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Complexity in Natural Landform Patterns 
B. T. Werner 

Patterns in nature, such as meandering rivers and sand dunes, display 
complex behavior seemingly at odds with their simplicity of form. Existing 
approaches to  modeling natural landform patterns, reductionism and 
universality, are incompatible with the nonlinear, open nature of natural 
systems. An alternative modeling methodology based on the tendency of 
natural systems to  self-organize in temporal hierarchies is described. 

A river channel meanders in wide, slveeping ables evolve and interact nonlinearly to 
loops through its floodplain. Sand dunes produce rich, potentially enlergent behavior 
nlantle vast expanses of arid regions with that is only weakly related to the original 
crescentic. linear. and star-shaped folms, numerous deprees of freedoin or the pro- 
Shorelines are rnolded into snlooth arcuate cesses operating on them. 
bays inten-t~pted by cuspate horns. Frozen blost natural patterns exhibit some form of 
soils throughout the Arctic are broken by a conlplex behavior. Bedfomis. patterns in a sed- 
latticeworl< of thermal contraction frach~res iment bed such as ripples and dunes in ri\-ers, 
filled lvith lvedges of ice. A photographer's oceans. and deserts; generally start small and 
dream, these and other natural landform pat- disorganized: they grow in spacing and beconle 
terns exhibit conlplex behavior that belies better organized through interactions and merg- 
their apparent simplicity of forln. ers behveen bedfor~ns (3-5). Crescent-shaped 

Co~nplicated behavior arising from a wind-blown (barchan) dunes spawn new dunes 
sirnple forill is a classic synlptoln of a fiom their downwind pointing horns. an elner- 
colnplex system. Complexity in natural gent behavior (1). Sand bars on beaches ~ u ~ d e r -  
landform patterns is a nlanifestation of t\vo go transitions behveen different shapes. such as 
key characteristics (1).  Natural patterns linear and crescentic, based on a conlplicated 
for111 from processes that are nonlinear. combination of incident-lvave conditions and 
those t!lai modify the properties of the en- their current state (6). h v e r  channel nleander 
;.ironmeat in \vhich they operate or that are loops grow until they pinch off. short-circuiting 
strongly coupled: and natural patterns fornl the loop (7). 
in systenls that are open; d r iwn  from equi- 
libriunl by the exchanpe of enerpy. momen- Existing Approaches to Modeling 
turn. material, or infornlation across their Natural Patterns 
boundaries. A surf zone, where wal-es No consensus exists on hon- to lnodel nat- 
break near the shoreline, exemplifies these ural patterns nor. in Inany cases. the mech- 
characteristics. Wave propagation; genera- anislns by \vhich particular patterns devel- 
tion of currents, turbulent fluid flow, and op ( 8 ) .  The origiu of even sirnple proper- 
transport of sediment all are nonlinear pro- ties, such as the spacing and orientation of 
cesses. The energy and nlonlentunl for dri\-- bedforms. remains in dispute (5. 9. 10) .  
ing fluid and sedinlent nlotion is derived T\vo approaches have dominated attempts 
fro111 waves; generated in deeper water. to model natural patterns and the environ- 
entering the open system. The surf zone ments in \vhich they form: reductionisnl 
and other open natural systenls are subject and universality. Any modeling approach 
to external forcing on a broad ranpe of for natural patterns must provide a means 
temporal scales, for exa~nple .  10-s lvaves to for selection of dynamical variables (de- 
chanpes in sea level over thousands of prees of freedom) to use in the inodel from 
years. the infinite number of degrees of freedom 

These properties can lead to conlplexity characterizinp the natural system. It also 
in natural patterns in two stages. First, de- nlust provide for treating the reaction of the 
velopment of collective beha\-ior by self- system to changes in the environment ex- 
orpaniration (3) reduces the very large ternal to the systein. Reductionisin and uni- 
nurnber of degrees of freedom (for exam- \-ersality are inadequate for meeting these 
ple, those characterizing sand prains on a requirements. Here. an alternati\-e is pre- 
beach) to a much smaller nu~nber  of inde- sented that is more con~patible lvit11 the 
pendent dynanlical n r i ab le s  (beach profile dynalnics of  the complex systenls in which 
or shoreline position). Second. these vari- natural patterns form. 

Redztctiorli,r~i~. Reductionisln is the 1nod- 
eling lnethodology xvhereby the develop- 
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model is fornlulated wit11 variables related 
by these fundalnental processes; and this 
nlodel is used to predict the existence and 
characteristics of the pattern. For reduc- 
tionist n~odelinp. constraints and approxi- 
inations that decrease the number of oper- 
ative degrees of freedom and simplify the 
processes include conservation laws, 
smoothing or averapinp. an equilibriuln 
constraint, or initial and boundary condi- 
tions: one exanlple is the selection of the 
nlacroscopic mriables pressure, tempera- 
ture, and volurne through momentum, en- 
espy, and mass conservation in an ideal gas. 
These constraints break do\vn for nonlin- 
ear, open systems. Instead. lonp-time-scale 
variables and their dynamics can elnerpe 
through an interaction between n r i ab le s  
at differing temporal scales (11. 12):  for 
example; the crest line of a bedfonn is 
selected as a set of dynainical variables 
because of the reinforclnp nature of the 
~ntelaction betveen the bedfoiln and the 
sand grains composing it (see below). 
Where the emergence of variables occurs - 
through an interaction betlveen scales, the 
dynalnics cannot be reduced entirely to the 
fundanlental scale. For this reason, reduc- 
tionisnl does not provide a self-consistent 
nlethodology with \vhich to model natural 
landfonn patterns. 

Ciri~'ei:rnlit~'. Universality is the model- 
ing m e t l ~ o d o l ~ g y  whereby t6e overall char- 
acteristics of behaviors and patterns are 
modeled with the sinlplest system within a 
class of systeins sharing these same behav- 
iors and characteristics, despite being com- 
posed of \-ery different building blocks 
(13).  For example. it has been proposed 
that drainape networl<s are in a state of 
self-organized criticality. with dynamics 
that can be nlodeled with an idealized sand 
pile (14).  One difficulty lvith this and other 
universalist nlodels is that their simplified, 
typically stationary representation of exter- 
nal forcing is at odds \vith the forcing and 
resulting response of natural systenls. Forc- 
ing in natural systems occurs over a broad 
ranpe of tenlporal scales, exciting fast dy- 
namics that depends on sonle of the differ- 
inp aspects of the systems within a single 
universality class. Quantifying the reaction 
of natural sys ten~s  to external change is 
critical for nontri\-ial nlodeling and predic- 
tion, such as in the reaction of a beach to a 
storin or the reaction of a drainage net\vorl< 
to a tectonic event or a change in climate. 
This difficulty is exacerbated by the obser- 
vation that the evolution of pattern charac- 
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teristics and type is very much a function of 
history, for example, for beaches (6) and 
even for reaction-diffusion systems (15). 

Hierarchical Modeling 
Two robust characteristics of nonlinear, open 
systems point the way toward developing 
new models of natural patterns. First, the 
most rapidly changing parts of the system 
tend to be localized in space. Familiar exam- 
ples include localization of shear into narrow 
bands in turbulent fluids and in solid defor- 
mation or fracture. Patterns inherently in- 
volve localization, because they can be de- 
scribed with fewer spatial dimensions than 
the space in which they are embedded: lines 
for two-dimensional patterns and surfaces for 
three-dimensional patterns. In the surf zone, 
where wave motion is focused near breaking 
wave fronts, rip currents are a localized return 
flow of water brought onshore by breaking 
waves, and large-scale bathymetric change 
can be tracked through shoreline and sand bar 
position (Fig. 1). Localization operates to 
select a limited set of variables with which 
the dynamics of the system can be described. 

Second, variables with disparate intrinsic 
time scales, when nonlinearly coupled, can 
develop an asymmetrical relationship: Fast 
variables become slaved to slow variables 
and lose their status as independent dynami- 
cal variables, as can be argued with a formal 
adiabatic elimination procedure (12,16). Nu- 
merous examples of slaving in natural, pat- 
tern-forming systems include the fast motion 
of sand grains and fluid slaved either to the 
slower motion of sand dunes in a desert or of 
the shoreline and sand baron a beach (Fig. 2). 

The foregoing suggests that a model can 
be constructed across a broad range of tem- 
poral scales as a hierarchy of dynamically 
uncoupled models, ordered by characteristic 
time, at the top of which is a level composed 
of slowly changing variables describing the 
pattern and at the bottom of which is a level 
composed of the faster evolving fundamen- 
tal degrees of freedom. For bedforms, vari- 
ables at the top level include spacing be- 
tween and orientation of crest lines and at 
the bottom level include sand grain posi- 
tions and fluid velocities (Fig. 3). This idea 
has been developed for natural systems most 
completely in ecology (17, 18). Following 
the arguments given here and those devel- 
oped for ecological modeling, a hierarchical 
modeling methodology can be constructed 
that is objective and testable and is based on 
properties of nonlinear, open systems, with 
no new principles introduced (19). 

First, identify the internal dynamical vari- 
ables, the corresponding external environmen- 
tal parameters, and the boundary between the 
system and its environment at each level n in 
the temporal hierarchy. Boundaries should be 
drawn so that the dynamical interaction be- 
tween the external environment and system is 
minimal. 

Second, for each level n in the hierarchy, 
abstract the dynamics of faster variables at 
level n - 1 into a minimal set of rules that 
dynamically relate the variables at level n to 
each other and to the external environment. 
The state of the system at level n + 1 provides 
a slowly varying context (17, 18) for the 
variables at level n. 

Third, test the theoretical consistency of 

C\. - - / 
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Fig. 2. Slaving in natural systems. The long- 
term motion of sand grains is slaved to  the 
migration of (A) a sand dune or (B) a shoreline 

rlg. 1. Localization of dynamics in the surt zone: the mean shoreline, the steep front of breaking and a sand bar, despite the migration of these 
waves, and rip currents (the localized offshore return flow of water brought onshore by breaking forms originating with the motion of many 
waves). individual sand grains. 

the model by comparing the predictions made 
at level n - 1 for variables at level n with 
predictions made at level n. 

Fourth, test the predictions of the models 
against measurements within a changing nat- 
ural environment. 

Observations play a key role in choosing 
the levels of the hierarchy and in abstracting 
dynamics from lower levels. The abstractions 
derive from considerations of the interaction 
between levels, not from approximations 
made entirely at lower levels, as in reduction- 
ism. Abstracting fast-scale dynamics to the 
greatest possible extent serves two related 
goals: first, to maximize the physical content 
of hypotheses regarding the dynamics by 
making the most restrictive statements possi- 
ble (20); and second, to enhance predictabil- 
ity by minimizing extraneous dynamics (1 7). 

The resulting hierarchy constitutes a hy- 
pothesis regarding the dynamics of the sys- 
tem, which can be tested objectively for the- 
oretical consistency and against measure- 
ments. Although experience regarding how to 
construct hierarchical models is only begin- 
ning to accrue, and coupling models of a 
natural system across temporal scales appears 
to be intrinsically difficult, some progress has 
been made in developing hierarchical models 
for several natural landform patterns, includ- 
ing bedforms. 

Although bedforms in differing environ- 
ments display a significant range of behav- 
iors and forms, many can be characterized 
with the following developmental se- 
quence. Bedforms start as small bumps of 
sand and progressively increase in height to 
the development of a well-defined crest, 
downstream of which sand is retained in its 
lee. These small bedforms migrate, inter- 
acting and merging with other bedforms, 
and evolve toward larger forms within a 
well-organized pattern (4). 

A hypothesized hierarchy for bedforms 
includes levels at temporal scales correspond- 
ing to each of these formative stages (Fig. 3). 
In one model for the morphology of wind- 
blown sand dunes, the principal abstractions 
of sand grain and fluid flow physics are that 
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I sand moves in uniform hops along the surface intermediate temporal scales as dynamical vari- 
in the direction of the wind, sand tends to be ables, such as bedform crest lines. 
deposited preferentially on sand surfaces, Viewed as possessing dynamical at- 
said cannot pile up to an angle greater than tributes, natural patterns are a simple end 
the angle of repose, and sand is deposited and member of a continuum of complex systems. 
cannot be eroded in the lee of developing 
dunes (I). In models for spacing and orienta- 
tion of bedforms, the dynamics of defects, 
ends of bedform crests, have been abstracted 
into rules describing how spacing and orien- 
tation evolve through time (10). Orientation 
can change only if oppositely facing defects 
migrate at different speeds (picture changing 
the orientation of long-crested bedforms) or if 

Regardless of the presence of prominent pat- 
terns, many natural physical systems domi- 
nated by nonlinearity and strong dissipation 
should be amenable to hierarchical modeling. 
The dynamical variables in the model corre- 
spond to the temporal scale of the phenome- 
non being modeled; variables and processes 
at faster scales are abstracted and those at 
slower scales provide context. For a surf 

the pattern of crests is destroyed, for example, zone, lifeguards want to predict currents, 
by a significant change in transport regime, and homeowners beach erosion during a storm, 
re-formed again, exciting faster scale processes. 
Some tests of the consistency of this hierarchy 
have been conducted between the pattern and 
morphology levels (10). 

The focus of modeling natural landform 
pattems has been either on temporal scales 
analogous to the morphology scale for bed- 
forms, with spatially distributed, cellular mod- 
els (21) or on the pattern scale (9, 10). An 
impediment to progress in modeling natural 
patterns is the lack of treatment of structures at 

and geologists long-term shoreline change. 
All three currently are frustrated in these 
endeavors. By isolating dynamics at different 
temporal scales, better predictability might be 
achieved with hierarchical modeling than in 
reductionist models, in which temporal scales 
are dynamically mixed. 

Many models for complex systems are 
simple and universalist. The advantage of 
these simple models is that it is often straight- 
forward to understand how they work. Their 
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Fig. 3. Hypothesized hierarchy modeling methodology for surf zone megaripples (dunelike bed- 
forms) (22). Variables characterizing the system dynamics are arranged by temporal scale T,, and 
related to  faster (black arrows) and slower (green arrows) variables and the external environment 
(red arrows) as described in text. (A to  C) False-colored, averaged, obliquely viewed images in 
-1-m mean depth obtained with a new optical technique (23). (D) Plan view of suspended 
sediment plume in swash of 10-cm depth. Approximate top-to-bottom scale of images: (A) 20 m, 
(B) 10 m, (C) 5 m, and (D) 50 cm. 

disadvantage is that it can be difficult to 
conduct discriminating tests against natural 
systems. By providing a means of treating 
behavior both on the long time scales in 
which simple models might be appropriate 
and the faster scales that characterize much of 
the variability of nature, hierarchical model- 
ing could constitute one step toward bridging 
the gap between complex systems models 
and the complexity of nature. 
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