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ABSTRACT

In this study, the authors compare six different rainfall datasets for South America with a focus on their

representation of extreme rainfall during the monsoon season (December–February): the gauge-calibrated

TRMM 3B42 V7 satellite product; the near-real-time TRMM 3B42 V7 RT, the GPCP 18 daily (1DD) V1.2

satellite–gauge combination product, the Interim ECMWF Re-Analysis (ERA-Interim) product; output of

a high-spatial-resolution run of the ECHAM6 global circulation model; and output of the regional climate

model Eta. For the latter three, this study can be understood as a model evaluation. In addition to statistical

values of local rainfall distributions, the authors focus on the spatial characteristics of extreme rainfall co-

variability. Since traditional approaches based on principal component analysis are not applicable in the

context of extreme events, they apply and further develop methods based on complex network theory. This

way, the authors uncover substantial differences in extreme rainfall patterns between the different datasets:

(i) The three model-derived datasets yield very different results than the satellite–gauge combinations re-

garding the main climatological propagation pathways of extreme events as well as the main convergence

zones of themonsoon system. (ii) Large discrepancies are found for the development of mesoscale convective

systems in southeastern South America. (iii) Both TRMM datasets and ECHAM6 indicate a linkage of

extreme rainfall events between the central Amazon basin and the eastern slopes of the central Andes, but

this pattern is not reproduced by the remaining datasets. The authors’ study suggests that none of the three

model-derived datasets adequately captures extreme rainfall patterns in South America.

1. Introduction

Extreme rainfall plays a crucial role for the hydro-

logical cycle in large parts of South America. In the sub-

tropics, events above the 90th percentile account for more

than 50% of total rainfall during the core monsoon season

fromDecember toFebruary [seeFig. 5 but alsoBoers et al.

(2014a)]. Considerable contributions are made by meso-

scale convective systems (MCS), in particular in northern

Argentina, Paraguay, and southern Brazil (Zipser et al.

2006; Salio et al. 2007). However, apart from their role for

the overall water budget, understanding extreme rainfall

events and their synchronization is important because of

the associated natural hazards. For example, extreme

rainfall frequently triggers landslides and flash floods, in

particular along the eastern slopes of the Andes (Schuster

et al. 2002; Coppus and Imeson 2002; O’Hare and Rivas

2005; Moreiras 2005; Boers et al. 2014a), as well as in

urban areas in southeastern South America (Marengo

et al. 2013a).

The far-reaching impacts of extreme rainfall events

call for a better understanding of how their frequency,

magnitude, and spatial covariability are represented by
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different datasets. Furthermore, in order to obtain a

sound assessment of future extreme rainfall devel-

opment, it is crucial to evaluate climate models with

respect to their performance in reproducing observed

spatiotemporal characteristics of extreme rainfall. The

representation of extreme events in a dataset ormodel is

usually only assessed by investigating local rainfall dis-

tributions and in particular the behavior of their re-

spective tails. Because of their outstanding hydrological,

but also societal relevance, a detailed investigation of

the spatiotemporal interrelations of extreme events and

how they are represented by different datasets and cli-

mate models is needed.

In this study, we compare the representation of ex-

treme rainfall events between three gridded observational,

as well as three gridded model-derived datasets for South

America: the satellite–gauge combined Tropical Rainfall

Measuring Mission (TRMM) 3B42 V7; the corresponding

real-time product TRMM3B42 V7RT, which is not gauge

adjusted; the gauge–satellite GPCP combined product;

the model-derived Interim European Centre for Medium-

RangeWeather Forecasts (ECMWF) Re-Analysis (ERA-

Interim) data; and high-spatial-resolution data obtained

from the global circulation model ECHAM6 and from the

Eta regional climate model.

Several previous studies have analyzed rainfall vari-

ability in the South American monsoon system (SAMS),

but only a few studies have compared different rainfall

datasets in South America: Matsuyama et al. (2002) have

analyzed the Climate Prediction Center Merged Analysis

of Precipitation and more recently Negrón Juárez et al.
(2009) have compared satellite and gauge products over

the Amazon basin, while Silva et al. (2011) evaluated

different reanalysis products over the entire continent.

Carvalho et al. (2012) provide a comparison of station-

based, satellite-derived, and reanalysis data with a focus

on daily gridded precipitation (see also references

therein). A specific analysis of the implementation of

rainfall processes over tropical South America in

CMIP5 was recently carried out by Yin et al. (2013).

Typically, these studies use principal component anal-

ysis (PCA) in order to investigate the spatial charac-

teristics of rainfall covariability in terms of empirical

orthogonal functions (EOFs).

Complex networks (CN) have proven to provide

a well-suited general framework for the analysis of cli-

matic time series (Tsonis et al. 2007; Yamasaki et al.

2008; Donges et al. 2009; Malik et al. 2012; Boers et al.

2014b; Stolbova et al. 2014). For many problems in cli-

mate data analysis, CN can be regarded as alternative to

more traditional techniques such as PCA (Boers et al.

2013). However, in the context of daily rainfall and

specifically of extreme events, methods based on PCA

are not applicable because of non-Gaussian data distri-

butions and in particular because of the binary-like

structure of extreme-event time series. In this case, CN

provide the only known framework to analyze corre-

sponding spatial characteristics of extreme rainfall syn-

chronicity (e.g., Boers et al. 2013). The basic idea behind

our approach is that climatic mechanisms characteristi-

cally influence the way how extreme rainfall events at

different locations synchronize and that these influences

are encoded in the corresponding high-dimensional syn-

chronizationmatrix. Complex network theory allows us to

extract that information from this matrix: Spatial patterns

exhibited by suitable CN measures have been related to

and used to explain the underlying climatic mechanisms.

The complex atmospheric mechanisms typically involve

processes represented by many different climatic observ-

ables such as temperature, pressure, or wind. However,

their influence on just a single variable, rainfall, can by

means of complex networks be used to identify these

mechanisms and their role for the modulation of extreme

events (Boers et al. 2013).

In an earlier study, Boers et al. (2013) applied a CN

approach to the high-spatiotemporal-resolution TRMM

3B42 V7 dataset in order to investigate the spatial

structure of synchronicity of extreme rainfall events in

the SAMS. This dataset has been concluded to provide

a reasonably good representation of rainfall variability

in different regions (Xue et al. 2013; Chen et al. 2013)

but particularly in South America (Carvalho et al. 2012;

Zulkafli et al. 2014). Our methodology is based on the

idea that relevant and important features of a climatic

system such as the SAMS influence the way extreme

rainfall events synchronize at different locations. These

synchronizations can be represented by a CN and the

CN’s internal structure is assumed to contain the in-

fluences of the relevant climate features. Boers et al.

(2013) documented that CN identify the most relevant

climatic features of the SAMS. These include the main

convergence zones (the intertropical and South Atlantic

convergence zones), the most important moisture trans-

port routes, and areas of frequent development of MCS

(Maddox 1980; Durkee et al. 2009; Durkee and Mote

2010).Here, we extend themethodology by twomoreCN

measures and compare results for TRMM 3B42 V7 to

corresponding results for the two other observational as

well as for the three model-derived datasets.

2. Climatic setting

We only provide a brief overview of the key climatic

features relevant for rainfall in South America. For de-

tailed reviews on the SAMS, we recommend, for ex-

ample, Vera et al. (2006) and Marengo et al. (2012).
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Throughout this study, we will focus on the core mon-

soon season in South America from December through

February (DJF): that is, the austral summer season. This

season is characterized by enhanced low-level flow of

moist air from the tropical Atlantic Ocean toward the

South American continent because of the southward

displacement of the intertropical convergence zone

(ITCZ) as well as the differential heating between ocean

and land (Zhou et al. 1998). After crossing the central

Amazon basin (CAB), these winds are blocked by the

eastern Andean cordillera and redirected southward. In

course, the moisture content of these low-level winds

remains high, since precipitation is counterbalanced by

strong evapotranspiration over the rain forest (Eltahir

and Bras 1994; Marengo 2006). At the eastern slopes of

the Andes, the winds lead to high rainfall amounts be-

cause of substantial orographic lifting (Bookhagen and

Strecker 2008). There is large variability in the direction

of the subsequent flow toward the subtropics, with typ-

ical exit regions from central Argentina to eastern

Brazil. Southward anomalies of the flow are associated

with increased rainfall in southeastern South America

(SESA), while eastward anomalies are associated with

increased rainfall in the South Atlantic convergence

zone (SACZ) (Carvalho et al. 2002; Liebmann et al.

2004; Carvalho et al. 2004). The alternation between

these two regimes with rainfall either in SESA or in the

SACZ and vice versa is commonly called the South

American rainfall dipole and has been described as the

most important pattern of rainfall variability in the

SAMS (Paegle and Mo 2002; Carvalho et al. 2002; Vera

et al. 2006; Marengo et al. 2012). If the southward

component is particularly strong east of the Bolivian

Andes, these winds are referred to as the South Amer-

ican low-level jet (SALLJ) (Marengo et al. 2004), which

has been associated with the development of MCS in

SESA (Salio et al. 2007).

3. Data

We employ six different daily rainfall datasets:

1) TRMM: The research-grade TRMM3B42V7 gauge-

calibrated satellite product at 3-hourly temporal and

0.258 3 0.258 spatial resolutions (Huffman et al. 2007)

is available from 1998 to 2013.

2) TRMM RT: the (near) real-time satellite product

TRMM3B42V7RT at 3-hourly temporal and 0.258 3
0.258 spatial resolutions (Huffman et al. 2007) is

available from 2001 to 2013.

3) GPCP: The GPCP 18 daily (1DD) V1.2, a satellite–

gauge combination at daily temporal and 1.08 3 1.08
spatial resolutions (Huffman et al. 2001), is available

from 1996 to 2013.

4) ERA-Interim: The ERA-Interim product with daily

temporal and 0.758 3 0.758 spatial resolutions is

available from 1979 to 2013 (Dee et al. 2011).

5) ECHAM6:A standardAMIP simulation for the time

period 1998 to 2008 (forced by the boundary condi-

tions specified for CMIP5) is carried out with the

ECHAM6 model (Stevens et al. 2013) at 6-hourly

temporal resolution and horizontal resolution of

T255 (;50 km) with 95 vertical levels. This simula-

tion, which is carried out within the German consor-

tium project STORM, is described in Hertwig et al.

(2014).

6) Eta: Output from the regional climate model Eta

(Mesinger et al. 2012) is provided by the Centro de

Previsão de Tempo e Estudos Climáticos (CPTEC),
driven by ERA-Interim. The original temporal reso-
lution of this model run is 6 hourly, and the native
horizontal resolution is 50 km 3 50 km with 38

vertical levels. The run covers the period from 1990

to 2008 (Solman et al. 2013; Marengo et al. 2013b).

For all datasets, we focused on daily values of the DJF

seasons confined to the spatial domain from 858 to 308W
and from 408 to 58S (see Fig. 1). TRMM and TRMMRT

are first compared on their native 0.258 3 0.258 grid for

the time period 2001–12. The GPCP product is com-

pared to TRMM for the period 1998–08 at its native

resolution of 1.08 3 1.08 after a bilinear interpolation of

the TRMM data to this resolution. All other compari-

sons are carried out for the common time period from

FIG. 1. Topography of SouthAmerica and important atmospheric

features of the SAMS. The black boxes delineate the following

geographical regions: central Amazon basin, South American low-

level jet, mesoscale convective systems, southeastern SouthAmerica,

South Atlantic convergence zone, and intertropical convergence

zone. These regions are referred to in the text.
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1998 to 2008, with all datasets bilinearly interpolated to

a common spatial resolution of 0.758 3 0.758.

4. Methods

Our dataset comparison consists of two steps: First, we

analyze and compare local rainfall distributions and

several traditional statistical values with a focus on the

tail behavior of the distributions. Second, we investigate

the spatial synchronicity structure of strong, extreme,

and most extreme rainfall events. For the time period

1998–2008, we define these events as the top 200, top

100, and top 50 events at each location, corresponding to

events above the 80th, 90th, and 95th percentiles of the

11 DJF seasons, respectively. For strong events (above

80th percentile) we have 0.2 3 11 yr 3 92 days 5 202

events, for extreme events (above 90th percentile) we

have 0.1 3 11 yr 3 92 days 5 101 events, and for the

most extreme events (above the 95th percentile) we

obtain 0.05 3 11 yr 3 92 days 5 51 events. For the

comparison between TRMM and TRMM RT, we have

12 DJF seasons (2001–12), which results in the top 216,

108, and 54 events at each grid cell. Locations with less

than the respective number of events are discarded from

the analysis. Previous studies have demonstrated that

TRMM 3B42 V7 performs very well in reproducing the

main spatial patterns of the SAMS (Boers et al. 2013)

and found overall good agreement between TRMM and

GPCP (Carvalho et al. 2012).

a. Event synchronization

To assess the similarity of event series at different

locations, we compute the amount of synchronicity of

events using the nonlinear measure event synchroniza-

tion (ES; Quiroga et al. 2002; Malik et al. 2012; Boers

et al. 2013). For two given event series ei and ej at grid

cells i and jwith l extreme events, consider two events emi
and enj , with enj # e

m
i and 0# m, n # l. To decide whether

these two events can be uniquely assigned to each other,

we compute for dm,nij :5 e
m
i 2 enj the dynamical delay,

t5
minfdm,m21

ii , d
m,m11
ii ,dn,n21

jj , dn,n11
jj g

2
.

Furthermore, we introduce a filter by declaring

a maximum delay tmax 5 5 days. We put S
mn
ij 5 1 if

jdm,nij j# t and jdm,nij j# tmax and S
mn
ij 5 0 otherwise. ES

between ei and ej is then given as the normalized

sum of

ESij :5

�
mn

S
mn
ij

l
.

A major advantage of this similarity measure is the in-

troduction of the dynamical delay t between events at

different locations, which can vary from one time step to

the next (within tmax). For the classical lead–lag analysis

using, for example, Pearson’s correlation coefficient,

this is not the case, since the prescribed time lags are

assumed to be valid for the entire pair of time series.

Because of the pronounced nonlinearities, but also be-

cause many different time scales are involved, we do not

think that such temporal homogeneity is a justifiable

assumption in the context of extreme rainfall.

All pairs of grid cells for which the value of ES is

among the top 2% of all values will be represented by

a CN link. This link density is chosen such that all links

correspond to significant values of ES at a significance

level of 5%. Significance is tested against a null model

based on a uniformly random placement of events. A

common representation of a CN is the adjacency matrix

A5 (Aij)1#i,j#N, for whichAij 5 1 if grid cells i and j are

connected and Aij 5 0 otherwise. Here, N denotes the

total number of grid cells. In the following, we will say

that extreme events at two grid cells occur synchro-

nously if these two grid cells are connected by a CN link.

b. Complex network measures

For each dataset, we will consider the following CN

measures (Boers et al. 2013): First, the degree (DG) of

a grid cell i is defined as the number of links attached to i,

DGi 5 �
N

j51

Aij .

Thus, DGi gives the number of grid cells where extreme

events occur synchronously (within 5 days) with grid cell

i. In this sense, DG assesses the importance of a grid cell

for the distribution of extreme events to other locations.

Second, we are interested in the CN’s tendency to

form clusters of mutually connected grid cells. This can

be quantified as the probability of two CN neighbors of

a grid cell to be connected themselves. Clustering (CL)

is thus defined as

CLi :5

�
j,k

AijAjkAik

�
j,k

AijAik

.

This CN measure estimates the spatial coherence of the

occurrence of extreme events. High values have been

observed in regions with frequent development of MCS

(Boers et al. 2013).

Third, betweenness centrality (BC) at a grid cell is

a nonlocal measure based on the notion of shortest paths
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in a CN. A shortest path between two grid cells l and k is

a shortest sequence of links that have to be passed to

travel from l to k. BC of a node i is then defined as the

number of shortest paths from l to k that pass through i

[denoted by skl(i)] divided by the total number of

shortest paths from l to k (denoted by skl),

BCi :5

�
l,k6¼i

skl(i)

�
l,k 6¼i

skl

.

This measure estimates the importance of a grid cell for

the long-ranged, directed propagation of extreme

events. For TRMM, regions with high BC values have

been found in the ITCZ, over the Amazon basin, and

along the eastern slopes of the Andes in the vicinity of

the SALLJ (Boers et al. 2013).

The spatial distribution of these CN measures is af-

fected by the spatial embedding of the CN into a two-

dimensional rectangular spatial domain. We correct for

these effects following Rheinwalt et al. (2012) in the

same way we did in Boers et al. (2013): The effect of the

spatial embedding is quantified as the conditional prob-

ability of a network link between two nodes, given the

geographical distance between these nodes.We therefore

construct 200 surrogate networks from each original

network that preserve the conditional link probability

distribution given the corresponding geographical dis-

tances. These surrogate networks thus capture the topo-

logical properties that are only due to the spatial

embedding. To correct for these spatial embedding ef-

fects, each network measure value of the original net-

works is therefore divided by the value of that measure

that should be expected from the spatial embedding

alone, as derived from the surrogate networks.

Finally, we are interested in how the six datasets

represent local connectivities of certain regions that

have been known to be of particular importance for the

SAMS. The regional connectivity (RC) of a grid cell i to

a regionR is defined as the number of links that go from i

to any grid cell within that region,

RCi(R)5 �
j2R

Aij .

This measure can thus be used to assess where extreme

events occur synchronously with events in a given region

under consideration. We will focus on the CAB, SESA,

and the SACZ (see Fig. 1).

5. Results and discussion

As noted above, several studies have concluded that

TRMM 3B42 V7 provides reliable estimates of rainfall

variability (Xue et al. 2013; Chen et al. 2013; Carvalho

et al. 2012; Zulkafli et al. 2014). We will therefore con-

sider the results for the TRMM dataset as a reference

and discuss deviations from these results for the other

five datasets.

a. Statistical values of rainfall distributions

1) MEAN DAILY RAINFALL

Mean daily rainfall rates (Fig. 2) show considerable

differences between the spatial distribution exhibited by

TRMM and the remaining five datasets. For TRMM, we

observe high values at the ITCZ, over the Amazon basin,

along the SACZ, near the Colombian Pacific coast, and at

the eastern slopes of the Peruvian and Bolivian Andes.

The TRMM RT dataset shows a very similar spatial

distribution but, at the eastern slopes of the Peruvian and

Bolivian Andes, mean daily rainfall values are up to

5mmday21 higher. The GPCP dataset shows slightly

lower values than TRMM in the ITCZ and at the eastern

slopes of the Peruvian and Bolivian Andes but is other-

wise in good agreement with TRMM.

In contrast, themodel-derived datasets (ERA-Interim,

ECHAM6, and Eta) deviate substantially from TRMM.

ERA-Interim mean daily rainfall values are higher in the

easternAmazonbasin but lower in thewestern part of the

basin and along the SACZ. Furthermore, rainfall values

at the eastern slopes of the Argentinean Andes are much

higher than for TRMM.

The mean daily values of ECHAM6 are higher than

TRMM in the western Amazon basin and along the

eastern slopes of the Andes in northern Argentina and

southern Bolivia but diminished at the climatological

position of the SACZ. East of 408W,over the subtropical

Atlantic Ocean, there is a band of slightly higher values

than for TRMM in this region.

Eta mean daily values are lower than for TRMM in

the entire Amazon basin, along the SACZ, in most of

SESA, in western Colombia, and in northeastern Brazil.

On the other hand, values are higher than for TRMM at

the eastern slopes of the Ecuadorian Andes.

2) THE 90TH AND 95TH PERCENTILES OF DAILY

RAINFALL

For TRMM, scores at the 90th percentile (Fig. 3)

follow a very similar spatial distribution as the mean

values. For all five remaining datasets, the deviations

from TRMM’s spatial distribution at the 90th percentile

scores are qualitatively similar to the deviations ob-

served for mean daily rainfall, but with higher differ-

ences in absolute terms. TRMM RT overestimates 90th

percentiles at the eastern Andean slopes of Bolivia and

Peru, while GPCP underestimates 90th percentiles in

1 FEBRUARY 2015 BOERS ET AL . 1035



this region. Apart from additional discrepancies be-

tween TRMM and GPCP over the ITCZ, the observa-

tional datasets (TRMMRT andGPCP) are still the ones

with best agreement with TRMM.

Compared to TRMM, the model-derived datasets

show substantial deviations: ERA-Interim exhibits lower

values than TRMM in the ITCZ, the entire Amazon

basin, and the SACZ. Meanwhile, we observe strongly

overestimated rainfall scores at the eastern slopes and

high-elevation regions of the central and southernAndes.

The ECHAM6 model performs well in reproducing

TRMM’s spatial distribution of extreme scores in the

western and central Amazon basin, while values are too

high along the ITCZ and too low in the eastern Amazon

basin and along the continental part of the SACZ.

Rainfall scores are strongly overestimated along the en-

tire Andes mountain range. In contrast, the Eta model

reproduces the values obtained for TRMM reasonably

FIG. 2. Mean daily rainfall during DJF for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial
resolutions. Differences with respect to TRMM 3B42 V7 for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD

V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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well in the SACZ but not in the Amazon basin, north-

eastern Brazil, or SESA, where values are too low.

For all six datasets, the spatial distribution (but not

the absolute values) of 95th percentile scores (Fig. 4)

resembles that of the 90th percentile, with the ex-

ception being locally higher scores in northeastern

Argentina and southern Brazil for TRMM, TRMM

RT, GPCP, and ECHAM6 but not for ERA-Interim

and Eta.

3) FRACTIONS OF TOTAL SEASONAL RAINFALL

The fraction of total DJF rainfall accounted for by

events above the 90th percentile (Fig. 5) shows a pro-

nounced gradient from the tropics to the subtropics for

all six datasets. For TRMM and TRMM RT, more than

70% of total DJF rainfall is caused by these events in

large parts of South America south of 208S, while they

account for about 50% in the Amazon basin and in the

FIG. 3. Scores at the 90th percentile of daily rainfall during DJF for TRMM3B42 V7 at (a) 0.258, (c) 18,
and (e) 0.758 spatial resolutions. Differences with respect to TRMM 3B42 V7 for (b) TRMM 3B42 V7

RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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vicinity of the SACZ. For GPCP, we find only very small

deviations from TRMM over the South American con-

tinent, while values are considerably lower over the

Atlantic Ocean north of the equator and south of 208.
These fractions are smaller for the ERA-Interim data-

set, with 40%–80% in southern South America and less

than 30% in theAmazon basin and along the SACZ. For

ECHAM6, fractions are closer to the fractions found

for TRMM, with 30%–60% in the Amazon basin and at

the SACZ and 60%–80% farther south. The Eta model

produces values between the fractions found for ERA-

Interim and ECHAM6. The spatial pattern for all six

datasets is remarkably similar. We note that fractions

accounted for by events above the 95th percentile have

a very similar spatial distribution as fractions for events

above the 90th percentile, with, of course, reduced

values (not shown).

The fact that the model-derived datasets (ERA-Interim,

ECHAM6, and Eta) show lower values in SESA indicates

that the models fail to reproduce the low-frequency and

FIG. 4. Scores at the 95th percentile of daily rainfall during DJF for TRMM3B42 V7 at (a) 0.258, (c) 18,
and (e) 0.758 spatial resolutions. Differences with respect to TRMM 3B42 V7 for (b) TRMM 3B42 V7

RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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high-magnitude characteristics found for the observational

datasets (TRMM, TRMM RT, and GPCP) in this region.

Furthermore, the above-mentioned latitudinal gradient is

less pronounced for the three model-derived datasets.

4) DIFFERENCE BETWEEN 90TH AND 50TH
PERCENTILES

The difference between local scores at the 90th and at

the 50th percentile (Fig. 6) yields a relatively simple

estimate of the tail behavior of the local rainfall distri-

butions at each grid point. For TRMM, we observe high

values in the ITCZ and the northern Brazilian coast, at

the Colombian Pacific coast, and at the eastern slopes of

the central Andes in Peru and Bolivia. Intermediate

values can be found in the Amazon basin and the adja-

cent SACZ. Again, TRMM RT has higher values than

TRMM at the eastern slopes of the central Andes but is

otherwise in good agreement with TRMM. The GPCP

FIG. 5. Fraction of total DJF rainfall accounted for by events above the 90th percentile of daily rainfall

for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions. Differences with respect to

TRMM3B42V7 for (b) TRMM3B42V7RT, (d)GPCP 1DDV1.2, (f) ERA-Interim, (g) ECHAM6, and

(h) Eta. Note that this fraction typically decreases for lower grid resolutions.
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dataset exhibits lower values than TRMM in the ITCZ

and at the eastern central Andean slopes but is other-

wise also in good agreement.

The model-derived datasets perform rather poorly in

reproducing the values found for TRMM.Most notably,

they strongly underestimate the distributions’ tails in the

entire Amazon basin. For ERA-Interim, values are

lower than for TRMM, with locally higher values only at

the Colombian Pacific coast and the eastern slopes of the

Argentinean Andes. In the entire Amazon basin and the

SACZ, values are strongly reduced as compared to

TRMM (values,10mmday21 instead of between 15 and

25mmday21). For ECHAM6, values are higher than for

ERA-Interim but still lower than for TRMM in the Am-

azon basin and the continental part of the SACZ. At the

ITCZ and the adjacent coast but also at the eastern slopes

of the Peruvian andBolivianAndes, values are close to the

values found for TRMM. However, values are too high at

FIG. 6. Difference between scores at the 90th and 50th percentiles (90th percentile2 50th percentile) of

daily rainfall during DJF for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions. Dif-

ferences with respect to TRMM 3B42 V7 for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-

Interim, (g) ECHAM6, and (h) Eta.
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the northernArgentineanAndes. The Eta dataset exhibits

lower values than TRMM in the Amazon basin but higher

values in some eastern parts of the continental SACZ.

5) DIFFERENCE BETWEEN 95TH AND 90TH
PERCENTILES

To assess the different datasets’ behaviors for the

most extreme events, we computed the difference be-

tween scores at the 95th and 90th percentiles (Fig. 7).

For the TRMMdataset, the difference between scores at

the 95th and 90th percentiles exhibits high values in the

ITCZ and the coastal areas around the equator, at the

Colombian Pacific coast, and at the eastern slopes of

the Peruvian and Bolivian Andes. Furthermore, high

values can be observed in northern and northeastern Ar-

gentina and in the oceanic part of the SACZ. Meanwhile,

the continental part of the SACZ does not show a particu-

larly high difference between the 95th and 90th percentiles.

FIG. 7.Difference between scores at the 95th and 90th percentiles (95th percentile2 90th percentile) of

daily rainfall during DJF for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions. Dif-

ferences with respect to TRMM 3B42 V7 for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-

Interim, (g) ECHAM6, and (h) Eta.
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In large parts of the continent, TRMMRT shows higher

values than TRMM, particularly in the Bolivian Andes,

northern Argentina, Paraguay, and southern Brazil.

GPCP is in fair agreement with TRMM, apart from

underestimated values at the ITCZ and the eastern

central Andes. However, rather large differences from

TRMM can be observed over the ocean (in particular

over the Atlantic Ocean south of 208), where no rain

gauge data are available.

For the ERA-Interim dataset, the differences be-

tween scores at the 95th and 90th percentiles exhibit

lower values than for the TRMM dataset over the entire

continent, except for the western slopes of the Colom-

bian Andes and the eastern slopes of the eastern slopes

of the Bolivian and Argentinean Andes, where values

are locally high. The ECHAM6 model data show high

values over the ITCZ, the Colombian Pacific coast, the

eastern Andes from Peru to Argentina, and the sub-

tropical Atlantic Ocean east of 408W. For Eta, we ob-

serve high values over the ITCZ and the oceanic part of

the SACZ comparable to TRMM. However, in the re-

mainder of the continent values are lower than for

TRMM: in particular, the high values in northwestern

Argentina are not well reproduced by the Eta model.

High values for the observational datasets (TRMM,

TRMM RT, and GPCP) in northeastern Argentina can

be identified with the development ofMCS in this region

(Durkee et al. 2009), which are thus responsible for the

most extreme rainfall events. None of the three model-

derived datasets features a particularly heavy tail of the

rainfall distribution in this area, suggesting that all of

them fail to reproduce the most extreme rainfall events

originating from the MCS.

The strongest orographic rainfall peaks at the eastern

flanks of the Peruvian and Bolivian Andes (Bookhagen

and Strecker 2008) are overestimated by TRMM RT,

ERA-Interim, and ECHAM6 but underestimated by

GPCP and Eta.

6) REGIONAL CHARACTERISTICS OF RAINFALL

DISTRIBUTIONS

For the spatial boxes denoted by CAB, SALLJ, MCS,

SESA, SACZ, and ITCZ in Fig. 1, we computed the 50th

to 95th percentiles (in steps of 5) of the respective

rainfall distributions (Fig. 8, left) and the difference of

each dataset from the reference TRMM dataset (Fig. 8,

right).

(i) CAB

In the CAB, the TRMM RT dataset shows small pos-

itive deviations for the highest percentiles, while we ob-

serve small positive deviations for GPCP in particular for

lower percentiles. In contrast, with increasing percentiles,

ERA-Interim and Eta show increasing negative de-

viations. Underestimation of rainfall over the central

Amazon by a collection of regionalmodels (includingEta)

was also observed by Solman et al. (2013). The ECHAM6

model, in contrast, overestimates daily rainfall scores up to

the 80th percentile in this region but underestimates the

95th percentile score.

(ii) SALLJ

In the vicinity of the SALLJ east of the central Andes,

TRMM RT shows considerable positive deviations only

for the 90th and 95th percentiles and overall good

agreement with TRMM for the remaining percentiles.

GPCP scores are close to TRMM scores on the entire

domain from the 50th to the 95th percentile. ERA-

Interim and ECHAM6 show strong positive deviations

from TRMM for the entire domain. However, deviations

for ERA-Interim become small for high percentiles,

while for ECHAM6 differences increase up to the 90th

percentile. This overestimation of orographic rainfall, in

particular at the eastern slopes of the Andes, is a well-

known problem shared by most global and regional cir-

culation models (Urrutia and Vuille 2009; Solman et al.

2013). In contrast, the Etamodel produces values close to

TRMM up to the 85th percentile; for higher percentiles,

the scores are lower than for TRMM. TheEtamodel thus

performs better than ERA-Interim and ECHAM6 over

this mountainous region for the lower percentiles of the

distribution, probably because of the step-like represen-

tation of mountains in its vertical coordinate system (the

so-called eta coordinate) (Mesinger 1984; Mesinger and

Black 1992; Pesquero et al. 2010). Still, the 90th and 95th

percentiles are underestimated by Eta when compared to

TRMM.

(iii) MCS

In the MCS region in subtropical South America,

TRMM RT and GPCP are in good agreement with

TRMM for all percentiles in this region. ERA-Interim,

ECHAM6, and Eta exhibit higher scores than TRMM up

to the 85th percentile and negative deviations for the 90th

and 95th percentiles. However, ECHAM6 remains close

to TRMM, while ERA-Interim and Eta deviate strongly

for the 95th percentile. Problems to implement the par-

ticularly strong cyclogenetic activity in this region have

been observed for a number of global and regionalmodels

(Solman et al. 2008; Chou et al. 2012; Solman et al. 2013).

Our results here suggest that these deficiencies are mainly

due to the underestimation of the most extreme events.

(iv) SESA

Because of considerable spatial overlap, it is little

surprising that for SESA, we observe a similar behavior
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as for the MCS region. However, discrepancies are

smaller up to the 85th percentile and larger for the 90th

and 95th percentiles than for the latter region.

(v) SACZ

In the SACZ region, values agree fairly well between

TRMM, TRMM RT, GPCP, and Eta. The good perfor-

mance of the Eta model in reproducing rainfall in this

areawas also observed by Solman et al. (2013). For higher

percentiles, ERA-Interim and ECHAM6 show consid-

erable negative deviations from TRMM, indicating that

these twomodel-derived datasets fail to reproduce strong

and extreme precipitation in the SACZ region.

(vi) ITCZ

Over the Atlantic ITCZ, TRMM RT has almost no

deviations from TRMM. This is not surprising, since there

are no gauge stations that can be used for postprocessing

adjustment. GPCP exhibits considerably lower 90th and

95th percentile scores than TRMM. ERA-Interim

shows moderate positive deviations for low percen-

tiles; however, they increase to about 5mm at the 90th

percentile. ECHAM6 and Eta are in good agreement

with TRMM on the entire percentile domain.

The results described so far all concern statistical

properties of local rainfall distributions. To investigate

the spatial structure of synchronization between ex-

treme events at different locations, we will now turn to

the results of our CN approach.

b. Complex network measures

In the following, we will describe the spatial charac-

teristics of extreme rainfall synchronicity, which are

reflected by the networkmeasures DG, BC, CL, and RC,

FIG. 8. (left) Comparison of logarithmic daily rainfall distributions for TRMM (black), TRMMRT (green), GPCP

(red), ERA-Interim (cyan), ECHAM6 (blue), and Eta (magenta). Rainfall distributions are obtained for CAB, the

SALLJ region, the MCS region, SESA, SACZ, and ITCZ (see Fig. 1 for definitions of these regions). Vertical lines

denote median (solid), 90th percentile (dashed), and 95th percentile (dotted–dashed) scores of the respective dis-

tributions. (right) Percentile score differences with respect to TRMM3B42 V7 for the five remaining datasets for the

same regions.
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introduced in section 4b. All measures are computed

for network measures derived for a maximum delay

of tmax 5 65 days. Corresponding results for tmax 5
67 days are very similar (not shown), indicating thatmost

extreme events synchronize on time scales shorter than 5

days. For all six datasets, these network measures are

obtained by constructing networks as described in section 4

for rainfall events above the 80th, 90th, and 95th per-

centiles, respectively.

Instead of presenting differences from TRMM as for

local statistical values in the last section, we will show

absolute values for each dataset because, rather than

specific local values, the overall spatial patterns are im-

portant for this kind of analysis. For the three network

measures DG, BC, and CL, we will also compare spatial

averages between the different datasets for the Amazon,

SALLJ, MCS, and ITCZ areas (Fig. 15).

1) DEGREE

As explained in section 4b, we expect the DG to be

high at locations that are particularly important for the

direct distribution of extreme rainfall over the continent.

Extreme events at these grid cells are strongly synchro-

nized with extreme events at many other locations.

DG for 90th percentile events of the TRMM dataset

(Fig. 9) exhibits a connected area of high values from

northeastern Brazil westward across the Amazon basin

and along the eastern slopes of the central Andes toward

central Argentina, SESA, and the adjacent subtropical

Atlantic Ocean. The SACZ is characterized by low

values ofDG. This spatial pattern indicates themain and

well-known climatological moisture pathways along

which extreme rainfall events synchronize (Vera et al.

2006; Marengo et al. 2012; Boers et al. 2013): These

pathways lead from the mouth of the Amazon River

across the Amazon basin and continue farther west to

the Andes, where the mountain range blocks the low-

level winds and channels them southward. Extreme

events follow this wind channel (the SALLJ), cause

abundant rainfall at the eastern slope of the Andes

through orographic lifting, and continue farther toward

northern Argentina and SESA.

For the TRMMRT dataset, we observe a very similar

spatial distribution of DG as for the gauge-calibrated

TRMM version. Also for GPCP, the spatial pattern is

similar to the one found for TRMM. However, lower

values along the eastern slopes of the Andes can be ob-

served, which may be due to low numbers of measure-

ment stations in these regions, as well as interpolations to

a regular 18 grid.
In contrast, for ERA-Interim we get high values only

north of the ITCZ over the Atlantic Ocean, in Uruguay

and eastern Argentina, and over the adjacent subtropical

Atlantic Ocean. All other parts of the continent exhibit

quite continuously low DG values and the pattern that

was observed for TRMM is absent. ERA-Interim thus

fails to reproduce the main synchronization pathway of

extreme events exhibited by TRMM.

DG for the ECHAM6 model data is high in north-

eastern Brazil, over the Amazon basin, at the eastern

slopes of the Bolivian Andes, in most of SESA, and

over the adjacent subtropical Atlantic Ocean. How-

ever, values for ECHAM6 are lower compared to

TRMM over the western Amazon basin and at the

slopes of the Peruvian and northern Bolivian Andes,

indicating that this model does not accurately represent

the southwestward propagation of extreme rainfall

from the Amazon.

The Eta model data yield high DG over the western

Amazon basin, in northern Argentina, and over the

subtropical AtlanticOcean south of 308S. No high values

can be found along the eastern slopes of the Andes.

Despite these substantial discrepancies, we argue that

ECHAM6 and the Eta model reproduce the large-scale

DG pattern to a reasonable extent.

2) BETWEENNESS CENTRALITY

For BC (Fig. 10), we expect a strong emphasis on long-

ranged, directed synchronization pathways, because this

measure is defined on the basis of shortest paths in the

network. In contrast, DG only measures the connectiv-

ity to direct CN neighbors of a grid cell.

For the 90th percentile events of TRMM, BC exhibits

high values over the ITCZ, from northeastern Brazil

across the Amazon basin and along the eastern slopes of

the Andes southward to central Argentina. In addition,

relatively high values can be observed over the SACZ.

This spatial distribution of BC has been found to be

consistent with the interpretation of large-scale, directed

moisture pathways (Boers et al. 2013). Apart from being

less homogeneous, the spatial pattern is similar to the one

for DG over eastern Brazil, the Amazon basin, along the

Andes, and over SESA. On the other hand, BC is high in

the vicinity of the ITCZ and, to weaker extent, in the

vicinity of the SACZ, where DG is particularly low. This

highlights the role of these convergence zones for large-

scale propagation of extreme events over the entire

continent, since their high connectivity only becomes

apparent when taking into account network paths incor-

porating several other locations, as opposed to only local

next neighbor connections.

The spatial pattern of BC for the TRMM RT dataset

is in very good agreement with the results for TRMM,

indicating that the large-scale propagation of extreme

events is already captured well by the satellite-only

product.
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Similarly, results for the GPCP dataset are in fair

agreement with TRMM’s spatial pattern, with only small

discrepancies at the eastern slopes of the southern central

Andes.

In strong contrast to DG, the spatial pattern of BC

exhibited by ERA-Interim does quite accurately resemble

the spatial pattern found for TRMM, with high values

marking the large-scale propagation pathway from the

ITCZ toward the Andes and southward to northern

Argentina (Fig. 10). Since BC is the more sophisticated

measure for the long-range, directed propagation path-

ways, we conclude that ERA-Interim reproduces the

FIG. 9. Network measure degree calculated for the 90th percentile of all DJF seasons for

TRMM3B42V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions and for (b) TRMM3B42V7

RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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climatological synchronization pathway, although it does

not perform well in estimating the local connectivities

along the pathway.

For the ECHAM6 model, there are high values of BC

over the ITCZ as well but also over the entire coast of

northeastern South America and the CAB. Furthermore,

high values can be observed in Bolivia and northern

Argentina east of the Andes. Hence, this model accu-

rately incorporates the large-scale propagation paths.

The Eta model yields high BC in the central and

westernAmazon basin. Values are also relatively high at

the eastern slopes of the Southern Andes of Argentina.

FIG. 10. Network measure betweenness centrality calculated for the 90th percentile of all

DJF seasons for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions and for

(b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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However, over the ITCZ and in the vicinity of the

SALLJ in Bolivia they are not as high as for the other

five datasets. Hence, the Eta model does not perform

well in reproducing the large-scale transport route from

the ITCZ across the Amazon and southward along the

Andes to the subtropics. In particular, problems with

implementing the SALLJ’s impact on extreme rainfall

and corresponding orographic effects at the eastern

slopes of the central Andes are apparent. The latter

observation, which is corroborated by the results ob-

tained for DG, is in agreement with the underestimation

of 90th and 95th percentile scores by the Eta model at

the eastern Andean slopes described in section 5a.

3) CLUSTERING

Extreme rainfall in regions with high CL values

(Fig. 11 and right column of Fig. 15) can be expected to

occur in a spatially coherentmanner. In particular, this is

the case for large thunderstorms, squall lines, and MCS.

For events above the 90th percentile (Fig. 11 and right

column of Fig. 15), the TRMM dataset exhibits high CL

at the mouth of the Amazon river, in eastern Brazil, at

the slopes of the northern Argentinean Andes, and in

most of SESA including most of Paraguay. The Amazon

basin and the SACZ are characterized by low CL. In

(Boers et al. 2013), we attributed high CL values in

northern Argentina, Paraguay, and southern Brazil to

the frequent development of MCS in this region. Simi-

larly, high values in northern Brazil close the Atlantic

coast may correspond to the so-called Amazonian squall

lines (Cohen et al. 1995). Furthermore, rainfall on the

Altiplano and Puna de Atacama plateaus in north-

western Argentina and southwestern Bolivia has been

found to typically occur in a way that either it rains on

the entire plateau for several days in a row or it does not

rain on the entire plateau (Garreaud 2000). This spatial

coherence of rainfall events is expressed by high CL

values over the plateau for the TRMM dataset.

While the relative spatial pattern of CL for TRMM

RT looks similar to the one for TRMM, we observe

substantially higher values for the satellite-only product

in all regions and for all three event types.

Although the GPCP dataset yields too low CL values

in the entire spatial domain, it has to be noted that the

only region of relatively enhanced values is the sub-

tropical region around Paraguay. Thus, GPCP does in

this sense still discover this area of frequent MCS de-

velopment, although values are much lower than for

TRMM for all three percentiles.

ERA-Interim and ECHAM6 do not show any concise

spatial pattern of CL, suggesting that these models have

problems to reproduce large convective systems (e.g.,

MCS or large thunderstorms).

In contrast, the Eta model shows a clear spatial sig-

nature for CL, with relatively low values over the CAB,

although they are still much higher than for TRMM.

However, while some similarities to the pattern

obtained for TRMM are apparent, values are not par-

ticularly high in Paraguay and northern Argentina.

4) REGIONAL CONNECTIVITY

Regional connectivity of a given region yields an es-

timate of where extreme events typically occur syn-

chronously with events in that region.

(i) CAB

Events above the 90th percentile in the CAB (Fig. 12)

are synchronized with events in the entireAmazon basin

but also with events at the eastern slopes of the Peruvian

and northern Bolivian Andes for TRMM. Furthermore,

there are weak linkages to northern Argentina. TRMM

RT exhibits very similar regional connectivity for the

central Amazon. For both TRMM and TRMM RT,

weak connections to the eastern Amazon basin can be

interpreted as a consequence of the dominant easterly

direction of low-level winds in this area, driving extreme

rainfall events from the eastern part of the Amazon to

the west. However, we also observe connection to the

west until the eastern slopes of the central Andes in

northern Bolivia. This shows that extreme events in the

Amazon basin are climatologically synchronized with

extreme events at the eastern slopes of the Andes. On

longer spatial scales, we observe a linkage between ex-

treme rainfall in the Amazon and a small area in

northern Argentina at the foothills of the Andes. These

results support the hypotheses that the Amazon plays

a crucial role for distributing and propagating extreme

rainfall events to large parts of the remaining continent,

as it was suggested by high DG and BC values.

For GPCP, the CAB is only connected to the larger

area of the Amazon basin and the slopes of the Peruvian

Andes but not of the Bolivian Andes, possibly because

of a lack of gauge stations in this area.

In comparison, for ERA-Interim the connectivity of

the central Amazon is more localized, with almost no

links pointing out of the region. In particular, the pattern

of long-ranged connection between the Amazon basin

and the eastern slopes of the Peruvian and Bolivian

Andes is not reproduced by ERA-Interim.

In contrast, the ECHAM6 model produces strong

connections to the eastern part of theAmazon basin and

to the Peruvian and Bolivian Andes to the west in

a similar way as observed for TRMM. However, the

teleconnection from the Amazon basin to northern

Argentina is not visible.
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For the Eta model, events in the central Amazon are

less synchronized to the eastern parts of the basin as

compared to TRMMbut still present. No connectivity to

the eastern slopes of the Andes and the adjacent low-

lands can be observed. Thus, the Eta model reasonably

resembles the connectivity of the central Amazon to the

eastern and northern parts of the basin, but it does not

show any connectivity to the eastern slopes of the Peru-

vian and BolivianAndes. This suggests that the impact of

the low-level flow from the Amazon basin toward the

Andes and relevant orographic lifting effects on extreme

rainfall are not correctly implemented in this model.

FIG. 11. Network measure clustering calculated for the 90th percentile of all DJF seasons for

TRMM3B42V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial resolutions and for (b) TRMM3B42V7

RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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(ii) SESA

The regional connectivityof SESA(Fig. 13) is represented

quite similarly by all six datasets. The main discrepancy is

that only TRMMand TRMMRT show a connection to the

eastern slopes of the southern centralAndes in northwestern

Argentina and southern Bolivia. This signature can be as-

signed to a certain class ofMCS,which formover SESAand

then migrate toward the Bolivian Andes (Anabor et al.

2008). While the GPCP dataset seems to incorporate them

FIG. 12. Network measure regional connectivity for the CAB (blue box) calculated for the

90th percentile of all DJF seasons for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial
resolutions and for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-Interim,

(g) ECHAM6, and (h) Eta.
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(although less concise), none of the remaining three datasets

yields a signature corresponding to these special MCS.

(iii) SACZ

The SACZ region is connected only locally with very

few links pointing out of it for TRMM (Fig. 14). All five

remaining datasets quite accurately reproduce this

rather localized signature.

5) SPATIAL AVERAGES OF NETWORK MEASURES

The four regions indicated as Amazon, SALLJ, MCS,

and ITCZ in Fig. 1 are of particular relevance for some

FIG. 13. Network measure regional connectivity for SESA (blue box) calculated for the 90th

percentileof allDJFseasons forTRMM3B42V7at (a) 0.258, (c) 18, and (e)0.758 spatial resolutionsand
for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-Interim, (g) ECHAM6, and (h) Eta.
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key features of the SAMS: As explained in section 2, the

ITCZ, the Amazon, and the area east of the central

Andes in the vicinity of the SALLJ play important roles

for the large-scale propagation of extreme events. On

the other hand, the MCS region is frequently exposed to

exceptionally large convective complexes, contributing

large fractions of total seasonal rainfall. In addition to

the pattern analysis carried out in the previous sections,

we therefore compute spatial averages of the network

measures DG, BC, and CL for these four regions (Fig. 15),

FIG. 14. Network measure regional connectivity for the SACZ (blue box) calculated for the

90th percentile of all DJF seasons for TRMM 3B42 V7 at (a) 0.258, (c) 18, and (e) 0.758 spatial
resolutions and for (b) TRMM 3B42 V7 RT, (d) GPCP 1DD V1.2, (f) ERA-Interim,

(g) ECHAM6, and (h) Eta.
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computed from networks derived from events above the

80th, 90th, and 95th percentiles, respectively. As above, we

shall consider TRMM as reference and discuss deviations

from the values found for TRMM for the remaining five

datasets.

(i) CAB

Because of its central role for the propagation of ex-

treme rainfall over the entire continent, the CAB is

expected to exhibit high DG and BC (Fig. 15, top). For

TRMM RT and GPCP, the local connectivity (as ex-

pressed by DG) and the long-ranged centrality (as ex-

pressed by BC) of the CAB are reproduced well for

80th, 90th, and 95th percentile events. For ERA-

Interim, DG is strongly suppressed for all three event

thresholds, but BC is reproduced reasonably well. Both

ECHAM6 and Eta show too low DG for 80th percentile

events and too highDG for 95th percentile events, while

DG for 90th percentile events is accurate. BC of the

latter two datasets is too high for all three event types.

The crucial role of the Amazon basin for the distri-

bution and propagation of extreme rainfall is thus cap-

tured by all datasets except ERA-Interim, with the Eta

and ECHAM6 models even overestimating the long-

ranged centrality as expressed by BC.

(ii) SALLJ

Both the local connectivity (DG) and the long-range

centrality (BC) of extreme events in the SALLJ region

are accurately represented by the TRMM RT dataset.

GPCP strongly underestimates DG for all three event

types, possibly because of lack of station data at the

FIG. 15. Differences of network measures degree, betweenness centrality, and clustering to the TRMM reference dataset for the spatial

boxes CAB, SALLJ, MCS, and ITCZ (see Fig. 1 for definitions of these geographical regions). Values are shown for rainfall events above

the 80th, 90th, and 95th percentiles.
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Andean slopes. Interestingly, however, BC for theGPCP

data is in good agreement with TRMM, indicating that

the long-range character of extreme-event propagation in

this region is still captured well, despite the shortcomings

in local connectivity. For the most extreme events, ERA-

Interim performs well with respect to the SALLJ, but for

80th and 90th percentile events, DG is strongly under-

estimated. In contrast, BC is substantially higher than for

TRMM for all three event thresholds. ECHAM6 shows

too low DG and too high BC for events above the 80th

percentile, but bothmeasures are in good agreement with

TRMM for higher percentiles. The Eta model strongly

underestimates DG in the SALLJ region, and also BC is

too low for all three percentiles.

Together with the spatial patterns of DG and BC

described above, our results indicate that the influence

of the SALLJ on the propagation of extreme rainfall and

associated orographic lifting effects are not adequately

represented by either the station-based GPCP or the

model-derived ERA-Interim and Eta datasets. In par-

ticular, for the Eta model, this is somewhat surprising,

since the different vertical coordinate scheme is expec-

ted to improve the representation of rainfall over com-

plex and steeply ascending terrain. As noted above,

however, this only yields a better representation of

mean daily rainfall when compared to ERA-Interim and

ECHAM6, while the tail of the distribution at the

easternAndean slopes is underestimated byEta. In view

of the shortcomings with respect to DG and BC, we

suggest that Eta has problems not only with the mag-

nitudes but also with the synchronization structure of

these events.

(iii) MCS

As mentioned in section 2, the region labeled MCS in

Fig. 1 is exposed to exceptionally large mesoscale con-

vective systems. According to our interpretation of CL,

this should lead to high values of this measure.

The TRMM RT dataset exhibits too high CL values

over the MCS region for all three percentile thresholds.

While the absolute values of CL are too low for GPCP,

its spatial pattern described above (Fig. 11) does exhibit

relatively high values over the MCS region. In contrast,

ERA-Interim and ECHAM6 underestimate the clus-

tering of events above all three percentile thresholds in

this region. This suggests that these models fail to re-

produce the clustering in the spatial synchronization

structure caused by mesoscale convective systems in this

area. The problems of global and regional models to

implement the amplitude and spatiotemporal patterns

of large thunderstorms in this region are well known

(Solman et al. 2008; Chou et al. 2012; Solman et al.

2013). It should therefore be emphasized that, while it

underestimates CL for events above the 80th and 90th

percentiles, the Eta dataset is the only one for which we

observe CL values comparable to TRMM for the most

extreme events (above the 95th percentile).

(iv) ITCZ

The ITCZ plays an important role as source of ex-

treme rainfall on the South American continent, with

emphasis on long-ranged propagation. We therefore

expect it to exhibit high BC, as is found for TRMM.

For the TRMMRTdata, BC over the ITCZ region is in

excellent agreement with TRMM. GPCP overestimates

BC for events above the 80th percentile but also yields

accurate values for events above the 90th and 95th per-

centiles. ERA-Interim overestimates BC over the ITCZ

for all three event thresholds, while ECHAM6 is accurate

for events above the 80th and 90th percentiles. The Eta

model strongly underestimates the ITCZ’s role for the

long-range connectivity of all three event thresholds.

6. Conclusions

The remote sensing–derived, gauge-calibrated TRMM

3B42 V7 has been previously found to provide a reason-

able dataset for delineating South American rainfall

(Carvalho et al. 2012), in particular with respect to the

spatiotemporal patterns of extreme events (Boers et al.

2013). In our study, we used TRMM 3B42 V7 as a refer-

ence dataset, to which we compare the real-time satellite

product TRMM 3B42 V7 RT; the remote sensing and

station-based product GPCP 1DD V1.2; the model-

derived reanalysis product ERA-Interim; and data out-

put from the global circulation model ECHAM6 and the

regional climate model Eta, which is driven by ERA-

Interim. In our analysis, we perform two comparisons:

First, we evaluate dataset differences with a classical

statistical approach. Second, we rely on complex network

theory to analyze spatial patterns of extreme-event co-

variability in the six datasets.

In the first part, we discussed classical statistical

values. Overall best agreement with TRMM is found for

the TRMM RT and the GPCP product. This is little

surprising, because GPCP partly uses the same calibra-

tion scheme as TRMM. Most notably in this context,

while mean daily rainfall values agree well with some

discrepancies over the Amazon basin and the South At-

lantic convergence zone, all threemodel-derived datasets

underestimate the scores of the 90th and 95th percentiles

when compared to TRMM 3B42 V7. Depending on the

geographic area and the specific dataset, percentile scores

remain in good agreement with TRMM up to the 65th to

85th percentiles. Above these percentiles, ERA-Interim,

the Eta, and also the ECHAM6 model (in the South
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Atlantic convergence zone) underestimate the frequency

of extreme rainfall events. The right-hand tail of the daily

rainfall distribution, representing pronounced low-

frequency but high-magnitude events, is thus not repro-

duced well by any of the model-derived datasets.

In the second part, we have applied a recently in-

troduced methodology based on complex network theory

to analyze the spatial characteristics of extreme rainfall

synchronicity. More traditional methods based on eigen-

value techniques (e.g., PCA) are not applicable for this

purpose because of the binary structure of extreme-event

time series but also because of general problems of PCA-

like techniques with non-Gaussian data distributions.

We have used several complex network measures in

order to quantify different aspects of this internal spatial

structure of extreme rainfall synchronicity and, indeed,

found that they reveal important features of the South

American monsoon system. In particular, we have

employed two additional complex network measures,

which on the one hand support earlier results (degree)

but also add new insights on climatic linkages between

different locations (regional connectivity).

Our analysis suggests that TRMM RT’s and GPCP’s

representations of these large-scale propagation pat-

terns are the ones closest to the patterns found by

TRMM. We observe that ERA-Interim data do not

correctly reproduce key features of the South American

monsoon system from the perspective of local synchro-

nizations (degree). These include the effects of deep

convection over the Amazon basin or the orographic

barrier of the eastern Andes and their role for large-scale

moisture transport. However, the model-derived ERA-

Interim dataset incorporates these features accurately

when taking into account long-ranged connections over

several steps in the network (betweenness centrality).

Still, the global model ECHAM6 and the regional model

Eta perform better in reproducing these features. The

propagation pathway from the western Amazon toward

the subtropics along the eastern slopes of the Andes,

which is associated with the South American low-level

jet, is well represented by the ECHAM6model, while the

Eta model fails to produce this feature.

Concerning large convective systems, in contrast to

TRMM and TRMM RT, ERA-Interim and ECHAM6

fail to reproduce any spatially organized rainfall clusters

in regions where they are known to frequently occur,

such as in southeastern South America. Eta exhibits

some spatial patterns possibly corresponding to large

organized systems but also not in this specific area where

these would be most relevant. While the overall spatial

organization for GPCP differs considerably from

TRMM, mesoscale convective systems in southeastern

South America are detected reasonably well.

Linkages of synchronous extreme rainfall from the

central Amazon basin to the eastern slopes of the Andes

observed for TRMM and TRMM RT are only re-

sembled by the ECHAM6 model but not by the ERA-

Interim, Eta, and GPCP datasets.

Regarding teleconnections from two regions impor-

tant for the aforementioned rainfall dipole (southeastern

South America and the South Atlantic convergence

zone), all six datasets coherently find a rather localized

pattern with little connections to other regions. However,

a linkage from southeastern South America to the east-

ern slopes of the southern central Andes is only present

for the TRMM, TRMM RT, and GPCP datasets.
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