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Physical processes govern climate at different spatial and temporal scales. These physical processes themselves

constitute the transfer or flow of energy and mass. Causality methods have been used in recent years to study the

flow of energy and mass. These methods give an indication of the direction of the flow and the intensity of the

transfer. Climatic causal flows refer to hypotheses about physical processes that have been discovered using

causal inference methods.

causal flows  climate networks  Granger causality  causal strength  influence pathways

causality

1. Introduction

Among the main components of the global water cycle and the atmospheric circulation are evaporation, circulation

wind, and precipitation , and depicting their interplay is crucial to understand the dynamics of water vapor

transport and the redistribution of energy. From a methodological perspective, most of the past studies that traced

the pathways of humidity have used either numerical water vapor tracers, both in the Lagrangian approach (e.g., 

) and the Eulerian approach (e.g., ), or physical water vapor tracers like the ones based on isotopes (e.g.,

). Moreover, Drumond et al.  used Lagrangian and Eulerian approaches to complement each other.

Meanwhile, Esquivel-Hernández et al.  and Windhorst et al.  complemented their isotope-based studies with

Lagrangian water vapor tracers.

Recently, however, the use of complex networks to identify causal flows, indicative of matter and energy flows, has

gained much ground in climatology. This is a data-based approach that has been explored to characterize flows 

based on data only. This characterization is beneficial in two main ways : (1) it provides more information on

known physical processes and mechanisms, and (2) it allows one to hypothesize on those that were previously

unknown. Very importantly, if methods such as complex networks (based solely on data) are not used, some new

hypotheses or mechanisms cannot be possibly found since traditional methods generally impose assumptions

based on prior expert knowledge. Thereby, complex networks could be exploited to expand understanding of the

humidity and wind relationship with rainfall. When using causal networks, regions or in situ observations are

represented by nodes in a network structure. The association between nodes can, in turn, represent different types

of physically meaningful connections (e.g., ), for example, between humidity and rainfall. Often a scalar-

valued field of some physical variable is used as a proxy to characterize the underlying vector field causing the

dynamical processes (e.g., ). Some studies have used this approach to study rainfall over South America
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(e.g., ). Nevertheless, to the best of our knowledge, studies based on causal networks (a kind of complex

network) to gain insights on humidity sources and pathways, or to unveil homogeneous zones of humidity and wind

influence, do not yet exist.

Here, a virtual control volume approach that resembles the Eulerian description of a flow field but purely data-

based in design is proposed, which uses a causal network approach to infer causal flows that allow the tracing of

pathways of influence between climatic variables. To assess the proposed methodology, the rainfall from Ecuador

is taken as a case study. Thus, it is possible to verify if the proposed approach reproduces known patterns of the

influence that humidity and wind at different altitudes have on rainfall and to evaluate the ability of this approach to

infer new ones. Continuous areas of influence are discussed based on the use of satellite-based rainfall

observations and humidity and wind data from a reanalysis climate model.

The objective of this paper is to propose a causal discovery-based virtual control volume approach to study

climate. With the approach, the aim is to provide new information on known relationships between humidity/wind

and rainfall, but more importantly, identify new hypotheses regarding the direction and altitude of the influence of

those critical variables.

2. Virtual Control Volume Approach to the Study of Causal
Flows

The approach uses a virtual monitoring region (the virtual control volume), reminiscent of a control volume through

which a continuum flows, as well as the control surface that encloses it. In our proposed methodology, outlined in

Figure 1, a geographic region of interest (GRI) is enclosed by what has been named a virtual control surface where

the flow of a physical quantity is analyzed (thick, larger, and straight arrows in Figure 1). This flow is indirectly

detected, employing a causal inference method providing the direction of influence and its intensity. More

concretely, the virtual control surface is made up of a finite arrangement of points (or pixels for raster data), which

contain information on some climatic variables (e.g., humidity as in Figure 1a). In addition, in the enclosed

geographic area, there is information on other climatic variables (e.g., rainfall as in Figre1b). Then, the influence

from outside the virtual control volume is inferred using the information at the points on the corresponding virtual

control surface as a proxy. In Figure 1, this influence is schematized with the curved arrows between the virtual

control surface and the GRI, and the intensity with the thickness of the arrows.
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Figure 1. Outline of the proposed virtual control volume approach to study causal flows. The larger, straight arrows

indicate the possible external influence towards the geographic region of interest (GRI). The control surface around

the GRI is represented by the collection of squares, which contain time series of climatic variables that serve to

infer external influence, e.g., humidity and wind (a). The causal flow is derived by employing a causality test

between the climatic variable in the control surface (a) and a climatic variable in the GRI, e.g., rainfall (b). Arrows

between the control surface and GRI indicate the existence of causal influence, and the thickness of the arrow

indicates the intensity of the influence.

The continuous straight arrows in Figure 1 schematize the possible input signals that are characterized by the

information that is available on the virtual control surface. Different processes act on different time scales from

days to decades . Thus, the time scale of the time series depicted in Figure 1a,b should be chosen according to

the time scale at the processes of interest probably act.

In the case of the analysis of the influence of humidity and wind outside the GRI on the rainfall inside that region,

the control surface is operationally defined as a set of specific points storing time series of humidity and wind.

Besides, in the GRI (the control volume), there are rainfall time series either in specific positions or symmetrically

arranged positions, e.g., from satellite observations or climate models. Inference from external influence can be

carried out using a causal inference method such as Granger causality, which has been used to infer matter and

energy flows in the climate system , or any others such as those based on the theory of information .

3. Study Area

[16]

[11][12] [17]



Climate Causal Flows | Encyclopedia.pub

https://encyclopedia.pub/entry/1893 4/7

Ecuador is located in the northwestern part of South America and is crossed by the equator as shown in Figure 2a.

The presence of the Andean mountain range defines three climatic regions  whose limits are approximately at

1000 m a.s.l. both sides of the cordillera , i.e., the coast, Andean, and Amazon regions. Figure 2a

shows the common spatial delimitation of the Andean region as the zones above the 1000 m a.s.l., the delimitation

of the coast, west of the Andes, and the Amazon region, east of the Andes. The rainfall climatology is different in

each region (Figure 2b), the Andes being the region with more heterogeneous spatiotemporal rainfall distribution

due to the intricate western and eastern influences . A unimodal rainfall distribution characterizes the coastal

region with a peak from February to April. The Andean region has a bimodal distribution with peaks in February–

March–April and October–November–December. Meanwhile, the distribution in the Amazon, although the more

copious precipitation in the whole country, does not show high variability  but a peak exists from May to

July. On the other hand, the spatial distribution of rainfall is heterogeneous in each region and with significant

differences between the austral summer (DJF) and winter (JJA), as displayed in Figure 3.

Figure 2. (a) Location, topography, and climatic regions of Ecuador as well as the resolution of NCEP/NCAR

reanalysis data pixels used in the study (dashed lines); (b) mean rainfall by region based on data of Climate

Hazards Group Infrared Precipitation with Stations (CHIRPS) (1981–2016).
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Figure 3. Monthly mean rainfall in (a) the austral summer (DJF) and (b) winter (JJA) from 1981 to 2016, based on

CHIRPS data.
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