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Within Lorenz models, the three major kinds of butterﬂy eﬀects (BEs) are the sensitive
dependence on initial conditions (SDIC), the ability of a tiny perturbation to create an organized
circulation at large distances, and the hypothetical role of small-scale processes in contributing to
ﬁnite predictability, referred to as the ﬁrst, second, and third kinds of butterﬂy eﬀects (BE1, BE2,
and BE3), respectively. A well-accepted deﬁnition of the butterﬂy eﬀect is the BE1 with SDIC,
which was rediscovered by Lorenz in 1963. In fact, the use of the term “butterﬂy” appeared in a
conference presentation by Lorenz in 1972, when Lorenz introduced the BE2 as the metaphorical
butterﬂy eﬀect. In 2014, the so-called “real butterﬂy eﬀect”, which is based on the features of
Lorenz’s study in 1969, was introduced as the BE3.
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Over a span of 50 years, the pioneering study of Lorenz in 1963 (Lorenz, 1963 [1], hereafter
referred to as L63) and follow-up studies in 1969 and 1972 (Lorenz, 1969, 1972

[2][3],

hereafter

referred to as L69 and L72, respectively) have changed our view on the predictability of weather
and climate [4] by revealing the so-called sensitive dependence on initial conditions (SDIC), also
known as the butterﬂy eﬀect. A literature review by Ghys in 2015

[5]

indicated that the concept of

the “butterﬂy eﬀect” (i.e., SDIC) could be found in studies by Maxwell [6] and Poincare
butterﬂy eﬀect is referred to as the ﬁrst kind of BE (BE1). In

[2],

[7][8].

Such a

Lorenz applied a metaphor to

discuss the possibility of whether a tiny perturbation could eventually create a tornado with a
three-dimensional organized, coherent structure. The metaphorical butterﬂy eﬀect is referred to
as the second kind of BE (BE2). The scientiﬁc community accepts the idea that butterﬂy eﬀects
were “rediscovered” by Prof. Lorenz. However, one extraordinary contribution by Prof. Lorenz is
that his models and methods have provided foundations that have inspired numerous studies and
further advanced our understanding of chaotic nature and limited predictability.
Lorenz’s

studies

[1][2][9]

laid a foundation for chaos theory, viewed as the third scientiﬁc

achievement of the 20th century, after relativity and quantum mechanics. After the bestselling
book entitled “Chaos: Making New Science” by Gleick, 1987

[10]

, two terms—chaos and the

butterﬂy eﬀect—have been used interchangeably. During the presentation for the 2021 Nobel
prize in physics, the pioneering chaos study by Lorenz
awarded studies

[11]

[1]

was cited as a foundation for the

. A long history exists regarding when and how the term butterﬂy eﬀect was

ﬁrst introduced. As suggested in Lorenz’s book entitled “The Essence of Chaos”
became increasingly noticeable following Lorenz’s studies in 1963 and 1972

[1][2].

[9],

the term

Over the past

ﬁve decades, the aforementioned BEs have had direct or indirect impacts on our lives in
numerous ways, including in routine numerical weather and climate predictions and even in
Hollywood movies such as Jurassic Park. However, the meaning of the term “butterﬂy eﬀect” in
the L63 and L72 studies is not exactly the same. The exact relationship between the original
butterﬂy eﬀect (i.e., BE1 with SDIC) and the metaphorical butterﬂy eﬀect (BE2) has become
controversial. Inaccurate understandings and, thus, interpretations can easily be found. For
clariﬁcation, this study documents the deﬁnitions and major features of the important kinds of
butterﬂy eﬀects.

Over a 10-year period between the L63 and L72 studies, the L69 model with multiscale modes was
proposed for revealing the dependence of predictability on various scales (i.e., wavelengths) and
suggested better predictability for larger-scale systems [3]. Furthermore, a predictability limit of
two weeks has been suggested and highly cited (e.g.,
predictability limit of two weeks for the atmosphere in
supported (Smagorinsky, 1969

[14]

[3]

[4][12]).

The ﬁndings regarding a

were partly supported (e.g., [13]) or not

) by studies conducted near the time of Lorenz’s 1969

publication. For example, on pages 291 and 294, Smagorinsky, 1969

[14]

documented that “In

general even at 21 days, the perturbed map is still far from randomly related to the control—
another way of saying that the deterministic limit has not yet been reached”. Additionally, Prof.
Arakawa believed that the predictability limit is not necessarily a ﬁxed number

[12]

. Recently, the

idea of a predictability limit of two weeks has been challenged by new insights obtained using the
L63 and L69 models, as well as generalized Lorenz models (e.g.,
therein), and promising simulations using advanced models (e.g.,

[15][16][17];

and references

[18][19][20][21]).

As pointed out by Lorenz (e.g., Hillborn, 2004 [22]), the term “butterﬂy” appeared in Smagorinsky,
1969

[14]

earlier than Lorenz, 1972

features of

[3]

[2]

. Fifty years since

[1]

, Palmer et al., 2014 [4] reanalyzed major

in order to introduce the so-called “real butterﬂy eﬀect”, terminology invented to

emphasize the hypothetical role of small-scale processes in contributing to ﬁnite predictability.
This butterﬂy eﬀect is also diﬀerent from BE1 and BE2 in

[1][2].

Here, a comprehensive literature

review is provided to illustrate that the meaning of the butterﬂy eﬀect and its major
characteristics within Lorenz’s studies have been inadequately interpreted and should be properly
demonstrated. Outstanding questions and issues to be addressed include: (1) properly
interpreting Lorenz’s ﬁndings, (2) providing clear deﬁnitions for butterﬂy eﬀects, (3) gaining an
understanding of the relationship amongst various BEs, and (4) revealing the inﬂuence of butterﬂy
eﬀects on the development of chaos theory, as well as numerical weather and climate models.
To achieve the above goals with the aim of promoting further investigations, below, this study
provides deﬁnitions for the three major kinds of butterﬂy eﬀects based on classical Lorenz studies
[1][2][3]

, including the ﬁrst, second, and third kinds of BE (e.g., BE1, BE2, and BE3), sometimes

referred to as L63-, L72-, and L69 BE, respectively.
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