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Introduction 

• Tropical South America (TropSA) 
concentrates a large amount of net radiation 
and water vapor. 

• Intense heat and humidity fluxes dominate 
the interactions between soil and lower 
atmosphere. 

• Soil moisture modulates diverse land-
atmosphere feedbacks (LAFs); similarly, the 
rates of change between dry and wet 
conditions in the soil necessarily impact 
surface temperatures. 



Introduction 

• Interannual timescales are mainly controlled 

by ENSO (Trenberth et al., 1997, 2001, 2002, 

2008; Wang, 1999, 2001; Wang et al., 2017). 

• Known roles of land-surface interactions 

(Brubaker and Entekhabi, 1996; Koster et al., 

2004; Xue et al., 2006; Bagley et al., 2014; 

Rocha et al., 2015; Ruscica et al., 2015; 

Kolstad et al., 2017; Zemp et al., 2017) 



Introduction 



• Conceptual scheme of interconnections 

among the main variables involved in 

the studied land surface-atmosphere 

feedbacks (LAFs), adapted as a graph 

from Brubaker and Entekhabi (1996), 

and hierarchized by number of 

connections of each variable.  

 

• The state (process) variables are 

denoted as circles (diamonds) nodes. 

 

• Evaporation is the most heterogeneous 

process involved in LAFs since it 

connects soil humidity with the other 

state variables  

Links structure with 

Graph Theory  



Objectives 

1. To study the essential role of Land Atmosphere 
Feedbacks and the mechanisms involved in 
water and heat anomalies in TropSA at 
interannual timescales.  
 

2. To explore new tools to advance our 
understanding of land surface-atmospheric 
feedbacks in TropSA. 
 

3. To integrate classical analyses of climatic fields 
with more recent methods of information theory 
and graph theory including linear and non-linear 
analysis. 
 
 
 
 



Data and Methods 



Study Region 



Data 



Data 

• Soil moisture (VSW) from Era-Interim 

Land 1° x 1°  

• Specific Humidity at 925 hPa (SH925), 2m 

Temperature (T2m) and Evaporation (EVP) 

from ERA-Interim 1° x 1°  

• Precipitation (PRC) from GPCC 1° x 1°  

• All climate fields period 1979-2010 

 



Methods 

• SVD, Entropy, and Noise Reduction: After standardized each 

variable and apply a Singular Value Decomposition (SVD), we select 

the representative modes of each variable at interannual time scale 

(noise reduction) using a criterion from the information theory 

(Entropy). 5 variables denoised. 

• Maximum Covariance Analysis of Interannual Variability in TropSA: 

We apply a SVD on the covariance matrices thus establishing 

connections between all possible pairs of variables (10 possible 

combinations) 

• Graph Models of LAF in Tropical South America at Interannual 

Timescales: Establishing connections among variables and defining 

relationship structure. We use linear and non-linear metrics as links. 



SVD, Noise Reduction, and Entropy 
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Relative contribution 

of each singular factor  

Cummulated contribution 

Entropy for each 

matrix k 

X is the standardized time-space 

 matrix for each variable  

Entropy criterion to select k  

and noise reduction  

Truncated matrix of lower rank k 



Maximum Covariance Analysis (MCA) 
with Interannual Variability in TropSA 
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• The SVD of  couple fields (MCA) 

identify only  modes in which those 

are strongly coupled 

• Converts a set of correlated 

variables to visualize the 

relationships between them 

• Identify and order the dimensions 

where the data exhibit the greatest 

covariability 

• Better approximation to the data 

using less dimensions 


i

ik

XY

kf
22  Square covariance fraction 

of the k-factor of the MCA 

Expansion coefficients 

We use the first k=3 Maximum Covariance 

States (MCSk) to characterize the 

cumulative covariance and its space-time 

distribution 

Symbol Description of map 

 Y , xρ k
ˆ  Correlation between vector kx  with each column vector of matrix Ŷ  

 X , yρ k
ˆ  Correlation between vector ky  with each column vector of matrix X̂  

 X , xρ k
ˆ  Correlation between vector kx  with each column vector of matrix X̂  

 Y , yρ k
ˆ  Correlation between vector ky  with each column vector of matrix Ŷ   

 1 

Covariance matrix  

As a result we obtain 4 kind of maps 



Non-Linear Dependence: Causality  

(Liang 2013, 2014, 2015) 

The rate of information (causality) 

flowing from a component, say, Y, 

to another, say, X, is the change 

rate of the marginal entropy of X, 

minus the same change rate but 

with the effect from Y 

instantaneously excluded from 

the system. 
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where  yyxyxx
 y  C, CC denote the possible  

covariances between  

series.  

Absolute Causality formula: 
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 Marginal entropy 

p and q are maximum  

likelihood estimators of Z  
Relative Flow of Information or 

Relative causality  

If   the  result is 100, x is 100% due to 

the flow of information from y. 



• Time series extracted from the MCA 

procedures were used to quantify linear 

(correlations) and nonlinear (causalities) 

metrics for different time lags among all pairs 

of variables.  

• All sets of associations were summarized in 

the form of correlation and causality graphs in 

turn grouped according to their association 

degree with ENSO.  

• This way, we analyzed how the LAFs over 

TropSA contribute to explain the simultaneous 

and lagged interannual anomalies over land 

and atmosphere.  

• We also applied spectral analysis to infer links 

structure at each lag as a graph using the 

adjacency matrix  

Graph Theory 



Adjacency Matrix of a Graph  

(Linear and Non-Linear Metrics as Edges) 

Basic scheme of the interaction between two singular 

vectors resulting from a Maximum Covariance Analysis 

(MCA) between two variables X and Y for each mode k 

assuming 1 lag-month 

Graphs among three variables (X, 

Y, Z) with links denoting lagged 

correlations (top left) and 

causalities (top right) between 

variables/nodes.  

 

Bottom panels include the structure 

of the graph’s adjacency matrix, W, 

to illustrate the node-to-node 

connection that is established in 

each graph. 



Results 



Noise Reduction 

Data Source 
mxn

X  
)1 cells of (# o

m 
 

months) (#

 n
  rank ( X ) 

1
f  2

f  X
H  

H
k  

Hk
f  

GPCC 
 

Precipitation 
(PRC) 

1101 

384 

372 0.12 0.20 0.76 64 0.76 

ERA-Interim 
Evaporation 

(EVP) 
1047 372 0.12 0.22 0.71 31 0.71 

ERA-Interim 
Land 

Volumetric Soil Water  
Content (VSW) 

1039 348 0.16 0.31 0.61 9 0.63 

ERA-Interim Air Temperature (T2m) 1047 348 0.30 0.43 0.53 4 0.55 

ERA-Interim 
Specific Humidity at 

925 hPa (SH
925

) 
1047 348 0.31 0.45 0.50 3 0.53 

 1 

• A matrix X with low 

relative entropy (HX) 

represents a variable 

controlled by few modes 

over TropSA at 

interannual timescales. 

• State atmospheric 

variables SH925 and T2m 

are the less complex 

variables of our datasets 

(64 and 31 kH factors) 

• Process variables (PRC 

and EVP) are the most 

complex 



MCA over TropSA 
XYC  

1EMC  
2EMC  3EMC  

XYH  

X̂  Ŷ   XY

11 F  XYf  )y,x( 11   XY

22 F  XYf  )y,x( 22   XY

33 F  XYf  )y,x( 33  

SH
925

 T2m 0.78  (0.78) 0.95 0.16  (0.94) 0.96 0.06  (1.00) 0.94 0.09 

EVP T2m 0.64  (0.64) 0.54 0.23  (0.87) 0.63 0.08  (0.95) 0.53 0.14 

PRC SH
925

 0.63  (0.63) 0.75 0.29  (0.92) 0.51 0.08  (1.00) 0.49 0.12 

EVP VSW 0.59  (0.59) 0.76 0.18  (0.77) 0.62 0.12  (0.89) 0.61 0.18 

EVP SH
925

 0.59  (0.59) 0.52 0.31  (0.90) 0.60 0.10  (1.00) 0.51 0.13 

PRC T2m 0.59  (0.59) 0.69 0.32  (0.91) 0.54 0.06  (0.97) 0.50 0.13 

SH
925

 VSW 0.58  (0.58) 0.67 0.36  (0.94) 0.50 0.06  (1.00) 0.38 0.12 

T2m VSW 0.57  (0.57) 0.62 0.33  (0.90) 0.55 0.06  (0.96) 0.55 0.14 

EVP PRC 0.42  (0.42) 0.70 0.34  (0.76) 0.72 0.11  (0.87) 0.70 0.23 

PRC VSW 0.41  (0.41) 0.77 0.36  (0.75) 0.77 0.08  (0.88) 0.78 0.20 

 1 

• Set of reduced variables over TropSA 

(Table) to derive all possible pairs of 

truncated matrices   for a crosslink 

analysis.  

• We estimate a total of 10 covariance 

matrices 

• The first k=3 MCSk characterize more 

than 85% of the cumulative covariance 

of each covariance matrix 

• T2m - SH925 (both state 

variables) has the to 78% of its 

total covariance in the first 

relative fraction 

• PRC-EVP (42 %) and PRC-

VSW (41 %) concentrate the 

lowest fraction in the first 

relative fraction  

 



The core of 

interannual 

interactions of soil 

humidity and 

evaporation is located 

in the Amazon River 

basin, in connection 

with the Magdalena-

Cauca River basin 

over north-western 

TropSA 



The spatial 

correlation pattern 

associated with this 

pair of variables 

(MCS1 of SH925-PRC) 

exhibits a dipole with 

one center in the 

northwest (direct 

correlations), and 

other in the southeast 

(inverse). 



Correlations over the 

northern pole of the 

MCS1 of PRC-EVP are 

significant over the 

piedmont of Amazon-

Orinoco River basins.  



Results (2) 
Graphs with Linear Edges 



ENSO-intensities Categorizing 

Interannual Oceanic Modes 
XY

C  
1MCS  

2MCS  3MCS  

X̂  Ŷ  )4.3N,x( 1  )4.3N,y( 1  )4.3N,x( 2  )4.3N,y( 2  )4.3N,x( 3  )4.3N,y( 3  

SH
925

 T2m -0.44 -0.50 0.15 0.13 -0.20 -0.17 

EVP T2m -0.48 -0.52 0.11 0.12 0.14 0.14 

PRC SH
925

 -0.25 -0.31 0.40 0.45 -0.20 0.10 

EVP VSW 0.4 0.44 0.32 0.36 0.11 0.18 

EVP SH
925

 -0.44 -0.44 0.20 0.21 0.22 0.05 

PRC T2m 0.32 0.43 -0.32 -0.45 -0.17 0.03 

SH
925

 VSW -0.43 -0.47 0.36 0.35 -0.10 -0.03 

T2m VSW -0.52 -0.55 -0.30 -0.21 -0.05 -0.09 

EVP PRC -0.08 -0.19 -0.48 -0.4 -0.22 -0.31 

PRC VSW 0.3 0.37 -0.35 -0.4 0.21 0.21 

 1 

• Correlation between MCA 

series  and  Niño 3.4 

index, for the MCSk, 

k=1,2, and 3.  

• High correlation values 

are denoted in blue, 

medium values in green 

and low values in red.  
59%       ),(      related- ENSO  . 1 XYfVSWEVPHighA 1MCS  

  

64%       ),(       related- ENSOedium   . 1

925 XYfSHPRCMB 1MCS  

  

42%        ),( related-ow ENSO   . 1 XYfPRCEVPLC 1MCS  

  

 

 1 

Left: 

Expansion 

coefficients for 

all possible 

combinations 

as pairs 

among VSW, 

SH925, T2m, 

EVP and PRC 

 

 

 

Right: 

Correlations  

expansion 

coefficients xk 

and yk with 

SSTs from 

HADISST 

product period 

1979-2010 



Symbol Description of map 

 Y , xρ k
ˆ  Correlation between vector kx  with each column vector of matrix Ŷ  

 X , yρ k
ˆ  Correlation between vector ky  with each column vector of matrix X̂  

 X , xρ k
ˆ  Correlation between vector kx  with each column vector of matrix X̂  

 Y , yρ k
ˆ  Correlation between vector ky  with each column vector of matrix Ŷ   

 1 

• Type of maps connected with 

high ENSO related MCS (See 

SSTs correlation maps at bottom) 

 

• Correlation maps for the pairs 

SH925-T2m (Continental extent 

over TropSA), EVP-T2m, PRC-

SH925, EVP-VSW, EVP-SH925 

• Generally,  continental extent of 

significant correlations related 

with pairs including T2m and SH925 

 



Thresholds to Define Weight of Graphs 
Edges 

• We define a threshold for the edges magnitude to construct correlation and 

causality graphs.  

• This allow us to study the strongest connections among the studied variables. 

• In all cases, we select the percentile of 50% of the empirical probability 

distribution of causalities and correlations for each time lag. 

Metric type Mode 
Lag 

0 1 2 3 4 5 6 

Correlation Highest 

ENSO-related 

0.64 0.4 0.33 0.27 0.275 0.235 0.2 

Relative Causality (%) 9.93 4.8 3.44 3.94 2.69 1.75 1.08 

 1 



Correlation graph 

constructed with the 

highest ENSO-related 

MCSk time series from 

each pair of variables  

The weights of 

the edges 

between nodes 

are estimated as 

the 1 month-lag 

correlation 

between the 

series from each 

MCSk  

Red edges represent correlations and causality 
ratios ranged between 0.9 and 1.1 Vectors u1 and v1 

estimated from 

the SVD of the 

adjacency matrix 

associated with 

the graph 

 

Describe the 

highest amount of 

the variance of all 

possible 

interactions 

among variables.  

Spectrum of singular values 

estimated from the SVD on the 

adjacency matrix associated with 

the graph 

Red nodes 
indicate the 
highest value 
inside u1 and v1  
from the SVD of 
adjacency matrix.  
 
Those red graph 
nodes are shown 
as red horizontal 
bars. 

Threshold selected as the median of the 

empirical probability of all interactions at each 

lag 



1 lag-month graph using a threshold of significant 

correlations higher than 0.4 (1979-2010) 

 
At 1 month-lag, VSW dominates linear relationships on PRC, 
EVP, SH925 and T2m at interannual time scales. It remarks the 
memory of this variable in the context of LAFs over TropSA 

Linear feedbacks: 

T2m-SH925 and 

T2m-EVP 

Volumetric Soil Water 

(best emitter) is essential 

over Tropical South 

America to structurally 

feeds back specific 

humidity at 925 (best 

receiver) hPa under the 

group of highest  ENSO-

related Maximum 

Covariance States at 1 

month-lag for linear 

metrics. 

 

This links structure depicts 

the Land Atmosphere 

Feedbacks between state 

variables VSW and SH925 

VSW depicts the 

highest correlations 

among the variables at 

1-month lag 

 

PRC is just strongly 

connected with VSW. 

VSW acts as trigger of 

LAFs mechanism 



2 lag-month graph using a threshold of significant 

correlations higher than 0.33 (1979-2010) 

 
At 2 month-lag, VSW dominates linear relationships 
on PRC, among EVP, SH925 and T2m at interannual time 
scales  

Volumetric Soil Water 

(best emitter) is essential 

over Tropical South 

America to structurally 

feeds back EVP (best 

receiver) under the group 

of highest  ENSO-related 

Maximum Covariance 

States at 2 month-lag 

 
Again, but at 2 month-lag, VSW is essential over 
Tropical South America to structurally as emitter of 
group of highest  ENSO-related Maximum 
Covariance States 

Again, VSW 

dominates on PRC 

correlations among 

all variables at 1-

month lag. 

At the same time, 

VSW is structurally 

paired with EVP 

Linear feedbacks: 

T2m-SH925 and 

T2m-EVP 

T2m-VSW 



 
VSW connects PRC feeding back EVP over Tropical 
South America under the group of highest  ENSO-
related Maximum Covariance States at 3 month-lag 
 

3 lag-month graph using a threshold of significant 

correlations higher than 0.27 (1979-2010) 

 
At 3 month-lag, soil humidity dominates linear relationships 
on PRC, EVP, SH925 and T2m at interannual time scales  

T2m depicts 

the highest 

correlations 

among the 

variables at 

3-month lag 

Linear feedbacks: 

T2m-SH925 and 

EVP-VSW 

2m Temperature (best 

emitter) and VSW are  

essential over Tropical 

South America to 

structurally feeds back 

EVP (best receiver) under 

the group of highest  

ENSO-related Maximum 

Covariance States at 3 

month-lag. 

 

This links structure depicts 

the Land Atmosphere 

Feedbacks between state 

variable T2m , VSW and 

EVP 



Results (3) 

Graphs with Non-Linear Edges 



 
VSW is essential over Tropical South America to 
structurally feeds back SH925 under the group of 
highest  ENSO-related Maximum Covariance States 
at concurrent series (non-linear links) 
 

0 lag-month graph using a threshold of 

relative causality higher than 9.93% (1979-

2010) 

 
At 0 month-lag (concurrent), VSW dominates non-linear 
relationships on PRC, SH925 and T2m at interannual time 
scales. However, EVP dominates on VSW. 

Volumetric Soil Water 

(best emitter) is essential 

over Tropical South 

America to structurally 

feeds specific humidity at 

925 hPa (best receiver)  

back under the group of 

highest  ENSO-related 

Maximum Covariance 

States at 0 month-lag for 

non-linear metrics . 

 

This links structure depicts 

the Land Atmosphere 

Feedbacks between state 

variables VSW-T2m and 

SH925 



1 lag-month graph using a threshold of 

relative causality higher than 4.8% (1979-

2010) 

 
At 1 month-lag, EVP, PRC and T2m dominates non-linear 
relationships on VSW and at interannual time scales  

Non Linear feedbacks: 
T2m-SH925 

T2m (best emitter) is 

essential over Tropical 

South America that 

structurally feedbacks 

specific humidity at 925 

hPa (best receiver) under 

the group of highest  

ENSO-related Maximum 

Covariance States at 1 

month-lag. 

 

This links structure depicts 

the Land Atmosphere 

Feedbacks between state 

variables T2m and SH925 

T2m is essential over Tropical South America to 
structurally feeds back specific humidity under the 
group of highest  ENSO-related Maximum 
Covariance States at 1 month-lag 
 



 

T2m is essential over Tropical South America to 

structurally feeds back VSW under the group of 

highest  ENSO-related Maximum Covariance 

States at 2 month-lag and non-linear links 

 

2 lag-month graph using a threshold of  relative 

causality higher than 3.44% (1979-2010) 

 

At 2 month-lag, VSW dominates non-linear 

relationships on PRC. At the same time, EVP and 

T2m dominates on VSW at interannual time scales. 

Non Linear feedbacks: 
T2m-SH925 

T2m (best emitter) is 

essential over Tropical 

South America that 

structurally feedback VSW 

(best receiver) hPa under 

the group of highest  

ENSO-related Maximum 

Covariance States at 2 

month-lag. 

 

This links structure depicts 

the Land Atmosphere 

Feedbacks between state 

variables T2m and VSW 



Results (4) 
Comparing Graphs with Linear 

and Non-Linear Edges 



• VSW plays an important role 

as structural link at several 

time lags 

• VSW provides the memory of 

the atmosphere-driven 

processes and their 

subsequent influence 





Conclusions 
• The regulatory action of ENSO sets in a stronger memory and resilience of 

interactions among state and process variables. VSW is a key variable in defining the 

spatiotemporal patterns of PRC and EVP in TropSA at interannual timescales, and as 

such plays a major role in regulating LAFs at interannual timescales. 

• We defined the dominant LAF spatiotemporal patterns by a pair-wise categorization 

of variables through Maximum Covariance Analysis (MCA)/Singular-Value 

Decomposition (SVD), with the aim of quantify the most salient factors associated 

with ENSO over TropSA. With such patterns, we evaluated the relational structure 

between state (T2m, SH925, and VSW) and process (PRC and EVP) variables using 

Graph Theory. 

• The identified structure of correlations (linear) among variables differs from that 

derived from causalities (non-linear).  

• Among the studied variables, T2m and VSW exhibit the highest amount of linear 

feedbacks (correlation) including the one among them at 1 month-lag, and with 

process variables PRC and EVP.  

• For both the simultaneous and lagged analysis, surface temperature (T2m), as a state 

variable, activates non-linear associations with atmospheric moisture (SH925) and soil 

moisture (VSW) among the high ENSO-related graphs (causality graphs).  

• Under the ENSO influence, T2m is not only a key variable to diagnose the dynamics of 

interannual LAFs but also has a substantial role on the dynamics and 

thermodynamics of the lower troposphere and soil interfaces over TropSA 


