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Few geoscientists would deny that effects 

are often sensitively dependent on causes, 

or that their amplifi cation is commonly so 

strong as to give rise to qualitatively new 

“emergent” properties, or that geostructures 

are typically embedded one within another 

in a hierarchy. Starting in the 1980s, a grow-

ing number felt the need to underline the 

absolute importance of such nonlinear-

ity through workshops and conferences. 

Building on this, the European Geosciences 

Union (EGU) organized a nonlinear pro-

cesses (NP) section in 1990; AGU estab-

lished a nonlinear geophysics (NG) focus 

group in 1997; and both unions began col-

laborating on an academic journal, Nonlin-

ear Processes in Geophysics, in 1994. 

The disciplines coalescing in the NG 

movement are united by the fact that many 

disparate phenomena show similar behav-

iors when seen in a proper nonlinear prism. 

This hints at some fundamental laws of self-

 organization and emergence that describe 

the real nature instead of linear, reductive 

paradigms that at best capture only small 

perturbations to a solved state or problem.

This article grew out of an open discus-

sion, which followed an AGU/ Canadian Geo-

physical Union session entitled “Geocom-

plexity,” held at the Joint Assembly on 27 

May 2009, and a linked workshop held at 

York University (28–29 May). At both meet-

ings, participants recounted the diffi cul-

ties encountered by nonlinear approaches 

in gaining the recognition they deserve. It 

is therefore timely to defi ne and explain 

NG and its achievements. We also explain 

how—by allowing us to overcome long-

 standing obstacles—NG is important not 

only to the scientifi c community but also to 

society at large.

Studying NG Helps Science Disciplines 
Progress

The undeniable urgency of fl oods, hurri-

canes, earthquakes, or climate change (to 

name a few) has tended to reduce science 

to a system for the elaboration of “products” 

and “deliverables” with understanding as an 

incidental by- product. In comparison, con-

cepts of nonlinear geophysics can provide 

a rational basis for the statistics and models 

of natural systems including hazards, which 

previously were treated by ad hoc methods.

NG has grown to respectable proportions. 

For example, the EGU 2009 general assem-

bly had about 700 abstracts in 39 different NP- 

organized and - coorganized sessions, and the 

2009 AGU Fall Meeting will have 10 NG ses-

sions with about 160 abstracts. The term “non-

linear geophysics” has now evolved to the 

point where many recognize it as fundamen-

tal geophysics, the nonlinear sessions being 

typically interdisciplinary forums where par-

ticipants compare the results of applying com-

mon theoretical concepts in sometimes radi-

cally different application areas.

NG must prove itself through successful 

applications. However, the meaning of “suc-

cess” is not always straightforward and can 

sometimes be judged only over historical 

periods. Such successes that stand the test 

of time may ultimately be the most impor-

tant to advancing science. Below are several 

examples of fundamental concepts in various 

fi elds that have been enhanced through NG. 

Self- Organized Critical Behavior: 
Applications to Seismicity and Forest Fires 

A major NG advance was the applica-

tion of the concept of self- organized critical-

ity (SOC) to the geosciences. SOC relates 

the emergence of scale- invariant and frac-

tal structures to the underlying nonlinear 

dynamics. The simplest example is the for-

est fi re model, which gives a robust power 

law relation between the size (area) of for-

est fi res and their frequency of occurrence. 

Despite its simplicity, this model simulates 

the frequency- area statistics of actual fi res 

in nature much better than classical alterna-

tives [Malamud et al., 1998]. 

Similarly, SOC models indicate that the 

Gutenberg- Richter frequency- magnitude sta-

tistics for earthquakes are a combined effect 

of the geometrical (fractal) structure of the 

fault network and the nonlinear dynamics of 

seismicity. The application of NG methods 

is thus indispensable for extreme phenom-

ena and new hazard assessment techniques 

[e.g., Rundle et al., 2003].

Geospace Complexity: Applications 
to Space Weather

Driven by the turbulent solar wind, geo-

space plasmas exhibit nonequilibrium inter-

mittent space- time behavior with underly-

ing processes ranging from small (kinetic) 

to large (magneto hydro dynamic) scales. The 

predictability of the global dynamical behav-

ior, derived from the observational data using 

dynamical systems analysis, has provided 

a strong base for forecasting space weather 

[Sharma, 1995]. Recent contributions have led 

to a better understanding of its global and mul-

tiscale dynamics, particularly in resolving the 

controversy around the underlying physics of 

high- latitude geomagnetic activity with their 

colorful dancing auroras [Uritsky et al., 2008].

Spatial Scaling: Applications to Floods

Spatial scaling (power law) relations have 

been found between observed peak fl ows 

and drainage areas. Scaling is an emergent 

property due to the combined effect of the 

fractal structure of river networks and non-

linear dynamics [Gupta et al., 2007]. Such 

emergence is common to many nonlinear 

systems and provides a basis for develop-

ing a diagnostic framework to test physical 

parameterizations for fl oods. 

For example, the catastrophic Iowa River 

basin fl ooding event in June 2008 showed 

scaling over 4 orders of magnitude variation 

in drainage area. Thus, applications of NG 

concepts are indispensable to developing 

new technology for improving real- time fl ood 

forecasting and predicting annual fl ood fre-

quencies in basins without river fl ow data.

Pattern Formation: Applications to Columnar 
Joints and Geochemical Systems

Columnar joints are uncanny rock for-

mations in which basalt outcroppings are 

mysteriously broken into nearly perfect hex-

agonal pillars all the same size. Using a com-

bination of NG ideas, fi eld observations, and 

lab analogue experiments using ordinary 

cornstarch, the mechanisms behind colum-

nar jointing have been discovered [Goehring 

et al., 2009].

Other familiar patterns in rocks include 

the beautiful colored bands seen in 

agates. By applying NG concepts of self-

 organization to reaction- diffusion systems in 

geochemical systems, many such patterns 

can be explained.

Singularities: Applications to Mineral 
Resources and the Environment

A signifi cant advance in character-

izing geophysical fi elds—including the 

concentration of minerals—was the concept 

of multifractals with its hierarchy of singu-

larities. A simple model for mapping possi-

bly anisotropic singularities is the density-

 area power law model, which identifi es 

anomalies responding to mineralization and 

contamination processes. Such models are 

useful in mineral prospecting and environ-

mental protection [Cheng and Agterberg, 

2009].

Deterministic Chaos

The above examples are nice and tidy 

and are undoubtedly important, but a more 

diffi cult NG challenge has been to change 

our way of thinking about the world. For 

example, the paradigm of deterministic 

chaos, which due to sensitive dependence 

and hence limited predictability is popu-

larly known as “the butterfl y effect,” did not 

live up to all of its initial promises. Neverthe-

less, by changing our view of science and 

the world, it achieved something even more 

important. 

For example, as recently as the 1970s the 

predictable clockwork- like orbits of plan-

etary bodies were purportedly typical fea-

tures of natural systems. Today the solar sys-

tem is recognized to be strongly nonlinear, 

even chaotic. Such sensitive dependence on 

initial conditions is now understood to be a 

commonplace feature of the real world. But 

the chaos revolution is far from over: The 

challenge remains of how to extend chaos 

notions to systems with huge numbers of 

degrees of freedom. “Spatio temporal chaos,” 

cascades, and multifractals are ongoing 

efforts in this direction.

Scaling and Fractals: Applications 
to Topography and Clouds

It has been nearly a century since Jean 

Perrin eloquently pointed out the nondif-

ferentiable nature of the coast of Brittany, 

nearly 60 years since Hugo Steinhaus argued 

that Poland’s Vistula River was nonintegra-

ble, more than 50 years since Lewis Richard-

son demonstrated the scaling of coastlines, 

and 40 years since Benoît Mandelbrot’s inter-

pretation in terms of fractals. Today it is 

common knowledge that there is something 

fractal about coastlines. Yet paradoxically, 

resistance to this idea is still so strong that in 

many geoscience journals it remains virtu-

ally impossible to publish quantitative analy-

ses on the subject! 

Similarly, an educated layperson will 

spontaneously cite clouds and their “billows 

upon billows” as examples of fractals, yet 

meteorological models of clouds and their 

effects are still smooth and uniform— in spite 

of dozens of satellite- based studies showing 

that the layperson is correct! The systematic 

neglect of these resolution dependencies has 
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For decades, general circulation models 

(GCMs) have been one of the primary tools 

used to understand anthropogenic climate 

change. Now GCMs are faced with a sub-

stantially more complicated task: to provide 

information of suffi cient spatial and tempo-

ral resolution to support policy initiatives 

that will address regional climate change. 

Different approaches are being developed 

and employed to provide this information, 

including dynamic downscaling with limited 

area models (LAMs); high- resolution GCMs 

with quasi- uniform and variable- resolution 

grids; and statistical downscaling of limited 

area and global simulations. At a workshop 

in New Mexico, participants discussed each 

method’s strengths and limitations as well as 

associated uncertainty. 

Among the modeling techniques dis-

cussed, LAMs are the most widely used in 

investigating regional climate, especially in 

coordinated projects using model ensembles 

such as the North American Regional Climate 

Change Assessment Program ( NARCCAP), 

Ensemble- Based Predictions of Climate 

Changes and Their Impacts ( ENSEMBLES), 

and the most recent endeavor, Coordinated 

Regional Climate Downscaling Experiment 

( CORDEX). LAMs realize signifi cant compu-

tational advantage through the use of lateral 

boundary conditions derived from coarse-

 resolution GCM simulations. This is also one 

limitation of the method, as this forcing at the 

LAM’s margin is usually one way, meaning 

that the LAM cannot feed back to the GCM. 

Nonetheless, participants agreed that LAMs 

will continue to inform regional climate sci-

ence through process studies and improved 

simulation of extremes compared to coarse-

 resolution GCMs.

Another approach, high- resolution and 

variable- resolution GCMs, should provide a 

bridge between regional climate processes 

and global climate change, as these models 

eliminate the LAMs’ one- way nesting prob-

lems. Participants pointed out that develop-

ment and improvement of the most relevant, 

scale- dependent physics parameterizations 

(e.g., convection and atmospheric chem-

istry) are ongoing (as they are for LAMs), 

and these models’ computational costs 

remain high. When these challenges are 

surmounted, these models’ high resolution 

and global coverage will have the necessary 

fi delity to study regional climate processes.

In addition to these approaches, statisti-

cal methods and, in particular, uncertainty 

quantifi cation could play a leading role in 

the development of policy- relevant regional 

climate change studies. Workshop attend-

ees agreed that climate scientists must work 

more closely with climate data users to bet-

ter understand user needs and to ensure 

appropriate use of high- resolution methods, 

as high- resolution information may not be 

relevant for all policy decisions. Further-

more, climate change simulations (at any 

resolution) will be more valuable in the 

decision- making process if the output comes 

with a full uncertainty characterization. 

Indeed, robustness of the simulation data 

will likely be more important than increas-

ing resolution, participants noted.

In concluding the workshop, participants 

recommended that future research should 

focus on engaging scientists who work on 

a broad range of scales to enable knowl-

edge transfer and to improve understand-

ing of where various approaches are jus-

tifi ed and adequate for stakeholders and 

data users. In such a setting, participants 

agreed that merging traditional LAMs with 

high- resolution and variable- resolution 

techniques could be an exciting avenue of 

research. 

The workshop group planned to recon-

vene during the summer of 2011 to discuss 

preliminary results from this new class of 

high- resolution models and the models’ 

ability to inform regional climate change. 

The workshop agenda, participant list, and 

a white paper synthesizing the workshop 

fi ndings, as well as further information on 

upcoming workshops, will be available at 

http://  public . lanl .gov/  ringler/  BDBS/  BDBS 

. html.

—SARA A. RAUSCHER and TODD D. RINGLER, 

Los Alamos National Laboratory, Los Alamos, NM; 

E-mail: rauscher@  lanl .gov
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Smany consequences including biases in esti-

mating the Earth’s energy budget with implica-

tions for climate feedbacks [e.g., Lovejoy et al., 

2009]. This is potentially signifi cant because a 

negative instead of a positive feedback greatly 

reduces planetary warming due to greenhouse 

gases [Spencer and Braswell, 2009].

The Need for Broader Support of NG

Nonlinear ideas have shown how to tame 

fractal and other nonclassical “monsters,” 

and these are important successes. Yet in 

the absence of societal support for very 

promising alternative nonlinear approaches, 

applications will continue to be deprived 

of this knowledge and resources will con-

tinue to be squandered on state- of the- art 

techniques informed by inappropriate the-

ories. Thus, funding agencies, academic 

institutions, journal editors, and individual 

researchers need to see the future poten-

tial of nonlinear geophysics to solve sci-

ence problems that have consistently been 

beyond the reach of traditional methods. NG 

methods thus make our understanding of 

the world more complete.

References

Cheng, Q., and F. P. Agterberg (2009), Singularity 

analysis of ore- mineral and toxic trace elements 

in stream sediments, Comput. Geosci., 35, 

234–244.

Goehring, L., L. Mahadevan, and S. W. Morris 

(2009), Nonequilibrium scale selection mecha-

nism for columnar jointing, Proc. Natl. Acad. Sci. 

U. S. A., 106(2), 387–392.

Gupta, V. K., B. Troutman, and D. Dawdy (2007), 

Towards a nonlinear theory of fl oods in river net-

works: An overview of twenty years of progress, in 

Nonlinear Dynamics in Geosciences, edited by A. A. 

Tsonis and J. Elsner, pp. 121–151, Springer, New York.

Lovejoy, S., D. Schertzer, V. Allaire, T. Bourgeois, 

S. King, J. Pinel, and J. Stolle (2009), Atmo-

spheric complexity or scale by scale simplicity?, 

Geophys. Res. Lett., 36, L01801, doi:10.1029/ 

2008GL035863.

Malamud, B. D., G. Morein, and D. L. Turcotte 

(1998), Forest fi res: An example of self- organized 

critical behavior, Science, 281, 1840–1842.

Rundle, J. B., D. L. Turcotte, R. Shcherbakov, 

W. Klein, and C. Sammis (2003), Statistical phys-

ics approach to understanding the multiscale 

dynamics of earthquake fault systems, Rev. Geo-

phys., 41(4), 1019, doi:10.1029/ 2003RG000135.

Sharma, A. S. (1995), Assessing the magneto-

sphere’s nonlinear behavior: Its dimension is low, 

its predictability high, U.S. Natl. Rep. Int. Union 

Geod. Geophys. 1991–1994, Rev. Geophys., 33, 645.

Spencer, R., and W. D. Braswell (2008), Potential 

biases in feedback diagnosis from observational 

data: A simple model demonstration, J. Clim., 21, 

5624–5628, doi:10.1175/ 2008JCLI2253.1.

Uritsky, V. M., E. Donovan, A. J. Klimas, and 

E. Spanswick (2008), Scale- free and scale-

 dependent modes of energy release dynamics 

in the nighttime magnetosphere, Geophys. Res. 

Lett., 35, L21101, doi:10.1029/ 2008GL035625.

—SHAUN LOVEJOY, McGill University, Montreal, 

Quebec, Canada; Fritz Agterberg, Geological 

Survey of Canada, Ottawa, Ontario, Canada; ALIN 
CARSTEANU, Mathematics Department, Cinvestav, 

Mexico City, Mexico; QIUMING CHENG, York Univer-

sity, Toronto, Ontario, Canada; JOERN DAVIDSEN, 

University of Calgary, Calgary, Alberta, Canada; 

HÉLÈNE GAONAC’H, Université du Québec à Mon-

tréal, Montreal, Quebec, Canada; VIJAY GUPTA, 

University of Colorado, Boulder; IVAN L’HEUREUX, 

University of Ottawa, Ottawa, Ontario, Canada; WIL-
LIAM LIU, Canadian Space Agency, Saint- Hubert, 

Quebec, Canada; STEPHEN W. MORRIS, University 

of Toronto, Toronto, Ontario, Canada; SURJALAL 
SHARMA, University of Maryland, College Park; 

Robert Shcherbakov, University of Western Ontario, 

London, Ontario, Canada; ANA TARQUIS, Universi-

dad Politécnica de Madrid, Madrid, Spain; DONALD 
TURCOTTE, University of California, Davis; and 

Vladimir Uritsky, University of Calgary

Forum
cont. from page 455

Meetings  cont. on next page

Session Proposals Now Open
Deadline: 31 December 2009 — 2359h ET, or 0359+1 GMT

To submit your proposal online go to: 
http://www.agu.org/meetings/ja10/ 

The 2010 Meeting of the Americas is sponsored by

AAGG, ABC, ABEQUA, ABRH, ALAGE, AOCEANO, CERESIS, IASPEI, 

IGEO, LATINMAG SBC, SBGeo, SBGf, SBGq, SBMet, SUG, UGM, AGU

EOS_09059




