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Abstract Understanding the variability of low-level atmospheric circulation regimes is key for understand-
ing the dynamics of monsoon systems. The South American Monsoon is characterized by strong year-long
trade winds that are channeled southward into the South American Low-Level Jet after crossing the Ama-
zon basin, which in turn is elementary for the moisture transport to Southern South America. In this
study, we utilize streamflow wind networks, a type of climate networks that tracks the local flow of the
wind field, together with the analysis of composites of wind, precipitation, and geopotential height fields,
to investigate the variability of the South American low-level circulation. The streamflow wind networks
are used here as they are able to directly track the wind flow and encode its spatiotemporal characteristics
in their topology. We focus on intraseasonal variations in terms of active and break monsoon phases on the
one hand, and on the interannual variability in terms of the impacts of the El Niño-Southern Oscillation
on the other hand. Our findings highlight the importance of the South American Low-Level Jet, its spatial
position and variability. Our study reveals the relation of the active and break regimes to anomalous high-
and low-pressure systems over the southern Atlantic that are connected to Rossby wave trains from the
southern Pacific, as well as the impact of these regimes on the cross-equatorial low-level flow. In addition,
the streamflow networks that we use demonstrate significant shifts of the dominant wind flow pattern
during El Niño and La Niña episodes.

1 Introduction

Monsoon systems are the result of a complex interplay
of atmospheric processes on various spatial and tempo-
ral scales [1]. The strength or activity of a monsoon is
most easily noticeable in terms of anomalously high pre-
cipitation. The strength of the precipitation is naturally
coupled to the low-level circulation of the monsoon sys-
tem, so that different criteria for active and break mon-
soon phases based on precipitation, pressure systems
and wind have been suggested [2,3]. The active and
break phases are strongly connected to changes in the
low-level circulation [1]. In the latter study, the authors
formulated a criterion for the Asian-Australian Mon-
soon to distinguish between active and break phases
solely based on the wind velocity at 850 hPa and the
outgoing longwave radiation (OLR, merely a proxy for
precipitation) in certain reference regions. This concept
was applied to the South American Monsoon System
(SAMS) as well [4]. The SAMS is different from the
classical monsoon systems such as the Indian Summer
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Monsoon, because it does not exhibit the typical sea-
sonal reversal of the low-level circulation [5]. Still, the
SAMS features distinct dry and wet phases [6], and the
reversal in the circulation system is actually present in
the anomalies of the low-level winds [5]. The direction
of this anomaly wind vector field can also be linked to
the active and break phases of the SAMS during its
wet season [4]. Predominately westerly wind anomalies
at 850 hPa in western Brazil and northern Bolivia are
associated with active phases of the monsoon, whereas
predominantly easterly wind anomalies in that region
are associated with break phases [4]. The subdivision
into active and break phase is solely based on the low-
level wind direction in a small reference region, yet both
phases exhibit large-scale differences [4]. This is espe-
cially true for the moisture transport from the tropi-
cal Amazon to subtropical southeastern South America
(SESA), which is crucial for sufficient precipitation in
this densely populated region [4]. One of the key fea-
tures of the low-level circulation of the SAMS that we
intend to study here is the South American Low-Level
jet (SALLJ) [6,7]. The SALLJ is a wind system within
the lowest 1-2 km at the eastern slopes of the Central
Andes [8]. The SALLJ is essential for the low-level mois-
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ture flux from the tropical Amazon to SESA [8–11]. It is
a crucial focus point of our investigation of spatiotem-
poral variations of the low-level circulation associated
with active and break phases of the SAMS. In a pre-
vious study, the intraseasonal variability of the SALLJ
and correspodingly, rainfall anomalies in SESA, have
been shown to be dominated by Rossby Wave activ-
ity in the southern Pacific ocean [12]. The impact of
the El Niño Southern Oscillation (ENSO) on the atmo-
spheric circulation is another point of interest for our
long-term climatological analysis, to corrobate studies
auch as [13,14] that investigate the impact of the ENSO
on the SALLJ.

Complex networks have proven to be a valuable
tool to investigate intricate spatiotemporal coupling
structures in the climate system [15,16]. Networks are
able to uncover and, upon a suitable quantification of
the network topology, visualize these coupling struc-
tures remarkably well. Due to the large-scale seasonal
changes in precipitation, wind and other observables,
complex networks are especially well suited for the anal-
ysis of spatiotemporal couplings in monsoon systems
[17–20] and also to infer jet-like behaviour [21].

Additionally, complex networks have also proven to
be an effective tool for the analysis of larger-scale, inter-
annual variability due to phenomena like the El Niño
Southern Oscillation [22,23]. By employing climate net-
works it is also possible to distinguish different types of
El Niño events [24]. Recent advances even suggest that
networks can serve as early warning precursors of ENSO
events or even predict ENSO events [25–27].

Climate networks are also a powerful tool to uncover
teleconnections [28–30]. The climate network approach
is not limited to scalar observables either, as networks
from flows gained considerable attention, lately [31,32].

To study the spatiotemporal characteristics distin-
guishing the active and break monsoon phases, we
derive a statistical representation of the low-level wind
field in terms of a complex network. The recently intro-
duced streamflow wind networks are an especially suit-
able method for this task, because they directly track
the wind flow and store its spatiotemporal character-
istics in their topology [33]. Path-based network mea-
sures like the betweenness centrality exhibit large val-
ues along important features of the wind field like the
SALLJ. This has recently been shown for the SAMS by
comparing streamflow wind networks computed for the
wet and dry season, respectively [33]. Here, we want to
confirm that the developed methdodology yields rea-
sonable results that are in accordance with - and cor-
roborate the findings of previous studies of - a well-
understood monsoon system like the SAMS. In this
sense this study can be seen as a proof-of-concept of
studying the variability of a climate subsystem with
streamflow wind networks. By doing so and by explor-
ing the spatiotemporal characteristics with it, we also
hope to expand the knowledge of the active and break
phases of the SAMS in terms of associated changes in
the large-scale coupling structure.

In the following, we will first introduce the climatic
setting of our study: the South American Monsoon

System and its active and break phases. Thereafter,
we will introduce the employed methodology, namely,
complex networks and specifically streamflow wind net-
works. These networks will be applied to the active and
break phases first and, thereafter, to the different ENSO
phases as well. The climatological implications of the
results derived from our analysis of these different cli-
matic conditions will finally be discussed in detail.

1.1 Climatic setting of the South American
Monsoon System

The differential heating between the tropical Atlantic
Ocean and the South American continent, together
with the trade winds that are strong year-round, are
key ingredients of the South American Monsoon Sys-
tem (SAMS) [6]. The trade winds are responsible for the
low-level moisture transport from the tropical Atlantic
ocean to the continent. The trade winds are, after cross-
ing the Amazon basin, deflected by the Andes and chan-
neled southward into the South American Low-Level
Jet (SALLJ) (see Fig. 1). The SALLJ is a synoptic-scale
wind system with highest speeds typically attained in
Bolivia near Santa Cruz de la Sierra [8,13,34,35]. There
exist different definitions of Low-Level Jets (LLJs) in
general and of the SALLJ in particular. [36] defines
LLJs as events which have to fulfill a certain veloc-
ity criterion: the Bonner criterion 1 demands a veloc-
ity of 15 ms−1 and a velocity decrease of at least 6
ms−1 at 3 km altitude. This is well above the mean
velocities observed in the regions associated with the
SALLJ. Typically, Bonner 1 events occur between 5 and
50 times per year depending on the exact observation
point and year [10]. In contrast to this event-type defi-
nition, [7], e.g., regard LLJs as essential and permanent
features of every subtropical monsoon system. In this
study, we follow the line of [7] and speak of an enhanced
SALLJ when there are positive velocity anomalies with
a poleward direction at the eastern slopes of the Andes
and of an suppressed SALLJ when there are negative
velocity anomalies.

The SALLJ transports moisture from tropical South
America (including the Amazon) to SESA (Fig. 1) [37,
e.g]. The intensity and position of the SALLJ is con-
nected to the occurrence of floods and droughts in
SESA, as well as to the frequency, intensity, and size of
Mesoscale Convective Systems (MCS) forming in SESA
[8,34]. In this study, we will, therefore, put significant
emphasis on the variability of the SALLJ. Depending on
prevailing atmospheric conditions, the SALLJ exhibits
two different regimes: it either has a pronounced south-
ward component exiting in the Gran Chaco area (the
so-called Chaco Jet), or a more pronounced eastward
component exiting in southern Brazil (the No-Chaco
Jet) [11,38].

The largest precipitation differences between dry and
wet seasons can be found in the southern Amazon (at
about 10◦S), where precipitation peaks during austral
summer (DJF) [6]. The SAMS was not recognized as a
monsoon system for a long time until [5] showed that
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Fig. 1 Overview of important features of the low-level
atmospheric circulation of the South American Monsoon
System (SAMS). The trade winds and the South Ameri-
can Low-Level Jet (SALLJ) are marked in red. The South
Atlantic Convergence Zone (SACZ), the main area of con-
vection of the SAMS, and southeastern South America
(SESA) are marked in black. In this study, active and break
phases of the SAMS are distinguished based on the wind
direction in the Bolivian districts Beni and Santa Cruz
(BSC, marked in dark blue). The original study on active
and break SAMS phases used a reference region slightly to
the north, in the Brazilian province of Rondônia (marked
in orange, see text) [4]. Various regions in South America
that are referenced in this study are marked in yellow. These
include (from north to south) the Llanos Plain (LLA), the
Guyana Highlands (GH), the Guyanas without the Guyana
Highlands (GUY), the eastern slopes of the Andes in north-
ern Bolivia and western Paraguay (NBP) and Patagonia
(PAT)

the climate of South America actually fulfills a slightly
loosened criteria of a monsoon system: The key differ-
ence between the SAMS and other monsoon systems
is that there is no seasonal reversal in the prevailing
wind direction. However, [5] showed that this reversal
does happen when looking at the anomaly wind vector
field, instead. Such anomaly vectors are computed by
removing the mean value componentwise. The reversal
in the anomaly wind directions around the equator can
be understood as an effect of the stronger atmospheric
heating over the South American continent as com-

pared to the tropical Atlantic ocean, which enhances
the low-level winds from the Atlantic ocean toward the
South American continent, superimposed on the year-
round easterly direction of the trade winds.

Similarly to other monsoon systems, the SAMS
exhibits active and break phases as well: [4] showed that
the direction of the anomaly wind vectors in the Brazil-
ian state Rondônia is an indicator for this activity.
Based on previous observations, [4] picked a region in
Rondônia (9◦–13◦S, 60◦–64◦W) as a reference for classi-
fying the wind. Rondônia is situated south of the Ama-
zon basin and north of Bolivia. It is, therefore, heavily
affected by the strength of the monsoon. Whereas the
absolute wind field in Rondônia is northerly through-
out the austral summer season (DJF), the direction of
the anomaly wind field exhibits two distinct regimes: a
westerly and an easterly regime. These regimes can be
identified with active and break phases of the SAMS,
as they are related to large-scale differences in precipi-
tation [4]. They will be further investigated in Sect. 3.1
and Sect. 4.2.

2 Materials and methods

2.1 Data

We employ gridded time series data provided by the
MERRA IAU 2D atmospheric single-level diagnostics
[39]. Our main focus lies on the low-level atmospheric
circulation, which is represented by the two-component
wind field vi (t) = (ui (t) , vi (t)) at 850 hPa. Here, ui (t)
is the zonal component of the wind field and vi (t) the
meridional component. Additionally, the geopotential
height at 250 hPa and at 850 hPa, the total surface pre-
cipitation, and the wind field at 250 hPa are obtained
from the MERRA reanalysis. All these data sets are
provided on a rectangular grid with a latitudinal resolu-
tion of Δλ = 1

2

◦ and a longitudinal resolution ΔΦ = 2
3

◦.
The MERRA reanalysis data thus have a consid-

erably higher resolution than the NCEP/NCAR data
(daily, 2.5◦ ·2.5◦) used in the original study of the active
and break SAMS phases [4,40].

The streamflow networks studied in the following
were computed on a large map section spanning 0◦W–
110◦W; 70◦S–25◦N and thus comprising N = 33, 366
nodes. To minimize biases due to boundary effects of
these spatially embedded networks, we choose a region
that is substantially larger than the South American
continent and the area we are interested in.

In all figures shown below, the resulting network mea-
sures are cropped to the same map section that is used
for the geopotential height and precipitation: 20◦W–
90◦W; 60◦S–20◦N. All data sets employed here have
daily temporal resolution and span the time interval
from 1985 to 2010. For our analysis, we focus on the
core monsoon season from December through February
(DJF).
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Fig. 2 Schematic of the streamflow network approach, as
introduced in [33]. The nodes in dark blue inside the shaded
circle section are considered to be reachable by the wind of
node i at time t. The radius of the circle section di (t) is
defined as in Eq. 2. The black arrow indicating the direc-
tion of the circle section has the same direction as the wind
vector v. The travel time T and the angle uncertainty uθ are
parameters of the network that need to be suitably chosen

2.2 Streamflow networks

In this study, we make use of directed, unweighted
complex networks. Such networks are defined by a set
of N nodes and m directed edges connecting the nodes.
All of these nodes are spatially embedded, representing
a single grid cell and its climatic variability. A common
representation of the network edges is the adjacency
matrix

Aij =
{

1 if there is an edge directed from node j to i

0 otherwise.
(1)

It is our aim to construct networks whose topologi-
cal properties provide a representation of the spatial
coupling structure of the observed wind data. We do
this by employing the recently introduced streamflow
network method [33]. In contrast to other climate net-
work approaches that build on similarity measures like
the Pearson correlation coefficient, streamflow networks
focus on the actual local wind flow. The aim is to link
nodes along wind paths (see Fig. 2 for a sketch of this
approach): For a single node i at a single time step t, we
define a circle section with the radius di (t), the direc-
tion θi (t) = � (vi (t)) and 2 · uθ as its central angle.
The distance is defined as

di (t) = |vi (t)| · T + udi
(λ) . (2)

The added uncertainty udi
(λ) = 0.5 (dm + dz (λi)) is

defined as the average of the distance of node i to
its next neighbor in meridional direction dm and zonal

direction dz (λi). This is done to ensure that there are
no dead ends, and to emphasize on connected paths
through the network.

Next, we apply this procedure to the complete time
series of all nodes. In this way we obtain hit counts hij of
how often node j was reached by wind of node i during
the entire study period. These hit counts are approx-
imately normally distributed [33]. To judge whether
observed hit counts are statistically significant, for each
node i we compute Nstat surrogate hit counts η

(k)
ij .

These surrogates use a velocity that is randomly drawn
from the time series of node i and a direction drawn
from an uniform distribution over the circle. The mean
μη,ij and standard deviation ση,ij of the surrogates pro-
vide us with a natural significance threshold for the hit
counts hij . The adjacency matrix of the streamflow net-
work is then defined as

Aij =
{

1 if hij > μη,ij + n · ση,ij with n ∈ N

0 otherwise
.

(3)

Streamflow networks exhibit four parameters: The
travel time T and angle uncertainty uθ are proportional
to the link density ρ of the resulting network [33]. In
order to ensure a network with enough links to exhibit
interesting features, but not too many links for the net-
work to get close to be fully connected, the travel time
T is set to 1 d and the angle uncertainty to π/6. This
results in link densities between ρ ≈ 0.02 and ρ ≈ 0.03
for the networks presented in this study. The number of
surrogates Nstat is chosen to be 200, because we found
empirically that using more surrogates only has a min-
imal influence on the resulting network measures. The
significance parameter n is set to 2. This correspondents
to a 95.5% significance level, assuming a normal distri-
bution. For a more detailed discussion of the network
parameters of streamflow networks, please refer to [33].

2.3 Topological network measures

To investigate the topology of the constructed net-
works, we use several different network measures. The
simplest of them is connectivity, an area-adjusted
degree centrality. The out- and in-area weighted con-
nectivity (OAWC/IAWC) [41] are defined as

IAWCi =

∑N
j=1 Aij cos λj∑N

j=1 cos λj

(4)

OAWCi =

∑N
j=1 Aji cos λj∑N

j=1 cos λj

. (5)

and add an additional latitude-dependent weight to
the degree. The difference between out- and in-area
weighted connectivity

Di = OAWCi − IAWCi (6)

123



Eur. Phys. J. Spec. Top. (2021) 230:3101–3120 3105

A B

Fig. 3 Histograms of wind directions at 850 hPa in the
Bolivian districts of Beni and Santa Cruz (13◦–18◦S, 59◦–
65◦W, see Fig. 1). While the normal wind direction (A)
exhibits only one broad regime, the direction of the anomaly
wind vector field (B) exhibits two distinct regimes: the east-

erly regime (orange) and the westerly regime (dark blue).
The anomaly wind vector field was computed by removing
the mean componentwise. Figure 4 shows the correspond-
ing wind fields. The wind direction is, by convention, the
direction the wind originates from

enables us to uncover possible directional asymmetries
in the network, such as sinks and sources of the corre-
sponding streamflow.

The proposed streamflow networks emphasize paths
through the network, which we associate with impor-
tant wind paths in the atmospheric circulation pattern.
A network measure suitable to expose nodes which are
crucial for the overall path structure is the between-
ness centrality. It relies on the concept of shortest (or
geodesic) paths. The geodesic distance dij is the length
of the geodesic paths (i.e., the smallest number of edges)
between two nodes i and j of the network. The between-
ness centrality

Bi =
∑
jk

n
(i)
jk

gjk
, (7)

quantifies the relative number of geodesic paths through
a given node i: n

(i)
jk is the number of geodesic paths

between nodes j and k running through i and gjk is
total number of geodesic paths between nodes j and k
(note that more than one such shortest path may exist)
[42].

Spatially embedded networks exhibit boundary effects
by the choice of the map section [43]. At the case at
hand, boundary effects of the degree, OAWC and IAWC
of streamflow networks can be mitigated by choosing a
larger map section, because streamflow networks pos-
sess a maximum link distance. By extending the map

section by 20◦ of longitude, we add about 2000 km at
20◦S or about 1000 km at 60◦S in zonal direction to
the map section. Low-level winds have a typical veloc-
ity of O (

1ms−1 − 10ms−1
)
. When using a travel time

T = 1d this yields a maximum link distance of approx-
imately 900 km. The spatial embedding is, therefore,
only relevant for the OAWC and IAWC for strong winds
in high latitudes. Unfortunately, path-based network
measures are affected by spatial embedding in a more
complex fashion. While we can thus not mitigate these
effects completely, we minimize them by choosing larger
map sections as well.

In this study we investigate the spatiotemporal char-
acteristics of different phases of the DJF seasons of
the SAMS. We will focus on intraseasonal differences
between active and break monsoon phases on the one
hand, and interannual differences between El Niño and
La Niña phases on the other hand. We chose to present
both normal network measures and network measure
anomalies. For this purpose, we computed a refer-
ence streamflow network representing the DJF clima-
tology with the same parameter set that we use for all
other networks. For each node-based network measure
X, its anomalies follow as the difference between the
network measure of the corresponding phase Xphase

i ,
and the network measure of the DJF-network XDJF

i :
X̂i = Xphase

i −XDJF
i . The difference between two phases

is the same for anomalies and normal network mea-
sures, since we do not rescale the anomalies: XDiff

i =
Xphase 1

i − Xphase 2
i = X̂Diff

i .
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Fig. 4 Wind fields at
850 hPa during active
(westerly, A and C) and
break (easterly, B and D)
regimes for the DJF
season. The arrows
indicate the wind direction
and strength. The top row
(A, B)uses the regular
meridional and zonal wind
components during the
active and break phases,
respectively. The bottom
row C, D shows
anomalous wind fields,
which were computed by
removing the seasonal
mean componentwise from
the wind vector. The
absolute value of the wind
is color-coded in all
subfigures. The bottom
row panels show the
anomalous absolute value,
which was computed by
removing the mean from
the absolute value and
performing a one-sample
t-test. Only absolute value
anomalies at a 95%
significance level are
shown. During the active
phase the South American
Low-Level Jet (SALLJ) is
visibly enhanced. Between
the active and the break
phases the direction of the
anomalous wind vectors is
reversed

A B

C D

3 Results

3.1 Intraseasonal variability of the SAMS caused by
active and break phases

In the original study on active and break phases of the
SAMS, the reference region used to distinguish the two
phases was placed in Rondônia [4]. When investigating
the SAMS with the MERRA data set, it became appar-
ent that there are differences to the NCEP/NCAR data
set used by [4]. Whereas the NCEP/NCAR data set
exhibits an overall westerly wind regime in Rondônia,
the MERRA data set exhibits a broad northerly wind
regime in Rondônia. We, therefore, shift the reference
region southward by 4◦ to (13◦–18◦S, 59◦–65◦W) to
retain a narrower, westerly wind distribution in the ref-
erence region with the MERRA data set as well. This
area corresponds roughly to the Bolivian districts Beni
and Santa Cruz. Figure 1 shows both, the location of
the Rondônia reference region and the new reference

region in Beni and Santa Cruz (BSC). A more detailed
discussion of the choice of the reference region can be
found in the Appendix A.

When removing the seasonal mean from the wind
field componentwise, the distribution of the wind direc-
tion within the reference region splits into two distinct
regimes (see Fig. 3). As introduced in Sect. 1.1, these
can be identified with active and break phases of the
monsoon. The active regime exhibits an north-westerly
wind direction ([π/2, π], when east is identified with
the angle zero). The break regime exhibits the oppos-
ing south-easterly wind direction ([−π/2, 0]). Based on
these two wind regimes, we can subdivide the time
series into an active (westerly) time series and a break
(easterly) time series. A time step is considered to be in
the active or break regime, respectively, if 75% or more
of the nodes in BSC exhibit an anomaly wind direction
of the corresponding direction interval. This classifica-
tion is robust to small changes of this percent value.
The robustness is further increased by choosing the ref-
erence region in BSC instead of in Rondônia as well.
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D

Fig. 5 Anomalous total surface precipitation of the active
(A) and the break (B) regimes based on MERRA. The
anomalies are computed with respect to the DJF clima-
tology. Statistical significance was determined with a one-
sample t-test, and non-significant (p > 0.05) anomalies
are shown in white. The active phase is characterized
by enhanced precipitation in southern Brazil, SESA and
Bolivia, whereas the break phase exhibits strong precipi-
tation in Venezuela, Peru and the Amazon basin. The rose
plots in the right panel show the mean daily precipitation
of all nodes within the yellow, dashed rectangles in north-
ern South America (C) and southern South America (D),

depending on the wind direction in Beni and Santa Cruz.
The wind direction in Beni and Santa Cruz is the circu-
lar mean of the wind direction of all nodes within this ref-
erence region (see Fig. 1). Note, that the wind direction,
per convention, is the direction the wind originates from. In
southern South America, highest precipitation occurs when
the region of Beni and Santa Cruz exhibits a northwesterly
wind direction, whereas less precipitation occurs for south-
easterly anomalies. The red, solid line indicates the mean
precipitation of all data within the corresponding 1/32 of
the whole circle

For the examined time series from 1985 to 2010, 26% of
the days during the DJF seasons are classified as active
and 21% of the days of the DJF seasons are classified
as break. Time steps for which the wind direction is
between these two regimes are not further investigated.

3.1.1 Wind and precipitation composites

Figure 4 shows the wind fields for both regimes. The
active regime exhibits a stronger cross-equatorial flux
with faster winds along the eastern slopes of the Andes.
During the break phase easterly winds from south-
ern Brazil flow towards Paraguay and Bolivia. The
strongest absolute winds are the year-long strong west-
erly winds in the southern Atlantic and Pacific. Those
exhibit a south-westerly direction in Patagonia during
the active phase and a westerly to north-west-westerly
direction during the break phase. The anomaly wind
field of the westerly regime is characterized by strong
north-westerly winds close to the eastern slopes of the
Andes, indicating a substantially strengthened SALLJ.
These north-westerly winds lead into a cyclone south
of Uruguay over Argentina and the adjacent Atlantic
ocean. The anomalous wind direction of the easterly
regime is almost exactly reversed, with a suppressed
SALLJ and the cyclone replaced by an anticyclone.

All the anomalies shown were subject to a one-sample
t-test. Non-significant anomalies (p > 0.05) are not
shown.

The role of the wind regimes to classify the activity
of the SAMS becomes clear when investigating the pre-
cipitation anomalies of the two regimes (Fig. 5). During
the active phase there is substantially more precipita-
tion in SESA and southern Brazil. While the daily mean
precipitation is about 3 mm when there are predomi-
nately easterly winds in BSC, it increases to 4.1 mm
when they are predominately westerly winds in BSC.
During the break phase there is more precipitation in
the Amazon and northern South America. While the
absolute differences in precipitation in these regions are
similar to the differences induced in SESA, the relative
differences are smaller. The spatial distribution of pre-
cipitation shows that the westerly and easterly anomaly
wind regimes have a strong impact on the activity of
the SAMS. In particular for this reason, these monsoon
phases provide an ideal application for wind networks.

These results on wind and precipitation composites
for the active and break phases are, although derived
from distinct data sets, qualitatively inline with the ear-
lier results of [4].

123



3108 Eur. Phys. J. Spec. Top. (2021) 230:3101–3120

a

A B C

ED

Fig. 6 Out-area weighted connectivity (OAWC, see Eq. 5)
of wind networks computed separately for the active and
break phase of the SAMS, as well as the difference between
these phases, are shown in the top row. The bottom row
shows anomaly measures that were calculated by subtract-

ing the network measures of a streamflow network of the
complete DJF season. The OAWC is dominated by the
strong eastward winds in the south of South America. Key
differences between both phases can be found along the east-
ern slopes of the Andes

3.1.2 Network results

Streamflow networks for the active and break phases
were computed with the parameter set introduced in
Sect. 2.2. The link density ρ of the networks differs in
a range between 0.023 and 0.028. The network of the
full DJF season exhibits the largest value of ρ. The out-
degree and, therefore, the link density depends directly
on the wind velocity (see Eq. 2) and, in a more complex
way, on the variance of the wind direction: In general,
larger variances of the wind direction tend to result

in larger link densities. While the mean velocity of all
nodes and all time steps is fairly similar for all subsets
and the full time series, the variance of the wind direc-
tion is naturally lower when we consider only subsets
of the time series, based on the wind direction of the
reference region BSC.

When comparing climate networks whose construc-
tion is based on similarity measures (such as correlation
coefficients), it is common practice to choose the con-
struction parameters in a way that keeps the link den-
sity constant [16]. We select here a different approach
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for the following reason: Our construction method is
directly related to the underlying wind field, and in such
a case, at least, the link density is just another network
measure. To be sure, however, we tested the adjust-
ment of the link density for the computation of the net-
work measure anomalies. By choosing a larger value for
the statistical parameter n (see Sect. 2.2), we increase
the significance threshold and can thereby decrease the
link density to a value that lies between the ones of
the networks computed for the different phases while
keeping the other parameters constant. The resulting,
corrected anomalies for the path-based network mea-
sures are almost identical to the non-corrected anoma-
lies (not shown), which can be understood as follows:
As mentioned above, path-based measures like between-
ness and closeness are based on shortest paths through
the network. A larger variance of the wind direction
adds only relatively few shortest paths to the net-
work, and path-based measures are relatively resilient
to small changes of ρ. This also supports our association
of important wind paths with path-based measures of
streamflow wind networks (see Sect. 4.1). Please refer
to Fig. 1 for some of the geographical regions referenced
in the following results.

The spatial distributions of the OAWC of the net-
works computed for the active and break phases are,
overall, quite similar (top row of Fig. 6): largest values
can be observed in the south, where strong eastward
winds dominate. Furthermore, both phases exhibit a
west-east asymmetry in high latitudes due to the spa-
tial embedding. The OAWC displays the largest differ-
ence between the active and the break phase in central
and southern South America. The eastern slopes of the
Andes exhibit a stronger OAWC for the active phase
in Venezuela, Peru, Bolivia, Paraguay and southern
Argentina. Furthermore, the whole Argentinian coast
exhibits a much larger OAWC during the active phase.
The Amazon has higher OAWC values during the active
phase as well. In contrast, the break phase exhibits sub-
stantially higher OAWC values in northern Argentina
in the Gran Chaco area, as well as in eastern and cen-
tral Brazil. The network measure anomalies (bottom
row of Fig. 6) are qualitatively similar to the differ-
ence between both phases, which implies that the DJF-
network used to calculate the anomalies exhibits values
in the middle between the extreme cases (active and
break phases). It is most apparent that the break phase
exhibits strongly negative anomalies along the eastern
slopes of the Andes.

For both phases, the difference of out- and in-area
weighted connectivity D (see Fig. 7) exhibits the largest
values in southern South America and over the sub-
tropical Atlantic ocean. During the active phase there
is a small band of positive difference in LLA and more
prominent areas of positive D in NBP, where the net-
work of the break phase exhibits D values close to zero.
The break phase exhibits strongly positive D values in
the Gran Chaco area, where the active phase on the
other hand boasts negative D values. During the active
phase, there are positive D values in Patagonia, which
is even more apparent in the anomaly measure. Fur-

A B

C D

Fig. 7 Difference between out- and in-area weighted con-
nectivity D (see Eq. 6) of wind networks for the active and
break phase of the SAMS. Like in the other figures showing
network measures, the anomaly measures were calculated by
subtracting the network measures of a streamflow network
for the complete DJF season. The SALLJ area in Bolivia
and Paraguay exhibits high values during the active phase.
This area of high values is shifted southward during the
break phase

thermore, there is an area with a strongly negative D
north of it.

The betweenness centrality over the South Ameri-
can continent (Fig. 8) exhibits large values along the
eastern slopes of the Andes. This band is much longer
and stronger during the active phase. Especially the
betweenness anomaly (bottom row of Fig. 8) shows
strongly negative values along the eastern slopes of the
Andes during the break phase. We observe only few
mid- or large-sized areas on the South American conti-
nent, where the break phase exhibits larger betweenness
values than the active phase: the Guyana highlands,
eastern Brazil, and the Gran Chaco area.
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A B C

ED

Fig. 8 Betweenness centrality (see Eq. 7) of wind networks
of the active and break phase and the difference between
them. During the active phase the SALLJ along the eastern
slopes of the Andes is much more pronounced. As the range

between the minimum and maximum betweenness of a net-
work is quite large and scales with the number of nodes [42],
it is common to show the logarithm of the betweenness. The
anomaly is shown as the difference of logarithms as well

3.1.3 Geopotential height composites

In addition to the network analysis and the inves-
tigation of precipitation anomalies (see Sect. 1.1),
geopotential height composites also provide information
about the state of the atmospheric circulation during
the active and break phases (see Figs. 9 and 11 ). These
composites were formed by averaging the geopotential
height of the corresponding time series of the active and
break phases, and subtracting the climatology for DJF.

The geopotential height at 850 hPa (GPH850) exhibits
negative (positive) anomalies along the eastern slopes
of the Andes during the active (break) phase, starting
in Bolivia and extending further southward. There is
a local minimum (maximum) in the Gran Chaco area,
indicating the enhanced (suppressed) Northern Argen-
tinean Low (NAL) during the active (break) phase.
The largest differences can be found in an anoma-
lous cyclone over the southern Atlantic ocean east
of Argentina, which extends into the aforementioned
pressure anomaly at the eastern Andean slopes. The
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BA

Fig. 9 Geopotential height at 850 hPa during the active
and break phase. The anomalies were calculated by sub-
tracting the DJF-mean and are significant at a 95% level.
Black arrows represent the mean anomaly wind field at
850 hPa during the corresponding phase. The yellow, dashed
line marks the area with the largest differences that is
referred to in the text

low-pressure cell that can be observed east of south-
ern Argentina results in strong south-westerly winds
in southern Argentina and over the adjacent Atlantic
ocean during the active phase. In contrast, the wind
direction during the break phase is westerly to north-
westerly.

As this anomalous low/high pressure system in the
subtropical Atlantic is one of the most distinctive differ-
ences between the active and break phase, it is subject
to further investigation. Figure 10 shows the intrasea-
sonal evolution of the GPH850 in relation to the active
and break phases. The GPH850 anomaly varies around
zero in a close-to-periodic fashion, with active events
generally occurring more often during negative anoma-
lies and break events occurring more often during posi-
tive anomalies. The mean of the GPH850 during active
phases is GPH850active = −22.7 ± 44.5 m, compared to
GPH850break = 25.6± 42 m during break phases. Here,
the empirical standard deviation of all GPH850 values
that belong to the corresponding phase is used to esti-
mate the uncertainty of the mean. There is an overlap
between the GPH850 values of the regimes; however,
this overlap does not include the mean values of the
opposing phase.

The average length of an active phase is 2.52 ±
1.8 days and the length of break phases is 2.26 ±
1.77 days. However, as already recognizable in Fig. 10,
there are many occasions when only single days inter-
rupt the active phase. If one would choose to loosen
the criterion or smoothen the wind direction signal, it
would most likely result in much longer average lengths.

The upper-level circulation is primarily character-
ized by Rossby Waves, the Westerlies, and the Bolivian
high. The geopotential height anomalies at 250 hPa (see
Fig. 11) reveal opposing patterns of Rossby wave train
composition for the two composites: The active phase
exhibits negative anomalies over southern South Amer-
ica and positive anomalies in southern Brazil. Cen-

Fig. 10 Spatial mean of the anomaly of the geopoten-
tial height at 850 hPa (GPH850) in the southern Atlantic
(refer to Fig. 9 for the exact region). To demonstrate the
intraseasonal evolution of the GPH850 and the relation to
the active and break phases, 4 years of the time series
have been chosen at random. The horizontal dashed lines

mark multiples of the empirical standard deviation σGPH850.
Spatially averaged GPH850 values are marked in orange if
|GPH850| ≥ σGPH850, and in red if |GPH850| ≥ 2 ·σGPH850.
In the background, all days that belong to the active phase
are colored in light red and all days that are part of the
break phase are colored in light blue
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A B

Fig. 11 Geopotential height anomaly at 250 hPa of the
active (A) and break (B) phase of the SAMS, calculated
by removing the DJF-mean from time series and averaging

over all time steps of the respective phase. Black arrows
are proportional in length to the anomalous wind field at
250 hPa of the corresponding phase

A B C

D

Fig. 12 Anomalous total surface precipitation during El
Niño (A) and La Niña events (B). The anomalies were com-
puted with respect to the DJF climatology. Regions with
non-significant (p > 0.05) anomalies, as calculated with a
one-sample t-test, are shown in white. The black arrows
encode the mean magnitude and direction of the wind field
during El Niño or La Niña events, respectively. For the cor-
relation analysis mean daily precipitation for each month

was computed separately for northern South America (C)
and southern South America (D) (marked by yellow, dashed
lines, respectively). The correlation between this mean pre-
cipitation value and the monthly Multivariate ENSO Index
(MEI) was estimated with the Pearson correlation coeffi-

cient r(P ) and Spearman’s rank correlation coefficient r(S)

tral and northern South America exhibit slightly pos-
itive anomalies. In contrast, the break phase has pos-
itive anomalies at the southern South America, nega-
tive anomalies in southern Brazil, and slightly negative
values in central South America. The position and the
sign of the largest GPH250 anomalies in southern South
America correspond well to the GPH850 anomalies.

3.2 Interannual variability of the SAMS caused by
the ENSO

The El Niño Southern Oscillation (ENSO) is one of the
most important sources of interannual variation for the
SAMS [6]. Figure 12 shows the precipitation anomalies
of El Niño and La Niña events. There is a negative cor-
relation between the Multivariate ENSO Index (MEI,
[44]) and the precipitation in northern South Amer-
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A B C

D E

Fig. 13 Out-area weighted connectivity (OAWC, see
Eq. 5) of streamflow wind networks during El Niño and La
Niña phases. The top row shows the normal network mea-
sures and the difference between the two ENSO phases. The
bottom row shows anomaly OAWC which are, as before,
computed as the differences between the OAWC of the
respective phase and the OAWC of the complete DJF sea-
son. The El Niño network exhibits larger values for most
parts of the map. Especially noteworthy is the large OAWC

during El Niño phases at the eastern slopes of the central
Andes in Bolivia, Paraguay and northern Argentina. The La
Niña network exhibits slightly larger OAWC along the east-
ern slopes of the northern Andes. The dominant enhanced
large-scale wind path during El Niño conditions is marked
in yellow, whereas the weakened wind path is shown green.
Conversely, the yellow wind path is attenuated and the green
wind path enhanced during La Niña events

ica, including most parts of the Amazon. In contrast,
average precipitation in SESA is larger during El Niño.
However, there is no clear correlation between the pre-
cipitation in SESA and the MEI as the Pearson coeffi-
cient is only r(P ) = 0.29 and the Spearman coefficient
is ρ(S) = 0.23. The low-level circulation is affected by

the ENSO as well, as studies suggest a strengthening of
the SALLJ during El Niño events [45].

For our investigation of the variability of the low-level
circulation to the ENSO, we subdivide the wind field
time series in a positive ENSO (El Niño) and a negative
ENSO (La Niña) part according to the Multivariate
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A B

C D

Fig. 14 Difference of out- and in-area weighted connectiv-
ity D (see Eq. 6) of the El Niño and La Niña phases. The
anomalies were calculated with respect to a network of the
complete DJF season. Note the strongly negative anoma-
lies along the eastern slopes of the Andes in Bolivia and
northern Argentina during La Niña events. As in Fig. 13,
the dominant large-scale wind paths are shown

ENSO Index (MEI) [44]. When MEI ≥ 1 a month is
considered to be an El Niño month and when MEI ≤ −1
a month is considered to be a La Niña month. Given
the data set that spans from 1985 to 2010, restricted to
the austral summer, this results in 17 El Niño and 13
La Niña months.

The network of the El Niño phase exhibits a larger
link density than the La Niña network for otherwise
constant parameters (ρNiño = 2.6% and ρNiño = 2.3%).
On the South American continent, the OAWC is dis-
tinctively larger during El Niño events along the east-
ern slopes of the central Andes in Argentina, Paraguay
and Bolivia. The El Niño anomaly exhibits distinctly
negative values at the slopes of the northern Andes,
but positive anomalies in the Amazon. Contrarily, the
La Niña network exhibits larger OAWC values on the
eastern slopes of the Andes in Venezuela and Peru (see
Fig. 13) and strongly negative anomalies in Argentina,
Paraguay and the Amazon.

The area weighted connectivity difference D exhibits
key differences between the ENSO types at the east-
ern slopes of the Andes as well (Fig. 14). The El Niño
network exhibits negative values both in the normal
and the anomaly measure in Llanos and south of it,
where the La Niña network exhibits positive D anoma-
lies. These positive anomalies extend eastward to cen-
tral Brazil. In NBP and Gran Chaco the El Niño net-
work exhibits positive D values with positive anomalies
extending southward until the southern tip of South
America. Contrarily, the La Niña network only shows
small area weighted connectivity difference in these
regions, but exhibits strongly negative Anomalies in
NBP and Gran Chaco. These differences, combined
with those of the OAWC described before show, as is
best visible in Figs. 13 and 14 directly, different wind
dominant wind paths in the respective ENSO phases.

Fig. 15 Histograms of
wind directions at 850 hPa
in the Brazilian state of
Rondônia (9◦–13◦S,
60◦–64◦W). This is the
same as Fig. 3 but with a
northward shifted reference
region that is identical to
the study of [4]
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4 Discussion

4.1 Climatological interpretation of network
measures

In Sect. 2.3 we introduced various topological network
measures. These encode the spatiotemporal coupling
structure of the atmospheric flow in different ways. The
OAWC is directly related to the absolute value of the
wind of a given node. Therefore, this measure itself only
provides us with limited additional information com-
pared to the wind field itself, but comparing the OAWC
of different time regimes can still give us further insights
into the strength of the wind field during these regimes.

The difference of OAWC and IAWC encodes infor-
mation about directional asymmetries of the network.
Even though much of this difference at the edges of
the map section is caused by boundary effects [43], it
also contains valuable information about the wind field
itself. Large, positive values of the difference were found
at the eastern slopes of the Andes in an area which is
typically associated with the SALLJ. The winds leading
into the area are slower than the winds of the SALLJ
itself, which, therefore, has a larger OAWC. In addition,
their direction is deflected by the Andes in a rather nar-
row area, resulting in even lower IAWC values in the
SALLJ area. This results in large positive values of the
area weighted connectivity difference. It can, therefore,
serve as a measure of the variability of the SALLJ.

The difference of OAWC and IAWC can also provide
information about sources and sinks of the wind field.
This is visible, for example, in Fig. 7 between 20◦S and
40◦S, where we observe low OAWC, but large IAWC,
and directly south of it we find nodes which exhibit
high OAWC, but low IAWC. This encodes the infor-
mation about northward propagating frontal systems
that transport cold, dry air to South America from the
South during so-called cold surges [46–48].

The streamflow network method is designed to
emphasize paths in the network: Due to the local nature
of the construction method, we associate paths in the
network with climatological wind paths. The between-
ness centrality is a measure of the fraction of shortest
network paths running through a node. It, therefore,
emphasizes areas which are crucial for the overall struc-
ture of the wind field. This holds especially true for nar-
row, jet-like structures that connect different parts of
the network, like the SALLJ.

4.2 Active and break phases of the SAMS

4.2.1 Cross-equatorial flow and low-level jet

We subdivided the wind field time series based on a
small reference region in northern Bolivia (BSC, see
Fig. 1). Although the strength of the anomaly wind
fields for the active and break monsoon phases weak-
ens the further away from BSC one goes, both network
types exhibit large differences across the South Amer-

ican continent and the adjacent oceans in all network
measures that were investigated.

There is hardly any cross equatorial flow in the break
phase. The investigation of the OAWC and betweenness
shows that both, the trade winds toward and across the
Amazon, and the southward flow along the slopes of the
Andes, are much stronger during the active phase. This
flow along the eastern slopes of the central Andes con-
stitutes the SALLJ. The betweenness and area weighted
connectivity difference D, furthermore, suggest Llanos
as an important pathway for the cross-equatorial flow
of the active phases. However, only the No-Chaco Jet
is enhanced during the active phase, as there are neg-
ative anomalies in the Gran Chaco area. The break
phases exhibit the opposite behavior, as shown by all
network measures and the wind field itself: the SALLJ
is strongly suppressed, as noticeable by the absence of
large betweenness and D values along the eastern slopes
of the Andes, but especially by distinctly high, nega-
tive anomalies of all network measures in these areas.
The SALLJ is the key feature for transporting mois-
ture from the Amazon to SESA [34], and the enhanced
SALLJ can thus be considered one of the main rea-
sons of the strong precipitation difference between both
regimes (see Fig. 5). The generally positive anomalies
of the geopotential height at 250 hPa over Bolivia addi-
tionally suggest a strengthening of the Bolivian high.

The break phase exhibits strong southward winds in
the Gran Chaco area, which are strongly suppressed
during the active phases. These are highlighted by dif-
ferences of all shown network measures as well. How-
ever, these are not indicating a Chaco Jet, as the SALLJ
in Bolivia is still strongly suppressed during the break
phase. This wind system, which is sometimes referred
to as Argentinian low-level jet [49], is instead directly
related to the anomalous high/low pressure systems
forming over the subtropical Atlantic ocean that are
further investigated below (Sect. 4.2.2).

4.2.2 Large-scale atmospheric circulation in Southern
South America

One of the most distinct differences in the low-level
atmosphere between the active and the break phase of
the SAMS is the striking difference in the geopotential
height at 850 hPa, showing pronounced cyclonic (anti-
cyclonic) activity over southern South America and
the adjacent Atlantic ocean during the active (break)
phase. This pressure anomaly is related to a Rossby
wave train that is most apparent in the geopotential
height at 250 hPa. This wave train, a longitudinal oscil-
lation of low- and high-pressure anomalies, originates
from the southern Pacific ocean and propagates east-
ward across the southern part of the South Ameri-
can continent [19,47]. The further analysis of the mean
GPH850 over the subtropical Atlantic indicates the
substantial relationship between the GPH850 over the
subtropical Atlantic and the active and break monsoon
phases.
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During the active phase, the negative GPH850 anoma-
lies extend further north as well, showing an intensified
Northern Argentinian Low (NAL) that further ampli-
fies the moisture flux from the Amazon to SESA during
this phase. The negative GPH850 anomalies are form-
ing an anomalous cyclone in the south Atlantic during
the active phase that results in more northwards winds
originating from Patagonia. These are especially high-
lighted by the concise pattern of large OAWC and D.
The anomalous cyclone also causes northward anomaly
winds in the Gran Chaco area. These in turn result in
the suppressed Chaco Jet that is visible in the networks.

Contrarily, the break phase exhibits an anomalous
anticyclone that accelerates southwards winds in the
Gran Chaco area but overall suppresses the SALLJ.
This is notably apparent in the anomalous betweenness
field. The most concise patterns of the betweenness of
the break network are the strongly negative anomalies
along the eastern slopes of the Andes and the strongly
negative anomalies in the center of the anticyclone over
the Atlantic ocean south of Uruguay.

The described differences in the geopotential height
fields between active and break monsoon phases sug-
gest that the alternation between the two phases is
modulated by the Rossby wave train. In addition to
the spatial composite maps, this hypothesis is strongly
supported by the approximately periodic switching
between active and break phases, which happens in con-
cert with alternating low and high pressure anomalies
over the subtropical Atlantic ocean (see Fig. 10), caused
by the eastward propagation of the Rossby wave train.

We note that both lower and upper level pressure
configurations during the active phase strikingly resem-
ble corresponding geopotential height anomalies stud-
ied in the context of extreme precipitation events in
SESA and at the eastern slopes of the central Andes
[19,47]. This suggests a close connection between the
active monsoon phase and extreme event occurrences
associated with cold surges which propagate northward
into subtropical South America [46], modulated by the
Rossby wave train.

4.3 Impact of ENSO on SAMS low-level circulation

The networks presented above were computed with
wind data that include all El Niño and La Niño events
during austral summer between 1985 and 2010. The
SALLJ is enhanced during the El Niño phase as shown
by the OAWC and betweenness centrality. This is in
accordance with case observations that were made dur-
ing El Niño events in 1998 and 2003 [35,50]. The net-
work results presented here comprise data from a mul-
titude of El Niño events and thus support the claim
that the enhanced SALLJ is a general effect of El Niño,
which did not only happen in single years. Especially
the more southward Chaco Jet exhibits a much larger
OAWC, D and betweenness during El Niño events. The
eastward No-Chaco Jet is less affected by the ENSO,
which is agreement with the precipitation differences
(see Fig. 12): while SESA, which is typically more

affected by the Chaco Jet, exhibits slightly enhanced
precipitation, southeast and central-west Brazil, which
are more affected by No-Chaco Jets, exhibit positive
precipitation anomalies during La Niña.

On a large scale, the dominant wind pathway from
the tropics to the subtropics is shifted and rotated dur-
ing positive and negative ENSO anomalies. This is sug-
gested by the described differences between the ENSO
network measures in Llanos, along the Amazon river
and east of the central Andes: while the low-level flow
during El Niño events is dominated by trade winds
that flow toward the South American continent in zonal
direction and are then channeled into a strong SALLJ
with Chaco Jet characteristics, the low-level flow dur-
ing La Niña events exhibits stronger cross-equatorial
flow along the slopes of the Andes in northern South
America, which is subsequently channeled into a less
strong No-Chaco SALLJ. These flow paths are marked
in the corresponding network figures (green and yellow
dashed lines in Figs. 13 and 14 ).

The comparison of the subsets of the time series
based on the MEI and the active and break regime
shows that the occurrence of active phases is relatively
independent from the ENSO. The frequency of active
time steps is only marginally different during El Niño
and La Niña months. However, break phases occur less
often during El Niño events (13% during El Niño events,
23% during La Niña). This is conceivable, as the El
Niño events enhance the SALLJ which results in less
easterly anomaly winds in the reference region used to
distinguish the active and break phase.

5 Conclusion

We have analyzed the spatiotemporal circulation char-
acteristics of the South American Monsoon System
(SAMS) in terms of intraseasonal variability asso-
ciated with the active and break monsoon phases,
as well as in terms of interannual variability associ-
ated with the El Niño Southern Oscillation (ENSO).
Our analysis is based on high-resolution data pro-
vided by NASA’s Modern Era Retrospective-Analysis
for Research and Applications. By combining compos-
ite analyses of the anomalies of wind, precipitation and
geopotential height fields with the recently introduced
streamflow wind networks, we were able to reveal how
each of these phases influences the low-level circulation
of the SAMS. The streamflow network approach is able
to unveil the crucial differences between the active and
break phase of the SAMS, but also between El Niño and
La Niña conditions. The constructed streamflow net-
works have revealed the dominant wind pathways of the
monsoonal circulation. They are particularly responsive
to associated changes in the South American Low-Level
Jet (SALLJ), which is the most important low-level
moisture transport system of the SAMS.

Our main findings can be summarized as follows:

123



Eur. Phys. J. Spec. Top. (2021) 230:3101–3120 3117

1. The low-level circulation of the active monsoon
phase is characterized by a strong cross-equatorial
flow along the eastern slopes of the Andes, a strongly
enhanced, southeastward-directed South American
Low-Level Jet, and southerly winds over southern
South America. While the Low-Level Jet is dis-
tinctly strong in Peru, Bolivia and Paraguay, it is
suppressed in the Gran Chaco Area. The active
monsoon phase is associated with an anomalous
cyclone at low atmospheric levels over the Atlantic
ocean south of Uruguay. The low-level circulation of
the break monsoon phase is characterized by a pat-
tern opposing the one observed for the active phase.
In particular, the SALLJ is strongly suppressed and
the anomalous cyclone over the subtropical Atlantic
ocean is replaced by an anomalous anti-cyclone.

2. The opposing circulation patterns for the active and
break monsoon phases occur in concert with approx-
imately periodic oscillations between low and high
pressure anomalies at 850 hPa over the subtropical
Atlantic ocean. These are connected to a Rossby
wave train emanating from the southern Pacific
ocean that is visible at 250 hPa height. We thus infer
that this Rossby wave train is the modulator of the
alternations between active and break phases of the
South American monsoon.

3. The dominant low-level wind pathways, and thus
also the most important moisture transport routes,
are strongly affected by ENSO: During El Niño
events, the Chaco Jet (a southward extension of
the SALLJ) is substantially enhanced, leading to
above average precipitation in southeastern South
America, while the cross-equatorial flow in northern
South America is suppressed. These differences are
part of a large-scale re-organization of the dominant
wind paths, which is modulated by the ENSO: For
El Niño conditions, the main wind path is directed
westward along the Amazon river and closely fol-
lows the slopes of the central Andes southward
to the Gran Chaco area. For La Niña conditions,
this pathway is considerably shifted northward and
rotated counterclockwise, leading to an enhanced
cross-equatorial flow over northern South America,
together with an enhanced eastward flow toward the
subtropics.

These results corroborate also the results of the prior
studies on the South American Monsoon System and
show that the streamflow network approach is useful.
Therefore, in future applications, it can be applied in
other contexts, less well understood system, where it
could then also reveal more new meteorological insights.
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A Appendix: Reference region for active
and break phases

This study uses a reference region in Beni and Santa Cruz
(BSC) in Bolivia to distinguish between the active and
break phases of the SAMS. This region is shifted south-
ward by 4◦ latitude from the reference region in Rondônia
(9◦–13◦S, 60◦–64◦W) that was used in the initial descrip-
tion of the active and break SAMS phases by [4]. In our
research we use a different data source, MERRA, whereas
[4] used NCEP/NCAR data. While the NCEP/NCAR
wind field in Rondônia exhibits an overall westerly wind
regime in Rondônia, the MERRA wind field exhibits a
broader, northerly wind regime in Rondônia during DJF
(see Fig. 15). Nonetheless, the anomaly wind field of the
MERRA data in Rondônia exhibits a westerly and an east-
erly regime as well. By shifting the reference region south-
ward to BSC, we obtain an overall westerly wind direction
distribution (Fig. 3). Furthermore, active phases occur more
often and are on average 0.5 d longer when BSC instead
of Rondônia is used as reference region. In Sect. 3.1.3 we
found that the geopotential height at 850 hPa in the south-
ern Atlantic is connected to the active and break phases as
well. The difference between the mean geopotential height
at 850 hPa in the southern Atlantic is larger when using
BSC as the reference region (ΔGPH850 = 34.2 m versus
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Table 1 Coincidence of the active phases determined with different reference regions. This coincidence is calculated as

CAB = |A∩B|
|A| , where A and B denote the sets of numbered time steps that are part of the active regime for the corresponding

reference region. |A| is the amount of elements in the set A. As in general |A| �= |B|, it follows that CAB �= CBA. The
reference regions are Beni and Santa Cruz (BSC) as used in this study, Rondônia (RON) as used in [4], as well as the regions
obtained by shifting BSC further south-east (SE) and north-west (NW). Precise coordinates of the latter two regions, which
only serve the purpose of testing robustness, are specified in Sect. A

BSC RON SE NW

Beni and Santa Cruz (BSC) 1 0.49 0.69 0.72
Rondônia (RON) 0.71 1 0.52 0.80
South-East (SE) 0.90 0.47 1 0.70
North-West (NW) 0.78 0.60 0.58 1

Table 2 Coincidence of the break regimes of different reference regions. The naming of the reference regions and the
calculations follow those of Table 1

BSC RON SE NW

Beni and Santa Cruz (BSC) 1 0.54 0.65 0.66
Rondônia (RON) 0.53 1 0.42 0.65
South-East (SE) 0.82 0.54 1 0.60
North-West (NW) 0.68 0.68 0.49 1

ΔGPH850 = 48.2 m). The ΔGPH850 for the BSC reference
region is larger than the standard deviation of the geopo-
tential height in the southern Atlantic, σGPH850 = 45.1 m,
whereas the ΔGPH850 for the Rondônia region would be
smaller than the standard deviation.

We tested the further robustness of the results by shift-
ing the reference region BSC along the eastern slopes of
the Andes in Bolivia. The north-western region (NW) (15◦–
10◦S, 69◦–63◦) and the south-eastern region (SE) (21◦–
15◦S, 62◦–56◦W) induce active and break phases with a
much larger coincidence to the studied phases with the ref-
erence region in BSC than to the phases with the refer-
ence region in Rondônia (see Tables 1 and 2 ). The val-
ues of ΔGPH850 and the overall qualitative structure of
the streamflow networks is very similar as well. The results
are, therefore, robust to a shift of the BSC reference region
along the north-west to south-east axis following the eastern
slopes of the Andes.
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