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The Lorenz 1963 and 1969 models have been applied for revealing the chaotic nature of weather and climate and for

estimating the atmospheric predictability limit. Recently, an in-depth analysis of classical Lorenz models (LMs) and newly

developed, generalized Lorenz models suggested a revised view that “The atmosphere possesses chaos and order; it

includes, as examples, emerging organized systems (such as tornadoes) and time varying forcing from recurrent

seasons”, in contrast to the conventional view of “weather is chaotic”. The revised view focuses on distinct predictability

and time varying multistability. Distinct predictability suggests limited predictability for chaotic solutions and unlimited

predictability (or up to their lifetime) for non-chaotic solutions. To support the revised view, multistability (for attractor

coexistence) and monostability (for single-type solutions) are first illustrated using kayaking and skiing as an analogy.

Additionally, this entry provides a list of non-chaotic weather systems and a short list of suggested future tasks.
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1. An Analogy for Monostability and Multistability Using Skiing and
Kayaking

Since the sensitive dependence of solutions on initial conditions (SDIC), monostability, and multistability are the most

important concepts in predictability studies using Lorenz models , to help readers, they are first illustrated using

real-world analogies of skiing and kayaking. To explain SDIC, the book entitled “The Essence of Chaos” by Lorenz ,

1993 applied the activity of skiing (left in Figure 1) and developed an idealized skiing model for revealing the sensitivity of

time-varying paths to initial positions (middle in Figure 1). Based on the left panel, when slopes are steep everywhere,

SDIC always appears. This feature with a single type of solution is referred to as monostability. 

In comparison, the right panel of Figure 1 for kayaking is used to illustrate multistability. In the photo, the appearance of

strong currents and a stagnant area (outlined with a white box) suggests instability and local stability, respectively. As a

result, when two kayaks move along strong currents, their paths display SDIC. On the other hand, when two kayaks move

into a stagnant area, they become trapped, showing no typical SDIC (although a chaotic transient may occur ). Such

features of SDIC or no SDIC suggest two types of solutions and illustrate the nature of multistability.
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Figure 1. Skiing as used to reveal monostability (left and middle, Lorenz 1993 ) and kayaking as used to indicate

multistability (right, courtesy of Shutterstock-Carol Mellema   https://www.shutterstock.com/image-photo/kayaker-enjoys-

whitewater-sinks-smoky-mountains-649533271 (accessed 1 November 2022)). A stagnant area is outlined with a white

box.

2. Non-Chaotic Weather Systems

The Lorenz 1969 (L69) model with forty-two, first order ODE was applied in order to study the multiscale predictability of

weather. Although the L69 model is neither a low-order system nor a turbulence model (due to the lack of dissipative

terms), major findings using the L69 model were indeed supported by studies using turbulence models . By

comparison, the Lorenz 1963 (L63) model has been used to illustrate the chaotic nature in weather and climate. Finite-

dimensional chaotic responses revealed using the simple L63 model can be captured using rotating annulus experiments

in the laboratory , illustrated by an analysis of weather maps (Figures 10.6 and 10.7 in ), and simulated using

more sophisticated models (e.g., ). Based on ensemble runs using a weather model, the feature of local finite

dimensionality  indicates a simple structure for instability (e.g., within a few dominant state space directions)

(personal communication with Prof. Szunyogh) and, thus, suggests the occurrence of finite-dimensional chaotic

responses.

As indicated by the title of Chapter 3 in , “Our Chaotic Weather”, and the title of , “Application of Chaos to

Meteorology and Climate”, applying chaos theory for understanding weather and climate has been a focus for several

decades . By comparison, non-chaotic solutions have been previously applied for understanding the dynamics of

different weather systems, including steady-state solutions for investigating atmospheric blocking (e.g., ), limit cycles

for studying 40-day intra-seasonal oscillations , quasi-biennial oscillations  and vortex shedding , and nonlinear

solitary-pattern solutions for understanding morning glory (i.e., a low-level roll cloud, ). While additional detailed

discussions regarding non-chaotic weather systems are being documented in a separate study, Table 1 provides a

summary.

Table 1. Non-chaotic Solutions vs. Weather Systems.

Type Weather Systems References

Steady-state Solutions Atmospheric blocking

Limit Cycles

40-day intra-seasonal oscillations

Quasi-biennial oscillations

Vortex shedding

Nonlinear solitary-pattern solutions Morning glory
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3. Suggested Future Tasks

Numerous interesting studies in nonlinear dynamics exist and many of them have the potential to improve our

understanding of weather and climate. Here, since suggested future tasks and additional studies and concepts will be

covered in the future, only a few studies are discussed. Based on the above discussions, an effective classification of

chaotic and non-chaotic solutions may identify systems with better predictability. Such a goal may be achieved by

applying or extending existing tools, including the recurrence analysis method, the kernel principal component analysis

method, the parallel ensemble empirical mode decomposition method, etc. (e.g., ). On the other hand, to

separate chaotic and non-chaotic attractors, the detailed attractor basin for each attractor should be determined. Then, it

becomes feasible to address final state sensitivity and intra-transitivity, as defined in Table 1 of . Whether or not the

number of attractors in our weather is finite is another interesting but challenging question. Given a specific system that

possesses infinite attractors, the detection of “megastability” and “extreme multistability” that correspond to countable and

uncountable attractors , respectively, further increases the level of the challenge. In addition to three types of solutions

(i.e., steady-state, chaotic, and limit cycle solutions) and two kinds of attractor coexistence, homoclinic phenomena (e.g.,

homoclinic bifurcation, homoclinic tangencies, and homoclinic chaos), which have been intensively studied within low-

order systems, deserve to be explored in high-dimensional systems (e.g., using the GLM with nine modes or higher) 

.

There is no doubt that the “butterfly effect”, originally derived from the Lorenz’s 1963 study , is a fascinating idea that

has inspired many researchers to devote their time and effort to related research. For example, Lorenz’s attractor and

Lorenz-type attractors (that are associated with Lorenz and Shilnikov types of saddle points, respectively) 

 have been rigorously examined within dynamical systems (e.g., the L63 model and the Shimizu-Morioka model ).

Among the three kinds of butterfly effects classified by Shen et al., 2022 , the first kind of butterfly effect with SDIC is

well accepted, while the second kind of butterfly effect remains a metaphor. Thus, there is a definite need to finally answer

the following question: “Can a butterfly flap cause a tornado in Texas?”. Stated more robustly, can a small perturbation

create a coherent larger scale feature at large distances? If so, what are the sizes and intensities that can produce such a

feature and at what distances? All of the above questions are the subject of future studies.
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