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Abstract.

Organised cloud bands are important features of tropical and subtropical rainfall. These structures are often regarded as con-

vergence zones, alluding to an association with coherent atmospheric flow. However, the flow kinematics is not usually taken

into account in classification methods for this type of event, as large-scale lines are rarely evident in instantaneous diagnostics

such as Eulerian convergence. Instead, existing convergence zone definitions rely on heuristic rules of shape, duration and size5

of cloudiness fields. Here we investigate the role of large-scale turbulence in shaping atmospheric moisture in South America.

We employ the Finite-Time Lyapunov Exponent (FTLE), a metric of deformation among neighboring trajectories, to define

convergence zones as attracting Lagrangian Coherent Structures (LCSs). Attracting LCSs frequent tropical and subtropical

South America, with climatologies consistent with the South Atlantic Convergence Zone (SACZ), the South American Low-

level Jet (SALLJ) and the Intertropical Convergence Zone (ITCZ). In regions under the direct influence of the ITCZ and the10

SACZ, rainfall is significantly positively correlated with large-scale mixing measured by the FTLE. Attracting LCSs in South

and Southeast Brazil are associated with significant positive rainfall and moisture flux anomalies. Geopotential height com-

posites suggest that the occurrence of attracting LCSs in these regions is related with teleconnection mechanisms such as the

Pacific-South Atlantic. We believe that this kinematical approach can be used as an alternative to region-specific convergence

zone classification algorithms; it may help advance the understanding of underlying mechanisms of tropical and subtropical15

rain bands and their role in the hydrological cycle.

1 Introduction

Large-scale organised zones of cloudiness and rainfall stand out in tropical and subtropical weather, which is otherwise dom-

inated by non-organised convection. These cloud bands were initially identified in the equatorial belt (Alpert, 1945) and20

associated with the interaction of inter-hemispheric air masses along the easterlies (Simpson, 1947); i.e., the Intertropical

Convergence Zone (ITCZ). Despite these historical associations with coherent trajectories, convergence zones have been more

frequently identified by heuristic rules applied to satellite imagery or cloudiness/rainfall data (Barros et al., 2000; Van Der Wiel
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et al., 2015; Ambrizzi and Ferraz, 2015; Vindel et al., 2020). These a posteriori approaches require detailed previous knowl-

edge of the spatio-temporal characteristics of convergence zones in specific locations. Therefore, they do not provide a general25

definition for these events.

In other studies, convergence zones were characterized using the divergence of instantaneous or average velocity fields

(Berry and Reeder, 2014; Weller et al., 2017). These approaches are in principle more general. However, because Eulerian

metrics such as divergence reveal instantaneous features in their immediate neighborhoods, they respond strongly to local

processes such as convection. More generally, in unsteady flows, Eulerian features do not reveal the underlying structures of30

tracer mixing such as air mass interfaces (Boffetta et al., 2001; d’Ovidio et al., 2009). Rather, from the kinematics point of

view, flow structures shaping tracer evolution are more suitably inspected under Lagrangian frameworks (Ottino, 1989; Pierre-

humbert, 1991; Bowman, 1999; Haller and Yuan, 2000). By offering temporally integrated trajectory information, Lagrangian

diagnostics synthesize pathline features that determine atmospheric transport.

In this study, we investigate attracting coherent structures arising from large-scale mixing in South America and their rela-35

tionship with rainfall and water vapour. We propose that such structures are skeletons of atmospheric convergence zones and

propose an identification criterion that can be applied to reanalyses and model data (Sections 2 and 3). In Section 4, we dis-

cuss the physical interpretation of the quantities involved. In Section 5, we discuss the methodology applied to a recent South

Atlantic Convergence Zone (SACZ) event. Finally, we present their impacts on rainfall and moisture fluxes in South America

(Section 6) and associate them with teleconnections (Section 7).40

1.1 Mixing and Lagrangian coherent structures in the atmosphere

Regularly distributed tracers in turbulent flows evolve into complex and irregular patterns. This process of mixing is charac-

terized by the stretching and folding of material lines advected in such flow (Ottino, 1989). Mixing can be observed in the

atmosphere on synoptic time scales even in relatively simple flows (Welander, 1955). We consider convergence zones, from

the point of view of mixing, as coherent structures associated with strong attraction of trajectories.45

The Finite-Time Lyapunov Exponent (FTLE) is a convenient tool to visualize underlying structures of flow mixing. It is

defined as the average separation rate among neighboring trajectories in a fixed propagation time interval. Ridges of the FTLE

identify Lagrangian Coherent Structures (LCSs) (Haller, 2001; Shadden et al., 2005), structures by which advected passive

tracer is strongly attracted or repelled within the time intervals of interest. While this is an active area of research and more

rigorous methods to investigate Lagrangian coherence exist (Haller and Beron-Vera, 2012; Farazmand et al., 2014), the FTLE50

has been employed to investigate features of atmospheric and oceanic transport.

Pioneering studies by Pierrehumbert (1991) and Pierrehumbert and Yang (1993) applied the FTLE to investigate large-scale

atmospheric mixing and tropics-extratropics transport barriers. Shepherd et al. (2000) computed probability density functions

of the FTLE to investigate chaotic advection in the stratosphere. Rutherford et al. (2011) and Guo et al. (2016) employed

the FTLE to visualize flow features in tropical cyclones. Garaboa-Paz et al. (2015) and Garaboa-Paz et al. (2017) suggested55

that FTLE ridges are closely linked to atmospheric rivers in boreal winter, when advection shapes the spatial distribution of

water vapour. The criterion for convergence zones proposed here is closely related to the framework proposed by Garaboa-Paz
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Figure 1. Elevation above the sea level. Derived from ECMWF’s ERA5 surface geopotential.

et al. (2015) for atmospheric rivers. We leverage the framework of LCSs to investigate the underlying flow features organising

rainfall and moisture accumulation in South America.

1.2 Aspects of the moisture transport in South America60

The largest portion of the South American continent is located in tropical and subtropical latitudes (Figure 1). Along the western

coast, the Andes mountain range extends across a considerable latitudinal interval as the dominant topographical feature. Its

high altitudes pose a barrier to low and mid-tropospheric zonal flow. This barrier to the zonal flow deflects the climatological

sea-to-land easterly flow as it enters the continent from the equatorial Atlantic, forming a meridional channel of north-to-south

moisture transport between 850 and 700 hPa (Gimeno et al., 2016) that supplies moisture for rainfall in populated areas in65

southeastern and southern South America (Zemp et al., 2014). When intensified, this north-to-south moisture flux characterizes

the South American Low-level Jet (SALLJ, Vera et al. 2006). Occasionally, the SALLJ resembles atmospheric rivers (Arraut

et al., 2012; Poveda et al., 2014), filaments of intense moisture associated with the motion of extratropical cyclones (Dacre

et al., 2015).

During austral summer, increased sensible heat flux from the land surface and latent heat released through Amazonian con-70

vection, combined with the southward seasonal shift of the ITCZ, intensify the sea-to-land moisture transport, characterizing

the wet phase of the South American Monsoon System (SAMS, Marengo et al. 2012). The SAMS can be illustrated by the

contrast between rainfall and moisture flux climatologies in summer and winter (Figure 2). In summer, there is increased

oceanic moist air input to the continent, associated with the tropical Atlantic easterlies and the South Atlantic Subtropical High

(SASH). The northeasterly moisture flux is deflected southeast after crossing the Amazon, supplying moisture for southeastern75
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Figure 2. Mean rainfall and vertically integrated moisture flux (vectors) in DJF (a) and JJA (b). Averages were computed from ECMWF’s

ERA5 from 1980 to 2009.

and southern South America (Zemp et al., 2014). This higher moisture input in summer coincides with higher rainfall, particu-

larly in Central and Southeast Brazil. In winter, the angle of the easterlies in the Atlantic tilts northwards and the moisture flux

from the SASH weakens, such that the moisture flux and rainfall are stronger in northernmost South America and weaker in

most other parts of the continent. These observations point to the sensitivity of rainfall in central and southern South America

to disruptions in the climatological SAMS moisture transport.80

Extratropical cyclones are central to the synoptic scale variability of the South American climate. These structures originate

most frequently in cyclogenesis regions spanning from South Argentina to the coast of Southeast Brazil (Crespo et al., 2020).

These cyclones have an average life cycle of three days (Mendes et al., 2010); their associated cold fronts cause cold incursions

(Lanfredi and De Camargo, 2018) and rainfall over the continent (Lenters and Cook, 1999; Vera et al., 2002). In the wet

season of the SAMS, the interaction between tropical sources of heat and moisture with extratropical cyclones resonate at85

submonthly scales often manifested as diagonally oriented (northwest-southeast) cloud bands (Nieto and Chao, 2013; Raupp

and Silva Dias, 2010). The diagonal aspect of these cloud bands is a characteristic feature of the SACZ; it has been attributed

to the deformation of low-level vorticity centres by equatorward Rossby waves originating from circulation anomalies in the

Pacific (Van Der Wiel et al., 2015). This relationship renders circulation and rainfall in the SACZ region sensitive to the

Pacific-South American (PSA) teleconnection patterns (Mo and Paegle, 2001).90

Defining and identifying these mechanisms of submonthly rainfall variability and large-scale moisture transport is, thus,

key to understanding the variability of the continental climate. Currently, most identification algorithms for convergence zones
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focus on the SACZ and rely on rules of shape, duration and intensity of cloud bands usually given by an Empirical Orthogonal

Function (EOF) analysis of outgoing longwave radiation or rainfall (Barros et al., 2000; Jorgetti et al., 2014; Van Der Wiel

et al., 2015; Ambrizzi and Ferraz, 2015). A drawback of cloudiness-based approaches is that they lack the means for attributing95

contributions from processes at different scales to a single cloud band. For example, cloudiness originating from local convec-

tion adjacent to cloudiness originating from large-scale flow coherence would appear to belong to the same structure from a

satellite image. Furthermore, describing a physical phenomenon with a single EOF is problematic, as EOFs do not necessarily

individually correspond to dynamical modes and can produce patterns with little connection to physical processes (Dom-

menget and Latif, 2002; Monahan et al., 2009; Fulton and Hegerl, 2019). This study is motivated by the need to objectively100

link convergence zones to atmospheric flow features, which cannot be done using existing definitions.

2 Mathematical framework

2.1 Vertically scaled horizontal moisture flux

Water vapour in the atmosphere concentrates close to its source at the Earth’s surface. Thus, it is natural to analyse features

of moisture transport using low-level flow. Weller et al. (2017) employed an Eulerian metric to identify convergence lines at105

950 hPa over the Pacific Ocean and Australian landmass. Garaboa-Paz et al. (2017) investigated atmospheric rivers at 850 hPa.

While water vapour is concentrated at lower levels, selecting a particular level becomes problematic near topography, such

as the Andes, for two reasons: (a) topography often crosses lower tropospheric pressure levels; and (b) it causes the level of

maximum moisture transport to rise in its vicinity (Insel et al., 2010). The SALLJ, for example, transports substantial amounts

of water vapour and flows parallel to the Andes between 850 and 700 hPa (Gimeno et al., 2016).110

We employ a horizontal flow V ρv derived from a vertical scaling of the horizontal momentum V H that takes into account

the vertical distribution of water vapour density (ρv). The scaling divides the vertically integrated moisture flux (VIMF) by the

total column water vapour (Eq. 1). Physically, V ρv
is the average flow by which the total column water vapour is transported. A

similar weighting was employed by Garaboa-Paz et al. (2015) to identify atmospheric rivers and by Ruiz-Vasquez et al. (2020)

to investigate sources and sinks of water vapour in South America. It is important to notice, however, that strong vertical shear115

across heights of high moisture concentration may render V ρv
not representative of the actual horizontal pathways of moisture,

obscuring the interpretation of attracting structures in this flow.

V ρv =

∫∞
0
ρvV Hdz∫∞

0
ρvdz

[m/s] (1)

2.2 Finite-time Lyapunov exponent

The FTLE measures the average deformation rate among initially close trajectories after a characteristic advection time ∆t=120

t1− t0, where t1 and t0 are respectively the times of arrival and departure of these trajectories. The flow-map F t1t0 links the
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Vertically integrated
moisture flux

Total column water 
vapour

Vertically scaled 
velocity

Eq. 1
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Eq. 3 with 
second-order

scheme
 "SETTLS"

For sliding windows
of 2 days; Step by

6 hours

Departure points
from back-trajectories
(backwards flow-map)

Example 2-day back-trajectories arriving in 
different neighborhoods at the same time

Eq. 5 

2. Scaling

3. Flow-map

4. FTLE

Cauchy-Green strain tensor

Eq. 4

FTLE

FTLE for the 2-day time window.

Compare trajectories and FTLE in 
Areas A and B.

Ridge 
detection

Attracting LCSs

5. LCS
FTLE and attracting LCSs (red ridges)

Python class:
LCS.LCS.LCS

Python function:
LCS.tools.find_ridges_spherical_hessian

Python function:
LCS.trajectory.parcel_propagation

Python function:
LCS.LCS.compute_deftensor

Area A
Area B

Area A
Area B

Figure 3. Schematic summary of the methodology employed to compute the FTLE and identify attracting LCSs. Corresponding Python

classes and functions are referenced. See “Code and data availability” for repository link.
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Figure 4. Example of the relationship between the meridional (a) and zonal (b) components of the flow-map, the FTLE scalar field and

convergence zones (c). Colors in (a) and (b) correspond to the departure longitudes and latitudes, respectively, of trajectories arriving on the

ERA5 grid on 24 January 2020 at 18 UTC after advection by V ρv for 2 days. Blue shades in (c) correspond to the 2-day FTLE and red lines

correspond to height ridges, i.e., attracting LCSs. This day corresponds to the peak activity of an SACZ event.
7
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departure position x0(t0) of a parcel to its arrival position x1(t1;x0, t0) and is given by Equation 2.

F t1t0 (x0) := x1(t1;x0, t0) (2)

The flow-map can be found at any instant by numerically integrating the trajectories given by:

Dx

Dt
= V ρv (x, t) (3)125

The exponential rate of separation of trajectories departing from the neighborhood of x0 is expressed by the FTLE, repre-

sented by σ:

σ(x0) =
1
|∆t| ln

(√
λmax(C)

)
(4)

Where λmax(C) is most positive eigenvalue of the right-hand Cauchy-Green strain tensor (Eq. 5).

C = [∇F tt0 ]T∇F tt0 (5)130

The gradient of the flow-map ∇F tt0 was obtained by a centered finite-difference scheme (Haller, 2001) on spherical coordi-

nates. However, higher accuracy discretizations can be obtained by solving Equation 3 on unstructured meshes with adaptive

resolution (Lekien and Ross, 2010).

The norm λmax(C) in Eq. 4 essentially quantifies the stretching or folding along the main axis of deformation experienced by

a parcel undergoing transformation by the flow-map. If the time trajectories are propagated backwards (i.e., back-trajectories),135

the FTLE represents the exponential rate of folding; its ridges characterize attracting LCSs. In the forward-in-time case, the

FTLE represents the stretching rate and its ridges identify repelling LCSs. As we are interested in the Lagrangian skeletons that

potentially organise moisture accumulation and rainfall along a preferred axis, we employ the backwards-in-time convention

to identify attracting LCSs as FTLE ridges.

Here we employ an integration time interval of ∆t= 2 days, such that the trajectories are allowed to explore large-scale flow140

structures. This time scale is also not too long such that the effect of the typical extratropical cyclone, whose average life cycle

is three days (Mendes et al., 2010), is filtered out. Although not shown here, features associated with the ITCZ and the SACZ

were also found with other integration times (1, 3 and 4 days).

2.3 Convergence zones as FTLE ridges

While the scalar FTLE field at a given time characterizes chaotic mixing spatially, its ridges are associated with the most145

locally intense attraction of back-trajectories arriving in its neighborhood (Haller, 2001; Allshouse and Peacock, 2015). Here

we simply define attracting LCSs as curvature ridges of the FTLE scalar field (Shadden et al., 2005). We also impose additional
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Figure 5. Rainfall (contours of 1 and 10 mm/h), vectors of V ρv and attracting LCSs (red lines). Time labels are in UTC.

criteria of size and intensity (see Section 3) to further isolate strong attracting structures that are more likely to organise large-

scale cloud bands.

Shadden et al. (2005) argue that the flux across curvature FTLE ridges is negligible. This would mean that LCSs defined as150

such could be regarded as transport barriers. While this is not always true and counterexamples exist (Haller, 2011), FTLE can

approximate transport barriers in geophysical flows such as stratrospheric circulations (Boffetta et al., 2001), oceanic currents

in the Gulf of Mexico (Olascoaga et al., 2006) and subtropical and polar jets (Beron-Vera et al., 2012). Moisture flux anomalies

in Section 5 indicate that FTLE ridges in Southeast Brazil act as barriers to important preferential pathways of moisture along

the Andes, leading to negative rainfall anomalies in South Brazil and surroundings.155

Therefore, by approximating transport barriers, our definition of convergence zone as attracting LCSs is also consistent with

the association of convergence zones to air mass interfaces (Simpson, 1947). Such interfaces can be characterized as sharp

gradients of the flow-map that are directly represented in the scalar FTLE field.
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3 Data and implementation

We compute V ρv using total column water vapour and the zonal and meridional components of the VIMF at full spatial160

resolution (≈ 30km) and 6-hourly time intervals from the ECMWF’s ERA5 reanalysis between 1980 and 2009. Gridded rainfall

data are also obtained from ERA5 at the same spatial and temporal resolutions.

The back-trajectories are calculated by numerically solving Eq. 3 with a two-time-level Lagrangian advection scheme (SET-

TLS, Hortal 2002), extrapolated in time iteratively using a second-order Taylor expansion. The velocity V ρv along the tra-

jectories was interpolated with a bivariate spherical spline (Dierckx, 1995). The intensity of the FTLE ridges is dependent on165

the accuracy of the advection scheme because numerical diffusion can weaken the gradients of the flow-map. The trajectory

integration domain was chosen as a wide area (180oW/30oE, 85oS/60oN ) around South America in order to avoid boundary

contamination in the domain of interest.

We identified candidate convergence zones as ridges of the FTLE scalar field by relaxing the criteria proposed by Shadden

et al. (2005). The criteria involves isolating curves parallel to the FTLE gradient (condition SR1) and normal to the direction of170

most negative curvature of the FTLE scalar field (condition SR2). The latter is given by the eigendecomposition of the Hessian

matrix. However, in practice, Shadden’s criterion is too restrictive (Peikert et al., 2013). Peikert and Sadlo (2008) suggests

relaxing SR1 by admitting a tolerance angle (εθ) between the curve representing the ridge and the gradient. We employed

εθ = 15o. The derivatives for the gradient and the Hessian matrix were computed with a centered-difference scheme on the

sphere.175

Convergence zones were obtaining by subsetting the candidate FTLE ridges by size and average intensity. Ridges with

average FTLE below 1.2 day−1 and length shorter than 500 km were discarded. While these thresholds are arbitrarily defined

to filter out weaker and shorter structures, the relative distribution of convergence zones is robust to slight perturbations of the

order of ±20%. The methodology to compute the FTLE and identify attracting LCSs is summarized in the scheme shown in

Figure 3.180

4 Interpreting the FTLE scalar field and LCSs

An important distinction in this study is the one between the FTLE scalar field and the attracting LCSs represented by ridges

in this field. The FTLE field at a given time depicts the state of mixing in a particular integration time interval. Relatively high

FTLE in the backwards-in-time perspective reveals regions where mixing is stronger. In such regions, the departure distance

among parcels back-advected from neighboring arrival points is large. The FTLE represents this exponential folding rate along185

the principal axis of deformation. Regions where the FTLE is relatively low experience less mixing; i.e., arriving parcels de-

parted from nearby locations. Ridges in this field correspond to the locally strongest attracting structures (i.e., attracting LCSs)

associated with strong flow-map deformation. This relationship between trajectory deformation and the FTLE is exemplified

in Figure 3.

Figures 4a and 4b represent the zonal and meridional components of the 2-day backwards flow-map on 24 January 2020 at190

18UTC. This event was classified by Brazilian meteorology agencies as a particularly strong SACZ associated with intense
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a b

Figure 6. Annual (a) and seasonal (b) average frequency of occurrence of convergence zones defined as attracting LCSs between 1980 and

2009.

rainfall in Southeast Brazil (CPTEC, 2020). The gradients of the departure positions represented in Fig. 4a and Fig. 4b are the

components of the strain-tensor C used to compute the FTLE scalar field in Fig. 4c. Filaments of high FTLE are immediately

evident by visual inspection; ridges corresponding to attracting LCSs are highlighted in red.

The inspection of attracting LCSs and the flow-map components in Figure 4 indicate that convergence zones represent195

interfaces of initially separated air masses. These interfaces can be visualized as sharp gradients of departure latitudes and

longitudes. We highlight the sharp diagonal gradient in Fig. 4b across Brazil: parcels that originated in equatorial latitudes

seem to face a transport barrier at about 10oS; they are deflected east instead of proceeding to southern parts of the continent

as they would in the climatological SAMS flow (Fig. 2). This suggests that such structures control the exchanges of moisture

between the Amazon and Southeast/South South America.200

5 LCSs, moisture and rainfall in a recent SACZ event

Attracting LCSs are structures that shape the evolution of passive tracers in turbulent flows. Atmospheric moisture, however,

is not a passive tracer, nor it is homogeneously distributed in the initial times of integration. Therefore, it is not guaranteed

that flow entities such as attracting LCSs will shape moisture or rainfall in any meaningful way. In other words, the horizontal

distribution of atmospheric moisture could be simply dominated by local sources and sinks. We know, however, from a clima-205

tological perspective, that advection is important for the global hydrological cycle (Trenberth, 1999; Demory et al., 2014). In

this section we explore the interplay of attracting LCSs, moisture and rainfall in a recent and significant SACZ event.
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Figure 7. Pearson’s correlation coefficient between the FTLE and: rainfall (a, c) and TCWV (b, d) in DJF (a, b) and JJA (c, d). Correlations

were computed in 6-hourly data. Stippled regions are inside the 99% confidence interval for the null-hypothesis of zero correlation.

Figure 5 shows the evolution of attracting LCSs, TCWV, V ρv
and rainfall during an SACZ event in January 2020. In Fig.

5a, the SACZ is not yet formed and water vapour is roughly uniformly distributed around the continent. In the equatorial

Atlantic, rainfall and moisture are closely aligned along an attracting LCS revealing the Atlantic ITCZ. In the South Atlantic210

(bottom-right corner of Fig. 5a), LCSs appear near rainfall a cyclonic circulation. During the next day (5b), an attracting LCS

appears in western/central Brazil (Label 1) as an interface along which northward flux from southern South America meets

southward flux from the Amazon; they are both deflected east. This interface, identified by the LCS, appears to behave as a

transport barrier to the climatological southward Amazonian moisture flux (Figure 2) that supplies moisture to southern South

America. In fact, this barrier (Labels 1 to 5 in Figs. 5b to 5f) persists as TCWV remains low in southern South America.215

However, the LCSs in this case study are perhaps most evidently associated with the organisation of moisture and rainfall

along a well defined convergence zone. By definition, these LCSs are the locally strongest attracting structures; therefore,

we expect that they are the cause of the well-organised rainfall bands in Figures 5d, e and f. The initial situation of uniformly

distributed moisture in Fig. 5a and scattered rainfall evolves into a situation where moisture and rainfall are narrowly distributed

along attracting LCSs (Figs. 5d, e and f), forming a single diagonal band across the continent. The whole entity, which we may220
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call the SACZ, stems from a favorable configuration of the large-scale mixing depicted by a coherent ensemble of attracting

LCSs. The attracting LCSs, in their turn, arise from large-scale stirring, caused by the motion of a cyclone.

6 Climatology and impact on rainfall and moisture

6.1 Frequency of occurrence

The annual and seasonal frequencies of occurrence of convergence zones as defined in Section 2 are shown in Figure 6. A local225

maximum in the tropical Atlantic coincides with the climatological position of the ITCZ; its frequency increases in austral

winter consistent with the increase of rainfall in the ITCZ (de Souza Custodio et al., 2017). Between 10oS and 30oS at 60oW ,

there is a band of higher frequencies along the eastern side of the Andes in all seasons, coinciding with the SALLJ position

(Montini et al., 2019). In austral summer, the frequency of convergence zones increases in Southeast Brazil and South Atlantic

near the climatological SACZ position. The local frequency maximum in South Atlantic (approx. 20oS - 40oW ) is somewhat230

oriented along the coast. This could result from the interactions of the large-scale flow, sea-breezes and coastal mountain

ranges (Fig. 1), which contribute substantially to the wind and rainfall regimes in that region (Silva Dias et al., 1995; Perez and

Silva Dias, 2017).

6.2 Correlation between the FTLE and rainfall

In this section we investigate how the FTLE correlates with rainfall and water vapour at grid-point scale during austral summer235

and winter. Since these are Eulerian quantities, a degree of care must be taken when interpreting these correlations. From

the moisture budget, changes in the moisture content and rainfall are associated with moisture advection, mass convergence

and evaporation in the immediate neighborhood of the atmospheric column considered. The FTLE is a Lagrangian quantity

representing the average deformation of arriving trajectories. It is only directly associated with Eulerian mass convergence

in slowly varying or steady flows, where the Lagrangian strain can be approximated by the Eulerian strain (Ottino, 1989).240

Nevertheless, correlating the FTLE with rainfall and moisture is a simple way to quantify their dependence on mixing.

Figure 7 shows the Pearson’s correlation coefficient between the FTLE, rainfall and TCWV at 2-day intervals in summer and

winter. The 99% confidence interval was calculated for the null hypothesis of zero correlation. Significant correlations are seen

throughout most of the domain, indicating that the moisture content and rainfall in most regions are related, to some degree,

to the level of chaotic mixing. Two features of positive correlations are prominent in summer in Figs. 7a and 7b: a maximum245

in southeastern/central Brazil and a zonal band in equatorial northern/northeastern Brazil. Rainfall in these regions is directly

influenced by the ITCZ and SACZ (Uvo et al., 1998; Ambrizzi and Ferraz, 2015). Negative correlations with TCWV in summer

can be seen in western Amazon (approx. 5oS, 70oW ), indicating that the rainfall and moisture content rely on local sources or

non-mixed (parallel trajectories) transport. In winter (Figs. 7c and 7d), the FTLE is positively correlated with rainfall in South

Brazil; Paraguay and Uruguay are the most correlated with rainfall, while the storm-track in the South Atlantic is where the250

positive correlation of FTLE with TCWV is highest.
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Figure 8. Anomalies of rainfall and VIMF (vectors) during attracting LCS events in the Tietê (a, b) and Uruguay (c, d) basins in DJF (a, c)

and JJA (b, d). Anomalies significant at the 99% confidence level are stippled.

6.3 Moisture flux and rainfall anomalies associated with attracting LCSs

To investigate how the location of attracting LCSs influences rainfall and moisture transport variability, we focus on two

watersheds that are tributaries of the La Plata River: Tietê and Uruguay. These basins were chosen because they are typically

influenced by two of the mechanisms of interest: the SACZ in Tietê and the SALLJ in Uruguay. Economic activity in both255

watersheds depend on rainfall particularly due to hydroelectric power generation and agriculture. Moreover, a number of

densely populated cities, including São Paulo, are located in the Tietê catchment area.

Figure 8 shows the anomalies of rainfall and VIMF in summer and winter during events of attracting LCSs over the Tietê and

Uruguay watersheds. The events were selected when LCSs intersected the watershed areas. In summer in the Tietê basin (Fig.

8a), attracting LCS events are associated with a significant anomalous rainfall dipole and cyclonic VIMF. North of the basin,260
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Figure 9. Geopotential height anomalies at 250 hPa during attracting LCS events in the Tietê (a, b, c and d) and Uruguay basins (e, f, g h)

during the austral summer (DJF) and winter (JJA) for lags 0 and -3 days. Anomalies significant at the 99% confidence interval are stippled.

The watershed boundaries are in red contour.

positive rainfall anomalies form a diagonal band extending from central Brazil to the South Atlantic; to the south, there is a

negative rainfall anomaly. Similar anomalies were associated with the SACZ by Muza et al. (2009). A northward anomalous

flux along the Andes indicates a weaker SALLJ during attracting LCS events in Tietê. This is also noticed in winter (Fig. 8b),
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although the positive rainfall anomalies are weaker and the cyclonic anomaly is centered in the South Atlantic. The SALLJ

weakening could produce the significant negative rainfall anomalies near South Brazil and Paraguay. This interplay between265

the SACZ and SALLJ is a documented feature of the South American climate (Boers et al., 2014).

During LCS events in the Uruguay basin (Figs. 8c and 8d), there is an anti-cyclonic VIMF anomaly in the South Atlantic

associated with a southward flux along the Andes, indicating stronger SALLJ. The rainfall anomalies are positive near South

Brazil, Uruguay and Paraguay. Liebmann et al. (2004) found similar rainfall anomalies of about 4 mm/day in the vicinity of

the Uruguay basin during strong SALLJ events.270

The consistency of the anomalies in Figure 8 with previous studies about the SACZ and SALLJ highlights the potential of

the methodology to identify important mechanisms of moisture transport. Moreover, it indicates that the SACZ and the SALLJ,

from a kinematical point of view, are similar coherent structures stemming from large-scale turbulence. Once the structures are

identified under the same framework, we may ask which anomalies they cause and what dynamics originate and sustains these

distinct patterns of mixing. This differentiates our approach from studies that identify these structures individually based on275

existing expectations of their impact on rainfall and cloudiness or previous understanding of the forces involved.

6.4 Geopotential anomalies

Figure 9 shows the geopotential anomalies at 250 hPa in summer and winter during LCS events in the Tietê and Uruguay

basins. During events in Tietê in summer (Figs. 9a and 9c), an anomalous trough is positioned south of the watershed roughly

aligned with the cyclonic circulation in Figure 8a. This trough is connected with a wave pattern that appears to propagate from280

the South Pacific (Fig. 9c). This observation is consistent with the mechanism of SACZ formation proposed by Van Der Wiel

et al. (2015) based on ray-tracing diagnostics of Rossby waves initiated by a heat source in the same location.

In winter in Tietê (Fig. 9b and 9d), a wave pattern arises similar to the Pacific-South Atlantic teleconnection (Ambrizzi et al.,

1995), positioning a trough south of the Tietê watershed. This trough is slightly to the east (downstream) of the anomalous low-

level circulation in Figure 8b, indicating baroclinicity. This type of configuration has been noted as a cyclogenesis mechanism285

in Southeast and South Brazil (Crespo et al., 2020).

During LCS events in the Uruguay basin in both seasons (Figs. 9e and 9f), an anomalous 250 hPa ridge is positioned in the

South Atlantic, aligned with the anti-cyclonic circulation in Figures 8c and d. The lagged anomalies (Figs. 8g and 8h) indicate

that this ridge originates from a perturbation in polar latitudes.

7 Summary and conclusions290

This is the first study to investigate the role of Lagrangian Coherent Structures (LCSs) in tropical and subtropical rainfall. We

defined skeletons of atmospheric convergence zones as attracting LCSs given by ridges of the Finite-time Lyapunov Exponent

(FTLE). The FTLE is a measure of deformation among neighboring trajectories that synthesizes the state of mixing in fixed

time intervals and allows the visualization of transport barriers. Defining convergence zones as attracting LCSs is consistent

with a Lagrangian understanding of convergence zones as regions where remotely sourced air masses interact (Simpson, 1947).295
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This definition also implies that convergence zone skeletons are associated with tracer accumulation, potentially explaining the

organization of cloud and rainfall bands.

Attracting LCSs frequent tropical and subtropical South America, with climatologies consistent with previous studies of

large-scale phenomena such as the Intertropical Convergence Zone, the South Atlantic Convergence Zone (SACZ) and the

South American Low-Level Jet (SALLJ). Point by point correlations showed that, in the typical areas of action of these300

mechanisms, moisture and rainfall depend to some extent on the large-scale mixing represented by the FTLE scalar field.

Fixing locations of interest in watersheds in South and Southeast Brazil, we showed that significant rainfall and moisture flux

anomalies are associated with attracting LCS events. These anomalies are consistent with previous climatologies of the SACZ

and the SALLJ. We also analysed geopotential anomalies at 250 hPa during LCS events in these two basins. The geopotential

composites suggest that remotely sourced perturbations are stirring the low-level synoptic-scale flow such that attracting LCSs305

arise and organise the moisture transport and rainfall in fine bands. This behaviour resembles the spectrally non-local regime

in the stratosphere, where the evolution of tracer features is set by low wavenumber perturbations (Shepherd et al., 2000).

In the case of the SACZ, our approach differs substantially from existing classifications that equate the SACZ to patterns

associated with convective or rainfall variability (Carvalho et al., 2004; Ambrizzi and Ferraz, 2015). Our approach first asserts

the existence of coherent flow features organising atmospheric moisture. Only then do we associate them with rainfall vari-310

ability. However, our results are compatible to a good degree with rainfall and circulation anomalies found in previous studies,

suggesting that the methodology can be employed as a criterion for SACZ events.

For future developments, we suggest refining the classification by allowing different types of convergence zones. This

could be done by analysing physical quantities across and along the attracting LCSs. For example, if the temperature gradient

is strong perpendicular to the FTLE ridge, such convergence zone could be associated with a frontal system. Similarly, a315

convergence zone could be associated with orography if the LCS is parallel to elevation features. Alternatively, convergence

zones could be filtered by properties of the arriving parcels, such as temperature and water vapour concentration, likewise the

trajectory filtering available in LAGRANTO (Sprenger and Wernli, 2015). This refined classification would help understanding

the mechanisms that generate the LCSs and, ultimately, organised rainfall bands. As a final goal, the proposed framework could

serve as basis for a global criterion for convergence zones, replacing or being combined with region-specific classification320

methods.
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Author contributions. Author Gabriel Perez is the main contributor in the conceptualization, implementation, analysis and writing of this

research paper. Authors Pier Luigi Vidale and Nicholas Klingaman supervised the development of this research as well as contributed with325

17

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.



conceptualizing and writing the manuscript. Author Thomas Martin contributed with software development and quality control as well as

data visualization.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior – Brazil (CAPES)

– Finance Code 88881.170642/2018-01. Authors Pier Luigi Vidale and Nicholas Klingaman acknowledge the National Centre for Atmo-330

spheric Science (NCAS, UK). Author Thomas Martins acknowledges the Department of Atmospheric Sciences of the University of São

Paulo (IAG-USP, Brazil).

18

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.



References

Allshouse, M. R. and Peacock, T.: Refining finite-time Lyapunov exponent ridges and the challenges of classifying them, Chaos: An Inter-

disciplinary Journal of Nonlinear Science, 25, 087 410, 2015.335

Alpert, AC, L.: The intertropical convergence zone of the eastern Pacific region (I), Bulletin of the American Meteorological Society, 26,

426–432, 1945.

Ambrizzi, T. and Ferraz, S. E.: An objective criterion for determining the South Atlantic Convergence Zone, Frontiers in Environmental

Science, 3, 23, 2015.

Ambrizzi, T., Hoskins, B. J., and Hsu, H.-H.: Rossby wave propagation and teleconnection patterns in the austral winter, Journal of the340

Atmospheric Sciences, 52, 3661–3672, 1995.

Arraut, J. M., Nobre, C., Barbosa, H. M., Obregon, G., and Marengo, J.: Aerial rivers and lakes: looking at large-scale moisture transport

and its relation to Amazonia and to subtropical rainfall in South America, Journal of Climate, 25, 543–556, 2012.

Barros, V., Gonzalez, M., Liebmann, B., and Camilloni, I.: Influence of the South Atlantic convergence zone and SouthAtlantic Sea surface

temperature on interannual summerrainfall variability in Southeastern South America, Theoretical and Applied Climatology, 67, 123–133,345

2000.

Beron-Vera, F. J., Olascoaga, M. J., Brown, M. G., and Koçak, H.: Zonal jets as meridional transport barriers in the subtropical and polar

lower stratosphere, Journal of the atmospheric sciences, 69, 753–767, 2012.

Berry, G. and Reeder, M. J.: Objective identification of the intertropical convergence zone: Climatology and trends from the ERA-Interim,

Journal of climate, 27, 1894–1909, 2014.350

Boers, N., Rheinwalt, A., Bookhagen, B., Barbosa, H. M., Marwan, N., Marengo, J., and Kurths, J.: The South American rainfall dipole: A

complex network analysis of extreme events, Geophysical Research Letters, 41, 7397–7405, 2014.

Boffetta, G., Lacorata, G., Redaelli, G., and Vulpiani, A.: Detecting barriers to transport: a review of different techniques, Physica D:

Nonlinear Phenomena, 159, 58–70, 2001.

Bowman, K. P.: Manifold geometry and mixing in observed atmospheric flows, preprint, 1999.355

Carvalho, L. M., Jones, C., and Liebmann, B.: The South Atlantic convergence zone: Intensity, form, persistence, and relationships with

intraseasonal to interannual activity and extreme rainfall, Journal of Climate, 17, 88–108, 2004.

CPTEC: Synoptic synthesis January 2020, https://s1.cptec.inpe.br/admingpt/tempo/pdf/sintese_mensal_012020%20[Modo%20de%

20Compatibilidade].pdf, accessed: 2020-10-02, 2020.

Crespo, N. M., da Rocha, R. P., Sprenger, M., and Wernli, H.: A Potential Vorticity Perspective on Cyclogenesis over Center-Eastern South360

America, International Journal of Climatology, 2020.

Dacre, H. F., Clark, P. A., Martinez-Alvarado, O., Stringer, M. A., and Lavers, D. A.: How do atmospheric rivers form?, Bulletin of the

American Meteorological Society, 96, 1243–1255, 2015.

de Souza Custodio, M., Da Rocha, R. P., Ambrizzi, T., Vidale, P. L., and Demory, M.-E.: Impact of increased horizontal resolution in coupled

and atmosphere-only models of the HadGEM1 family upon the climate patterns of South America, Climate dynamics, 48, 3341–3364,365

2017.

Demory, M.-E., Vidale, P. L., Roberts, M. J., Berrisford, P., Strachan, J., Schiemann, R., and Mizielinski, M. S.: The role of horizontal

resolution in simulating drivers of the global hydrological cycle, Climate dynamics, 42, 2201–2225, 2014.

Dierckx, P.: Curve and surface fitting with splines, Oxford University Press, 1995.

19

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.



Dommenget, D. and Latif, M.: A cautionary note on the interpretation of EOFs, Journal of climate, 15, 216–225, 2002.370

d’Ovidio, F., Isern-Fontanet, J., López, C., Hernández-García, E., and García-Ladona, E.: Comparison between Eulerian diagnostics and

finite-size Lyapunov exponents computed from altimetry in the Algerian basin, Deep Sea Research Part I: Oceanographic Research

Papers, 56, 15–31, 2009.

Farazmand, M., Blazevski, D., and Haller, G.: Shearless transport barriers in unsteady two-dimensional flows and maps, Physica D: Nonlinear

Phenomena, 278, 44–57, 2014.375

Fulton, J. and Hegerl, G.: RELIABLE PATTERN EXTRACTION FOR CLIMATE DATA, 9th International Workshop on Climate Informat-

ics, 2019.

Garaboa-Paz, D., Eiras-Barca, J., Huhn, F., and Pérez-Muñuzuri, V.: Lagrangian coherent structures along atmospheric rivers, Chaos: An

Interdisciplinary Journal of Nonlinear Science, 25, 063 105, 2015.

Garaboa-Paz, D., Eiras-Barca, J., and Pérez-Muñuzuri, V.: Climatology of Lyapunov exponents: the link between atmospheric rivers and380

large-scale mixing variability, Earth System Dynamics, 8, 865, 2017.

Gimeno, L., Dominguez, F., Nieto, R., Trigo, R., Drumond, A., Reason, C. J., Taschetto, A. S., Ramos, A. M., Kumar, R., and Marengo, J.:

Major mechanisms of atmospheric moisture transport and their role in extreme precipitation events, Annual Review of Environment and

Resources, 41, 117–141, 2016.

Guo, H., He, W., Peterka, T., Shen, H.-W., Collis, S. M., and Helmus, J. J.: Finite-time lyapunov exponents and lagrangian coherent structures385

in uncertain unsteady flows, IEEE transactions on visualization and computer graphics, 22, 1672–1682, 2016.

Haller, G.: Distinguished material surfaces and coherent structures in three-dimensional fluid flows, Physica D: Nonlinear Phenomena, 149,

248–277, 2001.

Haller, G.: A variational theory of hyperbolic Lagrangian coherent structures, Physica D: Nonlinear Phenomena, 240, 574–598, 2011.

Haller, G. and Beron-Vera, F. J.: Geodesic theory of transport barriers in two-dimensional flows, Physica D: Nonlinear Phenomena, 241,390

1680–1702, 2012.

Haller, G. and Yuan, G.: Lagrangian coherent structures and mixing in two-dimensional turbulence, Physica D: Nonlinear Phenomena, 147,

352–370, 2000.

Hortal, M.: The development and testing of a new two-time-level semi-Lagrangian scheme (SETTLS) in the ECMWF forecast model, Quar-

terly Journal of the Royal Meteorological Society: A journal of the atmospheric sciences, applied meteorology and physical oceanography,395

128, 1671–1687, 2002.

Insel, N., Poulsen, C. J., and Ehlers, T. A.: Influence of the Andes Mountains on South American moisture transport, convection, and

precipitation, Climate Dynamics, 35, 1477–1492, 2010.

Jorgetti, T., da Silva Dias, P. L., and de Freitas, E. D.: The relationship between South Atlantic SST and SACZ intensity and positioning,

Climate dynamics, 42, 3077–3086, 2014.400

Lanfredi, I. S. and De Camargo, R.: Classification of Extreme Cold Incursions over South America, Weather and Forecasting, 33, 1183–1203,

2018.

Lekien, F. and Ross, S. D.: The computation of finite-time Lyapunov exponents on unstructured meshes and for non-Euclidean manifolds,

Chaos: An Interdisciplinary Journal of Nonlinear Science, 20, 017 505, 2010.

Lenters, J. and Cook, K. H.: Summertime precipitation variability over South America: Role of the large-scale circulation, Monthly Weather405

Review, 127, 409–431, 1999.

20

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.



Liebmann, B., Kiladis, G. N., Vera, C. S., Saulo, A. C., and Carvalho, L. M.: Subseasonal variations of rainfall in South America in the

vicinity of the low-level jet east of the Andes and comparison to those in the South Atlantic convergence zone, Journal of climate, 17,

3829–3842, 2004.

Marengo, J., Liebmann, B., Grimm, A., Misra, V., Silva Dias, P. L. d., Cavalcanti, I. F. A., Carvalho, L. M. V., Berbery, E., Ambrizzi, T.,410

Vera, C. S., et al.: Recent developments on the South American monsoon system, International Journal of Climatology, 32, 1–21, 2012.

Mendes, D., Souza, E. P., Marengo, J. A., and Mendes, M. C.: Climatology of extratropical cyclones over the South American–southern

oceans sector, Theoretical and applied climatology, 100, 239–250, 2010.

Mo, K. C. and Paegle, J. N.: The Pacific–South American modes and their downstream effects, International Journal of Climatology: A

Journal of the Royal Meteorological Society, 21, 1211–1229, 2001.415

Monahan, A. H., Fyfe, J. C., Ambaum, M. H., Stephenson, D. B., and North, G. R.: Empirical orthogonal functions: The medium is the

message, Journal of Climate, 22, 6501–6514, 2009.

Montini, T. L., Jones, C., and Carvalho, L. M.: The South American low-level jet: a new climatology, variability, and changes, Journal of

Geophysical Research: Atmospheres, 124, 1200–1218, 2019.

Muza, M. N., Carvalho, L. M., Jones, C., and Liebmann, B.: Intraseasonal and interannual variability of extreme dry and wet events over420

southeastern South America and the subtropical Atlantic during austral summer, Journal of Climate, 22, 1682–1699, 2009.

Nieto, R. F. and Chao, W. C.: Aqua-planet simulations of the formation of the South Atlantic convergence zone, International journal of

climatology, 33, 615–628, 2013.

Olascoaga, M. J., Rypina, I., Brown, M. G., Beron-Vera, F. J., Koçak, H., Brand, L. E., Halliwell, G., and Shay, L. K.: Persistent transport

barrier on the West Florida Shelf, Geophysical research letters, 33, 2006.425

Ottino, J. M.: The kinematics of mixing: stretching, chaos, and transport, vol. 3, Cambridge university press, 1989.

Peikert, R. and Sadlo, F.: Height ridge computation and filtering for visualization, in: 2008 IEEE Pacific Visualization Symposium, pp.

119–126, IEEE, 2008.

Peikert, R., Günther, D., and Weinkauf, T.: Comment on “Second derivative ridges are straight lines and the implications for computing

Lagrangian Coherent Structures, Physica D 2012.05. 006”, Physica D: Nonlinear Phenomena, 242, 65–66, 2013.430

Perez, G. M. and Silva Dias, M. A.: Long-term study of the occurrence and time of passage of sea breeze in São Paulo, 1960–2009,

International Journal of Climatology, 37, 1210–1220, 2017.

Pierrehumbert, R.: Large-scale horizontal mixing in planetary atmospheres, Physics of Fluids A: Fluid Dynamics, 3, 1250–1260, 1991.

Pierrehumbert, R. T. and Yang, H.: Global chaotic mixing on isentropic surfaces, Journal of the atmospheric sciences, 50, 2462–2480, 1993.

Poveda, G., Jaramillo, L., and Vallejo, L. F.: Seasonal precipitation patterns along pathways of South American low-level jets and aerial435

rivers, Water Resources Research, 50, 98–118, 2014.

Raupp, C. F. and Silva Dias, P. L.: Interaction of equatorial waves through resonance with the diurnal cycle of tropical heating, Tellus A:

Dynamic Meteorology and Oceanography, 62, 706–718, 2010.

Ruiz-Vasquez, M., Arias, P. A., Martínez, J. A., and Espinoza, J. C.: Effects of Amazon basin deforestation on regional atmospheric circula-

tion and water vapor transport towards tropical South America, Climate Dynamics, pp. 1–21, 2020.440

Rutherford, B., Dangelmayr, G., and Montgomery, M. T.: Lagrangian coherent structures in tropical cyclone intensification, Tech. rep.,

NAVAL POSTGRADUATE SCHOOL MONTEREY CA DEPT OF METEOROLOGY, 2011.

Shadden, S. C., Lekien, F., and Marsden, J. E.: Definition and properties of Lagrangian coherent structures from finite-time Lyapunov

exponents in two-dimensional aperiodic flows, Physica D: Nonlinear Phenomena, 212, 271–304, 2005.

21

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.



Shepherd, T. G., Koshyk, J. N., and Ngan, K.: On the nature of large-scale mixing in the stratosphere and mesosphere, Journal of Geophysical445

Research: Atmospheres, 105, 12 433–12 446, 2000.

Silva Dias, M. A., Vidale, P. L., and Blanco, C. M.: Case study and numerical simulation of the summer regional circulation in São Paulo,

Brazil, Boundary-Layer Meteorology, 74, 371–388, 1995.

Simpson, R. H.: Synoptic aspects of the intertropical convergence near Central and South America, Bulletin of the American Meteorological

Society, 28, 335–346, 1947.450

Sprenger, M. and Wernli, H.: The LAGRANTO Lagrangian analysis tool–version 2.0, Geoscientific Model Development, 8, 2569–2586,

2015.

Trenberth, K. E.: Atmospheric moisture recycling: Role of advection and local evaporation, Journal of Climate, 12, 1368–1381, 1999.

Uvo, C. B., Repelli, C. A., Zebiak, S. E., and Kushnir, Y.: The relationships between tropical Pacific and Atlantic SST and northeast Brazil

monthly precipitation, Journal of Climate, 11, 551–562, 1998.455

Van Der Wiel, K., Matthews, A. J., Stevens, D. P., and Joshi, M. M.: A dynamical framework for the origin of the diagonal South Pacific and

South Atlantic convergence zones, Quarterly Journal of the Royal Meteorological Society, 141, 1997–2010, 2015.

Vera, C., Baez, J., Douglas, M., Emmanuel, C., Marengo, J., Meitin, J., Nicolini, M., Nogues-Paegle, J., Paegle, J., Penalba, O., et al.: The

South American low-level jet experiment, Bulletin of the American Meteorological Society, 87, 63–78, 2006.

Vera, C. S., Vigliarolo, P. K., and Berbery, E. H.: Cold season synoptic-scale waves over subtropical South America, Monthly Weather460

Review, 130, 684–699, 2002.

Vindel, J. M., Valenzuela, R. X., Navarro, A. A., and Polo, J.: Temporal and spatial variability analysis of the solar radiation in a region

affected by the intertropical convergence zone, Meteorological Applications, 27, e1824, 2020.

Welander, P.: Studies on the general development of motion in a two-dimensional, ideal fluid, Tellus, 7, 141–156, 1955.

Weller, E., Shelton, K., Reeder, M. J., and Jakob, C.: Precipitation associated with convergence lines, Journal of Climate, 30, 3169–3183,465

2017.

Zemp, D., Schleussner, C.-F., Barbosa, H., Van der Ent, R., Donges, J. F., Heinke, J., Sampaio, G., and Rammig, A.: On the importance of

cascading moisture recycling in South America, Atmospheric Chemistry and Physics, 14, 13 337–13 359, 2014.

22

https://doi.org/10.5194/wcd-2020-57
Preprint. Discussion started: 15 December 2020
c© Author(s) 2020. CC BY 4.0 License.


