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PERSPECTIVES

Simplicity Amid Complexity

CLIMATE CHANGE

Isaac Held

Despite the complexity of Earth’s climate 
system, the infl uence of human activities 
on climate can be identifi ed and predicted.

        W
e live in interesting times as we 

watch diverse effects of human 

activities on Earth’s climate 

emerge from natural variability. In predict-

ing the outcome of this evolving inadver-

tent experiment, climate science faces many 

challenges, some of which have been out-

lined in this series of Science Perspectives 

( 1– 6 ): reducing the uncertainty in climate 

sensitivity; explaining the recent slowdown 

in the rate of warming and its implications 

for understanding internal variability; uncov-

ering the factors that control how and where 

the land will become drier as it warms; quan-

tifying the cooling due to anthropogenic 

aerosols; explaining the curious evolution 

of atmospheric methane; and predicting 

changes in extreme weather. In 

addition to these challenges, the 

turbulent and chaotic atmospheric 

and oceanic fl ows seemingly limit 

predictability on various time 

scales. Is the climate system just 

too complex for useful prediction?

One response to the claim that 

multidecadal prediction is futile 

is to point to progress on each of 

these challenges ( 1– 6 ). More fun-

damentally, an emphasis on com-

plexity in the climate system must 

be balanced by recognition of 

emergent simplicity. The seasonal 

cycle provides a useful counter-

point. An individual year’s tem-

perature record is a consequence 

of chaotic weather superposed 

on a relatively simple and smooth 

underlying cycle. Watching tem-

peratures change during a few 

weeks in the spring does not affect 

confidence that typical summer tempera-

tures will eventually emerge. Climate mod-

els paint an analogous picture for the evolu-

tion of climate over decades to centuries: a 

superposition of internal variability and an 

externally forced component containing a 

natural part (solar variations and volcanoes) 

and a part due to human activities that, to 

fi rst approximation, is a linear superposition 

of responses to different forcing agents such 

as CO2, methane, and aerosols.

Unlike students of the seasonal 

cycle, students of climate change 

do not have the luxury of study-

ing multiple realizations of their 

experiment, but can only observe 

the initial stages of a single real-

ization. Thus, the attribution prob-

lem—the separation of the forced 

change from internal variability in 

observations and the partitioning 

of this forced component into parts 

due to different agents such as the 

well-mixed greenhouse gases or aerosols—

is a tough challenge. But attribution leads 

directly to prediction of the forced response 

if the case can be made that the response is 

simple enough for past trends to strongly con-

strain future evolution.

Basing decisions on predictions of forced 

climate change is formally analogous to using 

knowledge of the normal climatological sea-

sonal cycle to inform vacation plans, ignoring 

any weather predictions. Of course, we have 

much greater confi dence in our knowledge of 

the climatological seasonal cycle than in pre-

dictions of forced climate change. The chal-

lenge to climate change research is to increase 

the credibility of the forced responses that 

theories and models predict, and to character-

ize internal variability well enough to appre-

ciate which aspects of these forced 

response have already emerged 

from the background of internal 

variability and which are likely to 

emerge in the future. Any skill in 

predicting multidecadal internal 

variability on top of this forced 

response is icing on the cake.

Any strong nonlinearity in the 

forced response or abrupt shifts 

in the climate would provide spe-

cial challenges. For example, 

suppose a model predicts dis-

tinctive atmospheric circulations and feed-

backs to arise in an ice-free Arctic that have 

no close counterpart before that threshold 

is passed ( 7). What will provide credibility 

to a prediction of an abrupt forced 

climate change of this type, or the 

credibility of any prediction P 

that is not backed by attribution of 

recent trends? Paleoclimate recon-

structions should provide some 

guidance and perhaps even close 

analogs. But, ultimately, it may 

just be necessary to rely on under-

standing the underlying physics. 

For example, suppose one can 

argue, based on this understand-

ing, that some other aspect O of 

the climate depends on the same 

processes that come into play in 

the climate change P. If observa-

tions exist to evaluate the simula-

tion of O, the result will be indirect 

evidence for P. This approach is 

being explored in several climate 

change contexts ( 8).

The models used to simulate 

the climate are themselves com-

plex, chaotic dynamical systems. To work 

with them effectively requires not only the 

careful examination of alternative formu-

lations of these comprehensive models but 

also the construction of a hierarchy of models 

in which elements of complexity are added 

sequentially. This approach is similar in spirit 

to that used in biology, where a hierarchy 

of model organisms—from bacteria to fruit 

fl y to zebrafi sh to mouse to chimpanzee—

is used to build an understanding of human 

biology ( 9).

A good example of the use of a hierar-

chy of models is provided by research on the C
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        M
odifi cation of internal adenosines 

in messenger RNA (mRNA) by 

methylation of the N6 position 

(m6A) was fi rst observed almost four decades 

ago. Early work demonstrated that the m6A 

modifi cation was quite common, occurring at 

an estimated frequency of three to fi ve resi-

dues per mRNA. Nevertheless, the function, 

if any, of this modifi cation remained enig-

matic. The cloning in 1997 of a subunit of the 

RNA methylase complex ( 1) was followed 

by a period of fi tful inactivity before the fi eld 

reawakened in 2011 with the discovery of an 

enzyme, FTO (fat mass and obesity-associ-

ated protein), that was shown to catalyze the 

demethylation of internal m6A residues ( 2). 

The existence of a demethylase and the dem-

onstration that m6A levels were raised when 

the enzyme was knocked down strongly 

suggested that at least some m6A modifi ca-

tions were reversible and might be subject 

to dynamic regulation. Since then, a series 

of papers have appeared in rapid succession, 

together providing a wealth of unequivocal 

evidence for m6A function. But these fi ndings 

still have not led to a coherent picture of the 

number and variety of functions of the m6A 

modifi cation.

Two recent RNA “methylome” studies 

( 3,  4) provide a transcriptome-wide map of 

m6A-modifi ed mRNAs. Both report the pres-

ence of m6A in about 7000 mRNAs, indicat-

ing that the modifi cation is fairly promiscu-

ous with regard to mRNA targets. However, 

methylation is highly selective when con-

sidering which specifi c sites are modifi ed. 

Although both studies showed that methyla-

tion sites are largely confi ned to the consen-

sus sequence Pu[G>A]m6AC[A/C/U], only 

about 10% of sites conforming to this con-

sensus are actually modifi ed. Neither study 

was able to determine the stoichiometry of 

any specifi c modifi ed site, nor could clusters 

of modifi ed sites be identifi ed. Both studies 

showed enrichment of modifi cation sites near 

stop codons; however, one study saw enrich-

ment in long internal exons while the other 

saw enrichment in 3′ untranslated regions. 

Additionally, one study found ele-

vated levels of m6A in the brain and 

the other study did not. The rea-

sons for these discrepancies are not 

obvious. Nevertheless, both studies 

found that modifi cation sites were 

well conserved between human 

and mouse transcriptomes—a fi nd-

ing strongly suggestive of biologi-

cal function. Indeed, knockdown of 

the m6A methylase ( 3) resulted in 

large-scale alterations in splicing 

patterns, consistent with a striking 

enrichment of m6A modifi cations 

within alternatively spliced exons 

(see the fi gure), with constitutive 
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effect of the Antarctic ozone hole on the sur-

face westerlies in the Southern Hemisphere. 

Observational studies showed that the west-

erlies shifted poleward by several degrees of 

latitude in recent decades, mainly in the Aus-

tral summer, and made a plausible connection 

to the development of the ozone hole ( 10). 

Comprehensive models provided impor-

tant confi rmation that the ozone hole does 

move the westerlies poleward ( 11). A variety 

of more idealized models are being used to 

explore the pathways through which changes 

in the stratosphere modify the surface winds, 

demonstrating that the poleward shift of the 

westerlies due to cooling of the polar strato-

sphere can be isolated from other parts of the 

climate problem and related to fundamental 

theories of atmospheric dynamics ( 12).

Increasing CO2 concentrations also push 

the mid-latitude surface westerlies poleward 

in climate models, complicating both the 

quantitative attribution of the observed shift 

( 11) and the predictions of how the wester-

lies will evolve in the future as the ozone hole 

heals and greenhouse gases continue to accu-

mulate. However, both comprehensive and 

idealized climate models indicate that the 

effects on the westerlies of greenhouse gases 

and the ozone hole are linearly additive to a 

fi rst approximation. An underlying simplic-

ity in the forced climate change emerges here 

as well, making prediction plausible.

A creative tension between simulation and 

understanding, between accepting complex-

ity and searching for simplicity, is present in 

many challenging scientifi c problems. Cli-

mate science provides an excellent example 

of this tension. The most advanced compre-

hensive climate models effectively represent 

the current ability to simulate the climate sys-

tem, and it is natural and appropriate to take 

the output of those models as the basis for pre-

dicting the future climate. However, it is the 

understanding of these responses—an under-

standing that depends on the presence of an 

emergent simplicity in the forced response—

which provides a level of confi dence that jus-

tifi es advising policy-makers and the public 

to pay heed to these predictions.
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