respect to the various drainage 
basins located along the mountain range (C3–C7, Fig. 10). 
We note that the network measure regional connectivity 

Fig. 5   Average number of 3-hourly events per burst of consecutive events of type local and short (a LSE), local and long-lasting (b LLE), spa-
tially extensive (c SEE), and spatially extensive long-lasting (d SLE)
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should not be understood in terms of single, propagating 
storms. Many different hydrometeoric processes control 
the synchronization of rainfall events, and in particular over 
longer spatial distances, synoptic phenomena like atmos-
pheric waves should be taken into account as responsible 
mechanisms.

4.2.1 � Altiplano‑Puna plateau (C1 and C2)

1.	 For LSE, we observe almost no linkages from other 
regions of South America for both C1 and C2 (Fig. 9a).

2.	 For LLE, we observe few linkages from some scattered 
locations in northern Argentinean plains to C1. In con-
trast, we observe a large connected area over Uruguay 
and northern Argentina, which exhibits strong linkages 

into C2. Moreover, we observe linkages from C1 to C2 
and vice versa (Fig. 9b).

3.	 For SEE, there is only a small connected area in north-
eastern Argentina which is linked to C1, while a large 
connected area extending from Uruguay to the slopes 
of the northern Argentinean Andes exhibits linkages 
into C2 (Fig. 9c).

4.	 For SLE, we observe two large regions which have 
linkages into C1: The mouth of the Amazon in northern 
Brazil, as well as a region east of the southern Brazil-
ian coast. In addition to the linkages from southeastern 
South America to C2 which have already been found 
for LLE and SEE, for SLE there is also a region in 
northern Peru and southern Columbia which is strongly 
linked to C2 (Fig. 9d).

Fig. 6   Average percentage of total DJF rainfall contributed by each single burst of consecutive events of type local and short (a LSE), local and 
long-lasting (b LLE), spatially extensive (c SEE), and spatially extensive long-lasting (d SLE)
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4.2.2 � Andean foothills (C2–C7)

1.	 For LSE (Fig. 10a), we do not find any significant link-
ages into C3 and C4. C5 shows strong linkages from 
a large connected area in northern Argentina, Uruguay 
and southern Brazil, while for C6, this area is shifted 
northward to include Paraguay, southern Bolivia and 
some parts of the Bolivian part of the Amazon Basin. 
For C7, we observe strong linkages from the western 
Amazon Basin in Peru and western Brazil.

2.	 For LLE (Fig. 10b), there are strong linkages from cen-
tral Chile and the southern Pacific ocean south of 30◦S 
into C3, while a large connected area in central Argen-
tina shows strong linkages into C4. C5 has strong link-
ages from northern Argentina and Uruguay, while for 
C6 and C7, we do not find significant linkages for LLE.

3.	 For SEE (Fig. 10c), C3 again exhibits linkages from 
central Chile and the adjacent Pacific Ocean, while 
C4 shows no significant linkages. In contrast, there are 
strong linkages from a large area in northern Argen-
tina and Uruguay to C5. Furthermore, C6 shows strong 
linkages from a large area in Central South America, 
roughly extending between 10◦S and 30◦S and 75◦W 
and 65◦W. Strong linkages can be observed from the 
western Amazon Basin to C7.

4.	 For SLE (Fig. 10d), there are no significant linkages 
into C3 and C4. A large area comprised of southern 
Brazil, Uruguay, and northern Argentina is linked to 
C5, while a considerably smaller region in northern 
Argentina, western Paraguay, and Bolivia exhibits link-
ages into C6. We do not observe a large connected area 
with significant linkages into C7.

Fig. 7   Average percentage of total DJF rainfall contributed to the catchments C1 to C7 by each single burst of consecutive events of type local 
and short (a LSE), local and long-lasting (b LLE), spatially extensive (c SEE), and spatially extensive long-lasting (d SLE)
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5 � Discussion

5.1 � Intensity, frequency, and spatial extent of rainfall 
events

By construction, the four rainfall event types LSE, LLE, 
SEE, and SLE occur with varying intensities (Fig. 2), fre-
quencies (Fig. 3), and spatial extents (Fig. 8a, b). There-
fore, they also play very different roles for the hydrological 
budgets of the different mountainous Andean catchments 
C1–C7. Our results indicate that LSE contributes the 

largest fraction of total DJF rainfall in the entire considered 
spatial domain, with percentages of up to 50% in the La 
Plata Basin. However, in view of the induced risk of natu-
ral hazards, it is crucial to consider the temporal duration 
of rainfall. For this purpose, we quantified the fraction of 
total DJF rainfall contributed by each single sequence of 
consecutive events (“bursts”). For all four event types (Fig. 
6), this revealed a pronounced latitudinal gradient, with 
lower contributions in the tropics, and higher contributions 
in the subtropics. Thus, there is a tendency towards low-
frequency but high-magnitude events in subtropical South 
America. LLE and SLE contribute the largest fractions of 
total DJF rainfall per burst, with values close to 20% in the 
northern Argentina, Uruguay, and Paraguay (Fig. 6b, d).

Mesoscale convective systems have been found to play 
a major role for total DJF rainfall in southeastern South 
America (Salio et al. 2007; Durkee and Mote 2009b), but 
are also important and have potentially disastrous impacts 
in other parts of the continent (Zipser et al. 2006). Never-
theless, they occur most frequently and attain their largest 
size in the subtropical regions of northern Argentina and 
Paraguay (Durkee et al. 2009), which is consistent with our 
results for the 90th percentile scores of rainfall cluster sizes 
(Fig. 8a, b). The hydrological role of the spatial extents of 
rainfall clusters can—by definition—not be directly quan-
tified in terms of local (i.e., per grid cell) contributions to 
total DJF rainfall, as is also evident from the comparably 
low values in Fig. 6c. Nevertheless, the spatial extent is 
very important for the risk assessment of associated flood-
ing and landsliding (Marengo et al. 1998; Grimm and Tede-
schi 2009).

5.2 � Regional connectivity of Andean catchments

In view of natural hazards such as flooding and landslid-
ing, we expect the most severe impacts of heavy rainfall 
on the high-elevation Altiplano-Puna Plateau as well as in 
the main river catchments along the eastern foothills of the 
Andean cordillera.

Altiplano-Puna Plateau On the Altiplano (C1), up to 
10% of total DJF rainfall is contributed by each burst of 
events of type SLE, which occur less than once per DJF 
season. Substantial connectivity of rainfall on the Altiplano 
to other geographical regions is only observed for this 
event type. This indicates that—typically—only these larg-
est, longest-lasting and most intense rainfall clusters syn-
chronize with events of similar characteristics on the north-
ern part of the plateau on more than 4 km elevation, while 
the remaining three types of events do not occur in a spa-
tially connected manner, but are controlled rather locally. 
The most pronounced geographical source region for SLE 
on the Altiplano is located in northern Brazil and extends 
with lower connectivity westward to the Amazon Basin. 

Fig. 8   a 90th percentiles of the sizes of connected components of 
simultaneous events (“cluster sizes”) above the 50th percentile of 
local rainfall distributions confined to wet times (SEE). The size 
is measured in km2 and we corrected for the bias induced by the 
dependence of grid cell size on latitude. B. 90th percentile of the size 
of connected components of simultaneous events above the 90th per-
centile of local 15-h smoothed rainfall distribution confined to wet 
times (SLE)
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We associate this pattern with large Amazonian squall 
lines, which are related to an intensification of the low-
level easterlies due to easterly waves and a localized heat 
source over the western Amazon (Cohen et al. 1995). These 
features thus appear to lead to conditions favorable for the 
formation of SLE on the Altiplano (Fig. 9). The latter pat-
tern is thus an example where regional connectivity cannot 
be interpreted in terms of propagating storm systems, but 
rather in terms of indirect atmospheric forcings.

As for the Altiplano, LSE in the Puna de Atacama typi-
cally occur locally, without strongly synchronized events 

at other locations. In strong contrast, rainfall of type LLE, 
SEE, and SLE in the Puna de Atacama (C2) is mainly 
influenced by systems originating from southeastern South 
America. We associate this propagation of extreme, long 
lasting and spatially extensive rainfall from southeastern 
South America to the southern part of the Altiplano-Puna 
Plateau with frontal systems approaching from the south 
(Boers et  al. 2014a), caused by midlatitude cyclones and 
Rossby-wave activity (Hoskins and Ambrizzi 1993). This 
propagation pattern is also related to a subclass of mes-
oscale convective systems, which propagate from the 

Fig. 9   Regional Connectivity of the Altiplano (C1 in blue) and Puna 
Plateau (C2 in red) for local and short extreme events (a LSE), local 
and long-lasting extreme events (b LLE), spatially extensive events 
(c SEE), and spatially extensive long-lasting extreme events (d SLE). 

Spatially extensive, long-lasting extreme events (SLE) on the north-
ern Altiplano Plateau (blue) are primarily connected to the Amazon 
Basin, while the southern Puna Plateau (red) is more strongly con-
nected to the Argentinean plains and La Plata river basin
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subtropical plains towards the southern Central Andes, i.e. 
in opposite direction of the northeasterly low-level mois-
ture flow from the tropics (Anabor et al. 2008). Favorable 
atmospheric conditions for these propagation patterns are 
probably related to so-called cold surges (Garreaud and 
Wallace 1998; Garreaud 2000; Boers et  al. 2014a). It is 
remarkable that the frontal systems exhibit such a strong 
impact on large areas at elevations above 4 km asl. We also 
note that SLE on the Puna de Atacama are—in addition 

to the source region in southeastern South America—con-
nected to preceding events in northern Peru and Colombia 
(Fig. 9). We are not aware of a specific known climato-
logical mechanism behind the latter feature, and intend to 
investigate this in future work.

Andean foothills Events of type LSE and SLE at the 
eastern foothills of the Andes south of 25◦S (C3 and C4) 
do not show significant linkages to other geographical 
regions. In contrast, LLE and SEE at the eastern slopes of 

Fig. 10   Regional Connectivity of the five mountainous catchments 
along the eastern Andean slopes (C3–C7) for local and short extreme 
events (a LSE), local and long-lasting extreme events (b LLE), spa-
tially extensive events (c SEE), and spatially extensive long-lasting 
extreme events (d SLE). In general, extreme rainfall in the northern 
Andean catchments (purple) are mostly locally connected, only SEE 
are influenced by the western Amazon basin. Tropical northern cen-

tral Andean catchments (yellow) are impacted by rainfall events origi-
nating from southeastern South America and the southwestern Ama-
zon Basin; Subtropical southern central Andean catchments (green) 
are dominated by rainfall originating from southeastern South Amer-
ica and propagating westward through the La Plata basin. Subtropical 
catchments to the south of the central Andes (red and blue) show only 
connections to extratropical regions
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the southern Andes (C3) are associated with events over 
the adjacent Pacific Ocean. Extreme rainfall at the western 
slopes of the southern Andes can be explained by the inter-
play of frontal systems migrating eastward over the south-
ern Pacific and the Andean orogen (Garreaud 2009). Our 
results suggest that the frontal influence extends eastward 
beyond the Andean mountain range and causes long-last-
ing (LLE) and spatially extensive (SEE) rainfall events in 
these regions (Fig. 10). This is consistent with studies on 
the influence of baroclinic systems on convection in sub-
tropical South America (Salio et al. 2007; Romatschke and 
Houze 2010; Rasmussen and Houze 2011).

LLE at the southern Central Andean foothills (C4) 
originate from the Argentinean lowlands and the adjacent 
Atlantic Ocean to the east. As in the case of the Puna de 
Atacama, we explain this pattern with frontal systems 
approaching from the south and migrating northward over 
South America east of the Andes. The Central Andean 
slopes (C5) in northern Argentina and southern Bolivia are 
strongly impacted by these frontal systems and associated 
cold surges, which also influence the formation and prop-
agation of mesoscale convective systems (Anabor et  al. 
2008; Boers et al. 2014a).

For all four event types, we observe large connected 
geographical source regions over northern Argentina, Uru-
guay, and southern Brazil. This is consistent with an ear-
lier study on the propagation of large rainfall clusters from 
southeastern South America towards the Central Andes 
(Boers et al. 2014a).

For the northern Central Andean foothills (C6), the 
influence of frontal systems is substantially reduced for 
LLE and SLE, while for LSE and SEE, we still observe 
large connected source regions in Bolivia, Paraguay, and 
northern Argentina. However, these source regions are 
shifted northward when compared to the source regions of 
the Central Andes and also extend towards the Bolivian and 
Brazilian Amazon Basin. We suggest that this pattern may 
in fact be comprised of different meteorological signals, 
including northward migrating frontal systems and south-
westward propagating rainfall clusters originating from the 
tropics. The fact that there are no strong linkages for LLE 
and SLE suggests that those events at the northern Cen-
tral Andean foothills which are caused by these subtropi-
cal frontal systems and tropical rainfall clusters on average 
only attain temporal durations below 12 h (the typical time 
scale of LLE).

In strong contrast to the catchments in the southern and 
central Andes, the northern Andean foothills (C7, north of 
15◦) do not show any linkage with frontal systems propa-
gating over subtropical South America. Instead, we find 
that LSE and SEE in this area originate from the western 
Amazon Basin, while LLE and SLE are not linked to other 
geographical locations. This suggests that long-ranged 

linkages of rainfall at the northern Andean slopes only 
occur for short-lived events. In contrast, long-lasting rain-
fall events in this region occur at more local spatial scales.

6 � Conclusion

We have analyzed the frequency, duration, spatial extent, 
and spatial synchronization structure of 3-h rainfall events 
during the South American monsoon season. For this pur-
pose, we have defined four different types of rainfall: (1) 
events which are characterized by their high intensity 
alone; (2) long-lasting and intense events; (3) spatially 
extensive events; and (4) intense, long-lasting and spatially 
extensive events. We have focussed on the contributions of 
these events to total seasonal rainfall sums, and—in view 
of possible predictability—their geographical origins over 
the South American continent. These source regions are 
determined by a recently introduced methodology based on 
complex network theory and a non-linear measure of syn-
chronization of events at different locations.

Our key findings can be summarized as follows: (1) 
The overall contribution to total monsoon-seasonal rain-
fall is highest for events of type (1). However, taking into 
account the temporal duration of events reveals that large 
river catchments in the subtropical Argentinean plains are 
exposed to rare, long-lasting episodes of intense and spa-
tially extensive rainfall, each of them contributing up to 
20% to total seasonal rainfall. (2) The high-elevation Alti-
plano Plateau in Bolivia and southern Peru is only reached 
by the largest, longest-lasting and most intense thunder-
storms originating from the eastern Amazon Basin. (3) For 
extreme events in the various river catchments along the 
mountainous Andes, we observe a clear transition regarding 
their geographical origin: While in the catchments south of 
20◦S, including the Puna Plateau, extreme rainfall origi-
nates from frontal systems approaching from the central 
Argentinean plains, the catchments north of 20◦S, including 
the Altiplano Plateau, are mainly affected by squall lines 
originating from the Amazon Basin.
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