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1. Introduction    

Due to the importance of the impacts from anthropogenic process on global change, there 
has been a growing interest in predicting climate variability on seasonal scales. In order to 
accomplish this, better knowledge about and modeling of earth surface energy exchanges 
and evaporation is required trough diverse scales, from local to continental extents. 
Recognizing this need, we state as general objective of this chapter to advance towards a 
conceptual and methodological framework that sustain a better representation of 
evapotranspiration at landscape scale. Along this chapter are discussed the reasons, why 
traditional schemes based on classical science fail in order to explain, emergent, convergent 
and highly dynamic behaviors observed in evapotranspiration process. On the application 
of more integrative approaches for modeling, the search for organizing principles regulating 
function response on evapotranspiration systems, is required. Emphasis on the structure-
function relation, adaptation in social-ecological systems and the development of 
methodological strategies themselves appear to be the most relevant elements to the 
incorporation of resilience as an analogical model and of the complexity paradigm as a 
conceptual framework for the modeling of the evapotranspiration process.   

2. Opportunities and challenges for modeling evapotranspiration from the 
classical perspective and the analogical model approach  

2.1 Review of evapotranspiration models from hydrology and climatology 

Over the past three decades, there has been a growing interest in predicting climate 
variability on seasonal and interannual scales due to the recognition of the importance of 
anthropogenic processes on global change. This awareness process has led to the 
development of new experimental technologies and modeling for generalizing local and 
regional observations of mass and energy exchanges on the terrestrial surface. Such 
generalizations represent valuable data for general circulation models (Shuttleworth & 
Gash, 2005; Taylor et al., 1998). Major developments on evapotranspiration estimation 

www.intechopen.com



 Evapotranspiration 

 

50 

include semi-distributed and semi-empirical models semi-distributed and semi-empirical 
models that represent energy or water balances on the land surface-atmosphere interface 
and incorporate local and regional effects of land cover heterogeneity on evapotranspiration 
(Norman et al., 1995;  Xu et al., 1996; Bastiaanssen et al., 1998; Sandholt et al., 2002; Allen et 
al., 2005; Courault et al., 2005; Garatuza-Payan & Watts, 2005; Neale et al., 2005; Senay et al., 

2007). For a general view about mentioned models, see equation 2 for water balance. 

  Rn = H + λLE + G0  (1) 

                                      SMt1 = (SMt0 + PRECt1) - (EVAPt1 + ROFFt1) (2) 

In equation 1, from the total amount of available energy Rn (net radiation), a part is used to 

heat the air above the surface (H) (sensible heat flux), another part is used to heat the surface 

(G0) (soil heat flux) and one more is used for changes in state (λLE) (latent heat flux). Water 

balance at hydrological unit, or water storage available in the soil, for a period t1 (equation 2), 

resulting from the differential between the system input—given by the water storage available 

in the soil over a previous period, SMt0, plus the effective precipitation, PRECt1, minus the 

water interception produced by evapotranspiration, EVAPt1, plus run-off, ROFFt1. 

Standing out among these efforts is the use of remote sensing and in situ auxiliary data to 

represent the variability of evapotranspiration (Baldocchi et al., 2001; Boegh et al., 2002; 

Schmugge et al., 2002). In the area of methods for integrating data from diverse sources are 

assimilation procedures that use the application of atmospheric and surface models 

supplied with satellite data calibrated with in-situ data (Crow & Wood, 2003; McCabe & 

Wood, 2006; Cleugh et al., 2007; Pan et al., 2008). In summary, these efforts have enabled the 

generation of knowledge about earth surface energy exchanges and improvements in its 

modeling. Nevertheless, there continues to be uncertainty regarding how land surface 

operate land surface-atmosphere interactions in different spatial and temporal contexts 

(Callaghan et al., 2004; McCabe et al., 2008). Global studies on seasonal climate variability 

(Dan & Ji, 2007) establish that “the seasonal cycle of the exchanges of energy, mass and momentum 
between the land and atmosphere can be modified by vegetation through morphological change and 

carbon assimilation, and it plays a major role in the seasonal variations of local surface hydrology”. 

Meso-scale studies demonstrate significant differences in energy fluxes according to cover 

type through feedback mechanisms resulting in different cloud covers and differential rates 

in the development of the boundary convective layer (Taylor & Lebel, 1998; Mahrt et al., 

2001; Clark et al., 2003). In turn, according to the temporal scale of observation, specific 

conductive processes are shown. For example, in zones with disperse vegetation the 

instantaneous evaporation rate is controlled by the rain pattern after precipitation events, 

while on a seasonal scale the evaporation patterns are highly correlated with the 

characteristics of the different types of cover (DOE, 1996).  

From this perspective, it is crucial to incorporate into the modeling of evapotransporation (Et), 
multi-scale effects of local conductive processes that result in emergent behavior on a regional 
scale, and which cannot be represented in a simple manner. In terms of the current theory on 
biophysical processes, the emphasis has been on establishing the behavior of the variables 
from a perspective of processes and modeling and not as a specific and joint response of 
features or objects on the earth’s surface. This means going beyond physical and complex 
models and an emphasis on calibration, and exploring those organizing rules that control the 
complexity of regional hydrology (Sivapalan, 2005; McDonnell et al., 2007). To answer the 
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“why” questions, a coherent theory must be advanced that directly incorporates the pattern-
process relations that constitute the landscape and lead to the organization of systems with 
specific functions susceptible to observation—in this case, the coupling of water, energy and 
nutrient cycles. These functions are known as functional traits and are the result of slow co-
evolution or memory processes (Schröder, 2006; De Bello et al., 2010). For example, the height 
of plants and the size of seeds have evolved as a result of selective evolutionary pressure and 
constitute a climate footprint of the past. Other processes—such as phenology, soil moiture, 
snow and ice cover, and even biodiversity—constitute the terrestrial memory processes that 
contribute to the complexity observed in the components of the hydrologic cycle (Sivapalan et 
al., 2001, Shuttleworth y Gash, 2005). 
All of these works agree that it is possible to significantly advance the knowledge about 

hydrologic processes—among them, evapotranspiration—through the recognition of 

regulatory principles that determine the rather complex behavior of the different 

components of the hydrologic cycle, especially in terms of the human role as a conductive 

element in very dynamic processes that alter the functioning of zones under management to 

such an extent and manner that exceeds our ability to control it. The following section 

explores the potential for incorporating conceptual elements of the complexity paradigm 

and those of landscape ecology in the modeling of evapotranspiration and other hydrologic 

processes. 

2.2 Conceptual elements and heuristics from complexity paradigm and its application 
in modelling hydrologic processes 

First, the conceptual elements, attributes and general methodologies of complexity, chaos 

and systems theories are presented. Then, a review is provided of the most relevant 

advances in the application of these theoretical frameworks to modeling hydrologic 

processes—among them, evapotranspiration. 

In discussing a theory, the conceptual models of the theory itself and that represent the 

object of study can be used.  With regard to the complexity paradigm, we shall discuss the 

concept of a complex system. This is composed of close interactions between its components 

in such a way that the events taking place significantly influence the probabilities of many 

types of subsequent events. Its functioning is the result of the confluence of multiple factors 

that interact in such a way that the system is not separable, but rather only semi-separable 

(Martin & Sunley, 2007). 

Complex systems present key generic properties (Holland, 1995; Holland, 2002), such as: 
a. Distributed representation: the functions and relations within the system are distributed 

on all of the scales with a high degree of connectivity. The paradox of scale is a property 
of complex systems. 

b. Openess: the boundary between the system and its environment is not fixed or easy to 
identify. Dynamic and diffuse limits. 

c. Chaotic behavior: Nonlinear dynamics among the variables that interact with the 
components of the system. (Contigences). 

d. Emergences:  The macro-scale structures and functioning arise from interactions among 
micro-scale components (building blocks). 

e. Adaptive behavior and self-organization: the systems adapt their structures and 
dynamics in response to changes in the external environment or to internal changes 
through co-evolution mechanisms and critical situations. 
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These mechanisms are triggered in response to chaotic and highly unpredictable 
disturbances or messages. As a result of this large complexity framework, a series of 
approaches exist, such as Chaos Theory, Hierarchy Theory, Complex Adaptive Systems and 
Complex Social-ecological Systems (Valerie & Allen, 1996; Liu et al., 2007).  The latter refers 
to integrated or coupled systems in which the population interacts with its natural 
components. Fundamental characteristics of Complex Social-ecological Systems are: the 
presence of nested hierarchies, or panarchies; their components interact reciprocally at 
diverse levels of organization as well as different spatial and temporal scales; their behavior 
is defined by the interactions among complex networks and; they present emergent 
properties (Cadenasso et al., 2006; Liu et al., 2007). See incises on figure 1. 
Complex systems are composed of heterogeneous elements that interact, which means that 

the subsystems belong to the domains of very diverse disciplines. A multi-discipline 

presumes the integration of different disciplinary approaches (García, 2008) and viewing 

any problematic as a system whose elements are inter-defined, the study of which requires 

the coordination of disciplinary approaches that need to be integrated into one common 

approach (Holland, 2002). What integrates a multidisciplinary team that studies a complex 

system is a common conceptual and methodological framework derived from a shared 

concept of the science-society relation. This conceptual framework may be connected by 

guides and hypotheses that provide the threshold reasoning for what is known as heuristics, 

validation and approximation schemes that make up the conceptual model, or what is called 

the analogical model (Holland, 1995; Wu, 1999).  

 

 

Fig. 1. Generic properties of complex systems. Modified from 
http://www.idiagram.com/examples/complexity.html 

One last fundamental aspect of complex systems is the content of the information present in 
its components. The information contained in complex systems may be working 
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information, the result of feedback from the components of the system due to a message or 
flow of energy, mass or language (Brooks et al., 1989). This type of information is any kind 
of phenotype which is the product of previous exposure to a message or specific stimulus 
and is the result of a process of learning and of co-evolution of the components of a system 
with respect to its environment (Wiener, 1954). This means that communication is a 
fundamental process of a system’s self-organization; the final result is that the system both 
adapts to its medium and also modifies it (Günther & Folke, 1993). 
Latent information is that which is contained in a system and is not expressed because it has 
not been fundamental to contributing to the collective functioning of the system and to 
facilitating its current adaptation. Latent information can become working information if a 
specific message is produced that triggers a result. Some of the components of the system 
have this function and are fundamental to its survival; these are called history tellers 
(Wiener, 1954). Complex systems are found in an enclave on “the edge of chaos,” from 
which comes the notion of temporal-spatial contingency or convergence. Based on this point 
of view, Wiener develops his theory about cybernetics or message theory. His thesis is that 
the society can only be understood through the study of the communication messages and 
instruments that pertain to it. 
With respect to the application of the conceptual elements of the complexity paradigm and 
the practical methodologies corresponding to this discipline as it pertains to the study of 
hydrologic processes, the importance of functional raits is recognized as a joint response of 
the elements of a landscape, an area subject to management or a hydrologic unit. In relation 
to the development of a regional hydrologic theory, organizing rules of emergence and 
connectivity are identified at the conceptual level, as well as the organization of hierarchies 
based on functional traits or self-similarity, and the hypothesis behind the optimization and 
structuring of hydrologic networks (Sivapalan, et al., 2001; McDonnell et al., 2007). Also 
recognized is the importance of contingencies, extreme values and trigger values—elements 
that come from chaos theory (Wiener, 1954; Gunther & Folke, 1993). Since these  heuristics 
must be test and the diverse disciplines have a wide range of experience with them, the 
theory of the hydrology of catchments—from the perspective of functional traits—has to be 
the result of the integration of multidisciplinary conceptual frameworks and the design of 
observation schemes for the experimentation and testing of hypotheses. Said theory should 
also incorporate a more real or phenomenological representation of the processes. 
With regard to a methodological proposal, some authors consider the integration of 
upward, downward approximations—although without theoretically offering a solution—
and the definition of elemental units for the development of a classification scheme that 
supports the principles of scaling and based in functional aspects (Sivapalan, 2005; Schröder, 
2006). Out of spatial modeling and Geomatics arise pattern discovery and the 
conceptualization of the geographic entities or components of a system, a methodological 
element indispensable to the development of classification and schemes of hierarchies in 
geographic processes (Haggett, 1965; Maceachren et al., 1999; Coronel, 2008). With the 
functional traits perspective, the social, cultural and economic nature of the managed areas 
or case studies is not made explicit, and although the definition of elemental units of 
analysis is recognized, it is not advanced in the conceptualization of hydrologic processes as 
the functioning of systems with complex behavior. Rather, this aspect is considered at the 
application level, with the definition of geospatial models for the characterization of run-off 
networks (Ruddell & Kumar, 2006) or in the simulation of scenarios for a management area 
(Parrott, 2009). 
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An alternate approach to functional traits is provided by biology, landscape ecology, urban 
planning and the very science of complexity. This approach stresses the importance of 
developing methodological practices specific to the science of complex systems and then 
applying them to the specifics of a problem or case study. Several authors consider scaling 
as a fundamental issue in the development of a theory that transcends classical scientific 
thought, but they do not propose a general theory of scaling which would contradict the 
complex paradigm (Günther & Folke, 1993; Haila, 2002; Walker et al., 2006). Instead, they 
suggest analogical models, including paradoxes, puzzle models, and the recognition of 
uncertainty as an attribute of complex processes. The authors mentioned above agree that 
scaling behavior requires the identification of critical scales in order to understand the 
dynamics of a system as a whole. The scale of relevance is defined by the process and its 
context; what is relevant is to apply scaling rules to investigation practices. This point of 
view is similar to that proposed in the last section of this chapter, called phenomenon driven 
analysis. 
In order to put forth conceptual elements of a hydrologic theory, three definitions are 
proposed (Schröder, 2006), pattern, as structured spatial behavior that temporally differs 
significantly from a random process. Processes, understood as interactions among different 
objects in the environment. Function refers to the resulting response, or functioning, of a 
complete system based on its importance to maintaining the system itself. Besides these 3 basic 
elements, some additional elements that are suggested are simple fallible models and the 
science of place, or the temporal-spatial paradigm (McDonnell et al., 2007; Coronel, 2008). 
A large part of what underlies these proposals to develop a catchment hydrologic theory is 
learning from simulated experimentation, such as in the functional traits approach and the 
more applied approach of the science of complexity through analogical models. This 
learning about the functioning of complex social-ecological systems emphasizes our ability 
to adapt, especially in the context of global change and the crisis of natural resources (Cutter 
et al., 2008; Castree, 2010). 
The proposal hereins suggests moving toward a theory about the process of 
evapotranspiration through the application of analogical models while at the same time 
developing methodological practices. The strategy consists of capitalizing on 
multidisciplinary knowledge which offers integrating concepts related to eco-systemic 
capacities such as adaptability and transformability. There are important works that explore 
a similar strategy in a variety of hydrologic processes and highlight the importance of its 
adaptation. Among those are the nature of the heterogeneity of the earth’s surface that 
drives the run-off networks and rain fields, applying the heuristics of self-organization and 
self-similarity (Gorenburg et al., 2001; Veitzer & Gupta, 2001), the temporal spatial 
variability associated with the process of evapotranspiration, and identifying diverse control 
factors in relevant scales and patterns (Albertson et al., 2001; Katul et al., 2001; Mahrt et al., 
2001; Coronel et al., 2008). Terrestrial memory processes that are fundamental to long-term 
water balance are identified, among them vegetation and soil adjustments that relate energy 
and water balances and nutrient cycling (Post & Jones, 2001; Mackay, 2001; Coronel & Mora, 
2008a; Coronel & Mora, 2008b). The application of analogical models can be seen in various 
works applied to the management of hydrologic basins from a more comprehensive 
perspective, such models have been used to demonstrate characteristics reproduced at 
different scales (Haila, 2002; Pickett et al., 2004; Gunderson et al., 2006). 
In terms of an ecosystem’s capacity to adapt and transform, this chapter proposes the 
explicit inclusion of the role of some of the complex social-ecological systems as triggers of 
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chaotic processes or disturbances in their surroundings, without resulting in an increase in 
the system’s self-organization (Folke & Kautsky, 1992). The capacity of regional systems, as 
well as the system under management, to absorb such disturbances at different temporal 
scales is reduced; that is, their resilience is affected. The emphasis on resilience as an 
integrating concept lies in its importance to adaptation, especially with regard to complex 
social-ecological systems which have a very short evolutionary history compared to the 
evolution of the natural systems that support them. In the next section, the capacities of 
ecosystems as resilience, adaptability and transformability are defined in greater detail, 
basic elements that contribute to the resilience of complex social-ecological systems are 
summarized, and the fundamental conceptual elements that define evapotranspiration 
systems are established. 

3. Ecosystem capacities: from concepts to representation models 

3.1 Defining resilience, adaptability and transformability 

There is a established methodology to apply the concept of resilience as an analogical 
model, or metaphor for decision-making (Pickett et al., 2004). Most relevant when 
considering resilience in terms of analogy is making a direct connection between structure 
and function. The first step should be based on a clear and concise concept of resilience. 
The concept of resilience was proposed in 1973 by Holling as a way to assist in 
understanding the dynamic of ecosystems (Gunderson, 2000). Resilience is “the persistence 
of relationships within the system and is a measure of the ability of those systems to absorb 
changes in state variables, driving variables and parameters, and still persist.” 
Complementary to this, Holling defines stability as “the ability of a system to return to an 
equilibrium state after a temporal disturbance.” Later interpretations use this definition of 
stability as part of the definition of resilience in considering it as a measurement of how fast 
a system returns to a state of equilibrium after a disturbance (resilience engineering) (Pimm, 
1991; Gunderson, 2000). 
While the concept of resilience refers to the structure and function relations that operate in 
ecosystems, concepts of adaptability and transformability, from the point of view of systems 
theory, refer to different degrees of change in social-ecological systems and are based on 
recognizing that humans influence resilience at different levels of organization. From 
Walker’s definition of adaptability as “the capacity of social components in a system to 
manage ecological resilience” (Gunderson et al., 2006), and considering that natural 
systems—through their history of co-evolution with the environment—have also adapted 
and altered the environment (Sivapalan et al., 2001; McDonnell et al., 2007), we propose the 
term adaptability as the capacity of the components of a complex social-ecological system to 
manage its resilience. The above also focuses on the capacity that we have to maintain the 
goods and services that contribute to ecosystems or to even restore an undesirable regimen 
to a desirable one. Transformability “is the capacity to create a fundamentally new 
configuration of the system” (Walker et al., 2006). Social-ecological systems, as agro-
ecosystems, are susceptible to failure in state policies and actions and the principal forces 
that result in the creation of new systems are crises in key resources and changes in social 
values (Gunderson et al., 1995). 
There are some forms of interaction among different components of resilience—such as 

resistance, latitude, and precariousness—that occur in highly evolved systems by applying 

the principle of basins of attraction (Walker, et al., 2006). Resistance (R) refers to the ease or 
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difficulty of a system to change into a new state of dynamic equilibrium; with regard to a 

basin of attraction, this corresponds to its depth (see figure 2). Latitude (L) refers to the 

amount of disturbance or change that can be exerted on a system without crossing the 

threshold value. This corresponds to the diameter of the basin and is related to the degree of 

variation in state variables that the system can manage. Precariousness (Pr) defines the 

current trajectory of the system in the basin of attraction and how close it is to a threshold 

value for its state variables. The position of the system (SEt) on the basin is indicated by the 

white dot. 

In highly evolved systems, these thee aspects of resilience have co-adapted and are often 
strongly interrelated. Technician agricultural systems and fisheries have short co-
evolutionary histories (Walker et al., 2004). Therefore, we cannot rely on such selected 
systems with appropriate feedback controls, and the likelihood of crossing thresholds is 
much higher. 
 

 

Fig. 2. Components of resilience as basin of attraction 

There are more traditional examples of systems with a long history that show greater 
adaptation by permitting the natural recycling of nutrients and the accumulation of memory 
(Berkes & Folke, 1998). Panarchy, is the fourth aspect to be considered, since it involves a 
high degree of interdependence across scales. Losses, however, can be managed so as to be 
confined to smaller organizational scales, in order to minimize the loss of stability of the 
landscape (Ahern, 1999). 
To continue building towards the application of resilience as an analogical model, heuristics 
from natural and social science perspectives that support this capacity need to be sought 
and discussed (Walker et al., 2006). 

3.2 Heuristics behind resilience in complex social-ecological systems 

An adaptability approach involves connecting structure and function, since the way in 
which processes and functions of systems are affected is mainly through changes in their 
structure.  For there to be greater adaptability, as much should be known as possible about 
the resilience of managed systems. To this end, it is important to consider that slow 
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variables control the resilience of the natural components of a social-ecological system while 
controlling the resilience of social components, whether by slow or rapid processes (Walker 
et al., 2006). Accordingly, it is important to know the scale domains of the driving variables 
of the resulting function of evapotranspiration systems (defined in section 3.3). 
One possible cause of the loss of resilience is the lack of agreement among scales between 
social and ecological subsystems (Cumming et al., 2006). Some of the causes of this lack are 
population changes, food production, technology and transportation, human values and 
perceptions about nature. Over the long-term, a large part of this problem involves the 
development of flexible institutions that can adapt to the changing environment and the 
environmental experience being meaningful to social systems; that is, promoting more 
adaptable social systems (Szerszynsky, 2002). Several alternatives related to the above are 
presented in the following paragraphs. 
The application of the analysis of resilience, or the application of the analogical model of 
resilience, changes the approach from one of maximizing sustainable productivity to one of 
managing adaptive resources and adaptive governance, the latter being the process of 
creating adaptability and transformability in complex social-ecological systems (Lebel et al., 
2006; Vilardy, 2009). 
An additional component for adaptability and co-responsible transformation is the creation 
of spaces for discussion that are essential for social networks to establish contact and 
promote learning (Gunderson et al., 2006). Several methodological and conceptual 
approaches exist that facilitate consensus in discussion spaces. Scenario planning—a 
bottom-up view—is a process of envisioning whether or not plausible transformations are 
desirable and bringing them into the social decision-making processes (Peterson et al., 2003). 
Participatory planning at regional or local scales by means of participatory cartography, 
mental maps or other techniques promote consensus about an issue in the geographic space 
(Martínez & Reyes, 2005; Romero & Farinós, 2006; Cataldo & Rinaldi, 2010) These 
approaches, based on social knowledge, are top-down methodological views and, together 
with bottom-up ones, contribute to an adaptation process.  By making the ecological reality 
in which management conflicts operate explicit, social systems can then be adapted in order 
to implement adaptive governance. 
It is worth stating a cautionary principle related to multi-objective management at the 
landscape scale, which is that because social-ecological systems have multiple interacting 
thresholds, they lead to different options for management regimes, only a few of which are 
feasible (Kinzing et al., 2006). 
With regard to the behavior of social-ecological systems in general, certain evolutionary 
phases can be identified according to the adaptive cycle proposed by Holling in 1986. Said 
cycle undergoes abrupt changes involving creation or growth, conservation, release and 
reorganization phases. Although an adaptive approach has to be applied to all the phases of 
the adaptive cycle of a system, some authors especially emphasize the importance of the 
back loop, and in particular the flexible management needed to retain critical ecological 
resources (adaptive management), and the evolution of rules that influence resilience during 
self-organization (adaptive governance) (Abel et al., 2006; Gunderson et al., 2006). 
Maintaining critical resources and taking into account cross-scale linkages can increase the 
probability of desirable results during the release and reorganization phases; the possibility 
of this, depends on the systems in a large hierarchy being in a growth or stability phase and 
their having connections, such as memory and learning (heterogeneous landscapes can 
more efficiently stop the dispersion of fire and infestations at large scales) (Walker et al., 
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2006; Peterson, 1998). Thus, a relevant task in the application of resilience as an analogical 
model is to characterize the system under management in terms of the phase of the adaptive 
cycle in which it is found at the moment in which management decisions are made. 
The diversity of functions and responses are key elements to the resilience of social-
ecological systems (Walker et al., 2006). The former is related to the performance, or 
functional effectiveness, of a system; the rule is the greater the diversity of functions, the 
more effectively a system will respond to disturbances. This does not occur in agricultural or 
pasture systems focused on maximizing the productivity of a few species and, thus, said 
systems will tend to be less resilient in the face of any disturbance. The diversity of 
responses refers to functional redundancy, that is, diverse groups fulfilling the same 
function. Apparent redundancy plays an important role in management and adaptive 
governance, while a focus on performance alone reduces apparent redundancy and, 
therefore, reduces resilience. In terms of functional diversity and the diversity of responses 
in different ecosystems, a direct connection has been established of the role of biodiversity in 
the functioning of complex social-ecological systems. 
In summary, adaptability is determined by absolute and relative amounts of social, human, 
natural, manufacturing and financial capital, as well as by the institutional system and 
governance (Lebel et al., 2006). In terms of social capital, there are three determinants of 
adaptive capacity: multiple leaderships consolidated social networks and networks that 
favor the flow of information and trust in institutions (Gunderson et al., 2006). Another very 
important component of human capital is knowledge, such that the presence of different 
superimposed knowledge approaches will lead to consensus and shared goals for handling 
conflict and favoring adaptability (Reyes & Martínez, 2005). Adaptive learning is facilitated 
by open social networks that apply ecological knowledge across social and natural scales 
(Anderies et al., 2006). Adaptation and transformation depend on the social-ecological 
memory and are limited by legal and cultural factors, as well as key vulnerabilities that 
determine resilience (Abel et al., 2006). Closed institutional systems change only when 
forced by social or ecological crises, since their primary approach is being isolated, filtering 
information and maintaining prevalent theories and paradigms (Kinzing et al., 2006). 
In terms of evapotranspiration systems, at the local level, systems tend to prefer 
management goals—whether urban or rural— such as agriculture or pasture production, 
forest management or conservation areas (Daily et al., 1997), each of which represent a basin 
of attraction with very different resource needs. The focus on maximizing the production of 
different components of the landscape can create conflicts due to the effects of certain 
systems over others. Added to this are effects at other scales that, together, result in the 
landscape having virtually no stability; for example, the problem of double exposure 
(Castree, 2010). The application of such a situation is shown with a case study in the 
agriculture zone of Bajío, in central Mexico where there are large agricultural areas that are 
inefficient in terms of the management of resilience. These zones are highly exposed to the 
production needs of the global market and all of the institutional, cultural and financial 
efforts are directed toward maintaining this production model, with a basin of attraction 
that is deep but highly precarious because of soil contamination, decreased aquifer recharge 
and excessive control of runoff (Soto & Soto, 1990; Alcocer et al., 2000; Maganda, 2004). 
Once the general heuristics that determine resilience in complex social-ecological systems 
are stated and discussed, it is necessary to proceed toward the application of the concept as 
an analogical model. This requires translating the concept into schematic, structural and 
quantitative representations so as to apply it to specific real or hypothetical situations or 
issues. The model is the representation of the systems, its components, the spatial and 
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temporal limits, the interactions among components and the possible degree of variation in 
the state variables and in the resulting function (Pickett et al., 1994; Pickett et al., 2004). 

3.3 Toward the definition of evapotranspiration systems 

We shall begin with the previous works that suggest the characterization of the functional 
response on evapotranspiration systems at different scales, while not necessarily defining 
what an evapotranspiration system would be. In hydrologic modeling, the human factor is 
not explicitly incorporated but rather is suggested through land surface-atmosphere 
interactions driven by changes in land cover. Water and nutrient (C and N) cycles are 
related through the optimization principle; that is, with the minimization of the use of water 
and the maximization of CO2 exchange (Shuttleworth and Gash, 2005; Dan & Ji, 2007). 
Spatial-temporal variability implies the exchanges of water and energy between the land 
surface and the atmosphere, the context of which is fundamentally different that which 
regulates run-off processes. Evapotranspiration responds to the heterogeneity of all of the 
controlling factors, such as radiation, atmospheric conditions, soil properties, soil humidity, 
and vegetation conditions (Sivapalan et al., 2001). 
In terms of energy balance, it has also been observed that there is a radiation threshold that 

can trigger changes in the adaptive cycle of plants, for example, speeding up the senescence 

and loss of biomass (Zavaleta et al., 2003). In the temporal context, at fine scales of seconds 

to minutes, energy fluxes are governed by atmospheric turbulence; and at intermediate 

scales of hours to days, by diurnal variations in radiation, average wind, atmospheric 

humidity and soil moisture (Katul et al., 2001). Natural temperate forest systems seem to 

successively evolve toward maintaining a stable level of water use efficiency, regulated by 

local control over temperature differences between the surface and air provided by rough 

layer, and by a quasilinear regional control over evapotranspiration provided by the vertical 

structure of the vegetation in such as way that the resulting function is a balance of water, 

energy and nutrient cycles, even under unlimited water conditions (Albertson et al., 2001, 

Katul et al., 2001) . There is no history indicating that these strategies for the optimization 

and stability of efficiency in the use of water operate in adaptive cycles, such as those of loss 

and destruction, but rather there appears to be a tendency toward the conservation of 

critical resources (water, nutrients, genetic pool) (Abel et al., 2006; Walker et al., 2006). 

Interaction with the atmosphere is incorporated by the concept of the mixed layer, in which 
the influence of the heterogeneity of the surface becomes very small as the altitude 
increases. The altitude of the mixed layer reflects a gradual decrease in the influence of 
heterogeneity with altitude (Mahrt et al., 2001). Its effects depend on the spatial scale of the 
rough layer, with greater interaction when large areas of smooth surfaces are present 
(mono-crops, pastures and forests with little vertical structure) and practically zero effects 
when extensive zones with well-structured canopies are present.  Interactions between the 
land surface and the atmosphere, that lack the effects of heterogeneity at small scales which 
are filtered, present patterns on the land surface that are driven by the middle wind 
(Sivapalan et al., 2001). 
Another relevant factor is interaction with slow and seasonal processes—such as 
precipitation, water available in the soil and snow, the phenology of plants and the adaptive 
cycles in which systems are found. At scales of weeks to years, surface fluxes are governed 
by the seasonal variation in the wetness of the soil, the physiology the plants and the 
seasonal dynamics of Rn. Only at these scales are there interactions between run-off 
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processes and evapotranspiration. Also studied is the role of the climate, soil and vegetation 
on the long-term water balance and the hydrologic equilibrium (through which run-off 
patterns, climatic controls and biogeochemical cycles in the soil cause an adjustment in the 
forest canopy) (Mackay, 2001). This means the recognition of the evolutionary adjustments 
of the ecosystem and soils to cycles in water, energy and soil nutrients and the atmosphere 
(C cycle). Other authors examine the role of forests, snow and soil in the capacity of some 
sub-basins to store and provide humidity at different spatial-temporal scales (Post & Jones, 
2001); that is, the application of the notion of learning and function as a result of an 
evolutionary-adaptive process. 

3.4 Elements that define an evapotranspiration system 

The above works provide elements to define an evapotranspiration system. Such is the case 
for the rough layer, for which the principles of interaction or processes that control 
evapotranspiration are observed. A mixed layer can also be formed in which the boundary 
layer of the atmosphere exerts controls on state variables by humidity conditions in the 
atmosphere and wind (Albertson et al., 2001). The emergence of the mixed layer speaks to 
local controls (surface-air temperature difference, dt) and regional controls (vertical 
structure, LAI) on instantaneous and diurnal energy flows (see figure 3). The dotted line 
represents the altitude of the mixed layer, corresponding to the lower limit of the mixed 
layer in light gray. Under the mixed layer is the rough layer defined by the heterogeneity of 
the ground cover. The arrows indicate the system’s inputs and outputs and general 
interactions among the components of the system—soil, cover, atmosphere—through matter 
and energy flows; the clouds emanating from the land cover represent surface flows driven 
by evapotranspiration and the effect of the mixed layer. 
At temporal scales of days and weeks, significant interaction is observed in the adaptive and 

phenological cycles of the ecosystems, effective precipitation and available radiation (Shuttle 

worth & Gash, 2005; Coronel & Mora, 2006; Coronel & Mora, 2007). Soil moisture deserves 

special mention because it affects local and regional scales, first triggering the evaporation 

rate at the beginning of the humid season and then regulating the evapotranspiration rate 

during the different phases of the adaptive cycle by coupling the water and C cycles through 

principles of optimization and stability of efficiency in the use of water. 

The vertical limits are defined by the rough layer and/or the mixed layer in the upper and 

lower limits by the A and B soil horizons that regulate the flows of nutrients and water 

available to plants. At the local scale, the horizontal limits would be defined by the 

heterogeneity of the surface, the proportion of area with vegetation cover, the lack of 

vegetation or bare soil, impermeable surfaces or water bodies. At the regional scale—due to 

complex interactions between the canopy and the atmosphere, as well as soil controls—the 

limits would be defined primarily by the rates of efficiency in the use of water, since this 

function emerges from the local and regional processes mentioned and, in the temporal 

context, it is dependent on the system’s adaptive cycle, with controls exerted by the 

principles of optimization, stability and conservation according to the availability of critical 

resources. In summary, the limits of an evapotranspiration system are open, emergent, 

specific to the temporal-spatial context and highly interactive with the environment. 

The resulting function of the evapotranspiration system, or efficiency in the use of water, 
summarizes the interactions among components in the vertical and horizontal planes and 
can trigger emergent responses under disturbance conditions depending on the co-evolution 
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and memory of its components, the adaptive cycle in which it is found and the predominant 
management practices (notion of contingency or convergence). Although man is not a 
component of the system, human interaction with it through the intentional modification of 
different driving processes so as to control productivity can result in altering of adaptive 
cycle (for example, not permitting the reorganization phase to occur, which follows the  
release phase in annual agricultural crop systems, see figure 4). This does not consider the 
conservation of critical resources and does not favor diversity of functions and responses, 
processes that contribute to learning and the development of memory. There is excessive 
exportation of entropy into the environment with no increase in the self-organization by 
 
 

 

Fig. 3. Evapotranspiration system, components, limits and interactions 

 

 

Fig. 4. Adaptive cycle for an annual crop system. Modified from FAO, (1990) 
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accumulating biomasa or recycling when significant controls are exerted on feedback 
mechanisms at local scales, such as the use of fertilizers and control measures for infestations 
and undergrowth (Günther & Folke, 1993). Although they satisfy certain societal needs, this 
type of local management affects a landscape’s regional and/or slow stability processes, such 
as aquifer recharge, soil enrichment, landscape connectivity and biodiversity. 
The development of generating heuristics of resilience and the emphasis on the structure-
function connection in the modeling of evapotranspiration systems is fundamental to the 
adaptation of these systems, and thus it is important to validate them in terms of their role 
on driving configuration on evapotranspiration systems: panarchies, or interaction of 
processes across scales; emergences, results of feedback processes among the components of 
an evapotranspiration system; convergences or contingencies, primarily  by management 
elements and meteorological disturbances and; changes in adaptive cycles. The emphasis on 
the scale of the landscape is established by its importance to its stability and to the strategy 
to decrease the effects at regional scales on the panarchy of evapotranspiration systems. 
The next section discusses certain methodological strategies that can be implemented which 
would be greatly useful to demonstrate the four heuristics of resilience considered. In 
addition, information requirements are established in terms of the relation of these strategies 
with driving processes in the functional response of evapotranspiration systems. These 
options do not exhaust the possible alternatives but rather summarize some of the advances 
in terms of observation schemes, methodologies based on discovering temporal-spatial 
patterns and modeling of complex processes with bottom-up approaches. In addition, the 
relevance of communication and learning elements are discussed and the role of tools such 
as participatory planning, regional planning, and cybercartography as constructive 
methodological strategies for social adaptation. 

4. Perspective for modeling evapotranspiration at application levels 

4.1 Methodological strategies for the application of elements of complexity 

Two approaches—bottom-up and top-down—stand out in the literature review of 
methodological strategies to incorporate the complexity paradigm at application levels 
(logical and computational) and epistemological levels. 
The former consists of applying generic systemic models to the process of interest, 
differentiating components, interactions at local scales, and establishing feedback rules at 
regional scales. At the same time, state variables are defined, or even better, threshold 
values or control mechanisms that trigger emergent behavior are established (Costanza & 
Maxwell, 1991; Parrott & Kok, 2000). This approach seeks to simulate behavior at more 
regional scales, which later are compared with observations at the same scale, or the 
simulated behavior is analyzed in terms of the degree to which the presumed behavior is 
represented (test of hypothesis). These exercises are based on prior knowledge about the 
process in question and use conceptual and geographic representation models—especially if 
the linkage between structure and function needs to be incorporated. Examples of this 
approach are complex object-based models and the geospatial pattern discovery (Parrott, 
2009; Maceachren et al., 1999; Coronel, 2008). Bottom-up modeling is based on a 
phenomenological strategy, or driven by phenomena; in which logical and 
geocomputational models inherit the behavior of observed or simulated processes. 
The top-down application consists of producing analogical models, favoring the discussion 
of knowledge frameworks applied to the specific problems and the search for solutions and 
representation models according to heuristics discussed and agreed to at the conceptual 
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level. The application of cybernetic communication processes, such as participatory 
cartography and regional planning, are examples that well-illustrate this approach (Romero & 
Farinos, 2006; Cataldo and Rinaldi, 2010). These facilitate learning about a region or area from 
the perspective of the processes that comprise it and promote social participation at diverse 
levels of organization. Thus, adaptation is facilitated by the creation of consensus, the 
strengthening of networks and the comprehensive vision of a territory.  
Our proposal is to integrate both perspectives so as to take the modeling of 
evapotranspiration to representation and epistemological levels. This would involve 
reconsidering proposals that have been examined from the hydrology perspective, focusing 
on organizing principles, testing hypotheses by comparing case studies and characterizing 
functional traits. At the same time, geographic and representation models must be 
developed, based on which computational models would be implemented in order to 
simulate complex behaviors. In addition, it is necessary to promote the discussion of the 
application of analogical models other than those for basins of attraction, such as 
connectivity and self-similarity (McDonnell et al., 2007; Schröder, 2007), which are also 
relevant to the application of resilience for the modeling of evapotranspiration. Therefore, 
the use of cartographic contexts and models to assist learning and developing knowledge 
about the organizing principles of a landscape—as in the communication processes for 
geocybernetics and cybercartography—can benefit the adaptation and development of 
social knowledge networks (Reyes, 2005; Reyes et al., 2006). 
In order to progress toward the spatial-temporal representation of evapotranspiration 
systems, it is suggested that geospatial patterns discovery be applied in order to show the 
validity of certain heuristics, such as emergences, convergences, panarchies and adaptive 
cycles (Haggett, 1965; Coronel, 2008).  Examples of this are applications of said process for 
discovering patterns in order to demonstrate the emergence of seasonal spatial-temporal 
structures in dt shown below in the figure 5. Each picture represents one stational period; 
numbers in black are julian days of the year. 8 days scenes from MODIS surface temperature 
were used along with air temperature from a meteorological network. 
 

 

Fig. 5. Spatial-temporal structures on surface–air temperature differences dt (ºC), in México, 
2007 

Some studies at the landscape scale have shown that the surface-atmosphere interactions 

observed in the surface layer are the result of local and regional processes of heterogeneity 

and cover roughness, as well as the effects of atmospheric variables at the meso-scale, such 

as air humidity and wind speed (Coronel et al., 2008; Albertson et al., 2001). This clearly 

indicates that an important feedback process occurs between local and regional scales 

(multi-scale effects in the panarchy of evapotranspiration systems). It is worth emphasizing 
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that these works incorporate methodological elements to discover spatial-temporal patterns, 

including aggregation and disaggregation methods, geostatistics and exploratory spatial 

statistics, all of which seek to formulate the relations of association among processes. 

In addition, documented cases exist of significant effects at the local and regional scales on 
hydrologic processes, such as increase in run-off and decrease in water recharge, which are 
directly caused by poor management of evapotranspiration systems based on a simple 
productivity approach. These effects are exacerbated by extreme regional precipitation 
events and by prolonged periods of drought or higher than normal air temperatures, which 
are considered convergences and are difficult to predict (Van Aalst, 2006; Cutter et al., 2008; 
Romero, 2010). 
Lastly, it is possible to characterize the phases of the adaptive cycle in which an 

evapotranspiration system is found based on functional responses, such as the efficiency in 

the use of water, or the production of entropy in relation to an increase in self-organization, 

such as the application of primary productivity to the accumulation of biomass (Günther & 

Folke, 1993; Goetz et al., 2009). 

4.2 The potential of observation schemes for incorporating organizing principles in 
evapotranspiration modeling 

The design of observation schemes are largely based on the users’ need for information 

about the phenomenon to be observed (Jensen, 2007). Thus, it is relevant to precisely 

identify the characteristics that a datum should present in order to most adequately 

represent a process. The literature recognizes that there are different levels of precision in 

data that should be considered for designing observation schemes: spatial and temporal 

precisions, contents of information or level of representation, geometric and thematic 

precisions (Schmugge et al., 2002; Couturier et al., 2009). Even more important is 

recognizing that prior knowledge about a process is what enables its spatial and temporal 

domain scales to be determined, in which the main variability of the process is observed. 

Based on what has been discussed throughout this chapter, it is possible to recognize certain 

processes in evapotranspiration which directly relate to the previously discussed organizing 

principles: surface temperature difference, albedo (inversely proportional to the amount of 

energy that interacts with the surface or Rn) and primary productivity (related with the 

accumulation of biomass). It has been shown and discussed that these processes behave in a 

way that favors the specific behaviors of complexity that have been theoretically suggested. 

Thus, some of the potentials of remote sensing schemes are presented here, in terms of the 

representation of spatial and temporal behavior of these processes and their application to 

bottom-up procedures to show the validity of the emergences, convergences, panarchies 

and adaptive cycles, as heuristics of resilience. 

The difference between surface temperatures should be represented with adequate 

resolution, given its effect at the local scale on sensible heat flow. Thus, advances in the 

characterization of surface temperature, with the use of remote sensing data in the thermal 

infrared portion (~ 10 µm wavelength), has been directed toward the discriminating covers 

according to their brightness temperature (Gillespie et al., 1998). In terms of the air 

temperature, meteorological observation networks are normally used and are efficient in 

representing the behavior of this variable, which has a more regional behavior (Coronel, 

2008). Nevertheless, to represent the surface fluxes on a more regional scale, it has been 
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shown that separating temperature according to cover does not contribute to the variation in 

latent flow and that dt tends toward middle or stable values for an area, as a control for the 

efficiency in the use of water through emergence behavior at the landscape scale (Albertson 

et al., 2001; Coronel & Mora, 2007). What has not yet been resolved is whether this behavior 

is a strategy of evapotranspiration systems in response to climatic variability. 

Albedo represents the portion of total incident solar radiation that is reflected or is transmitted 

through the atmosphere and, finally, registered by sensors. Net solar radiation, available for 

energy balance, is the remaining proportion and, thus, because of its relevance, albedo should 

be adequately characterized. Albedo is correlated with erosion and decrease with soil 

moisture, and the density of vegetation is an attenuating factor in this process (Robinove et al., 

1981). Albedo is also an important indicator of desertification processes (Xu et al., 2000). These 

findings suggest that albedo presents behavior that is regulated by local processes such as 

fractional vegetation cover, and increased by transformation on land cover. One way to study 

the effects of feedback between the atmosphere and surface flows (multi-scale interactions in 

panarchy and convergences) may be relating albedo at regional, continental and seasonal 

scales, with energy fluxes (Baldocchi et al., 2001; Brauman et al., 2007). 

Primary productivity presents efficient control of water, carbon and nutrient cycles at local and 

regional scales. Along with albedo and dt, it should be observed and studied in detail and with 

precision, with an emphasis on those indicators of primary productivity that make up the 

vertical and horizontal structure of the canopy. Studies have been conducted of estimations of 

aerial biomass (leaves and branches) which have led to important debates about the main 

satellite components (Lu, 2006; Goetz et al., 2009). Lidar systems adequately represent the 

vertical structure of the canopy and, therefore, have great potential for estimating aerial 

biomass, although they present limitations in the observation of large areas due to 

maintenance and productions costs (Hyde et al., 2006). An alternative for mapping surface 

roughness is the integration of data from multiple sensors (Moghaddam et al., 2002; Coulibaly 

et al., 2008). This would enable characterizing both the horizontal structure of the cover 

(through optical sensors) as well as the vertical structure of the canopy (through radar and 

Lidar sensors). It is possible to find differences in the strategies for accumulation of biomass 

according to the adaptive cycle and to incorporate this information in complex models. 

5. Conclusions and future considerations 

Emphasis on the structure-function relation, adaptation in social-ecological systems and the 
development of methodological strategies themselves appear to be the most relevant 
elements to the incorporation of resilience as an analogical model and of the complexity 
paradigm as a conceptual framework for the modeling of the evapotranspiration process. 
One of the most significant challenges for incorporating resilience in evapotranspiration 
systems is continuing to advance the definition of these systems, characterize their behavior 
and the criteria for organization that support classification systems, for the purpose of 
generating comparable information in different regions to advance learning and developing 
knowledge about evapotranspiration. This knowledge can be made available for regional 
planning in different areas, according to the information needs of decision-makers, within 
the application of participatory planning, and/or geocybernetics. 
In modeling evapotranspiration systems at application and epistemological levels, 

important information needs exist regarding nutrients present in the soil (water, C and N) 
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that strongly control evapotranspiration rates, and possible connections between 

biodiversity and the function response need to be explored through a functional group 

approach and by integrating indicators of this process, such as Beta biodiversity (Whittaker, 

1972; Qian et al., 2009). Adequate schemes should be advanced for evaluating data of 

different variables associated with evapotranspiration—at spatial and/or biophysical levels 

of precision—with emphasis on the representation of driving processes and the testing of 

hypotheses through object-based models and the discovery of spatial-temporal patterns.  
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