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better than in humans. Precise effects of specifi c 

genetic variants on bristle number in fl ies have 

been mapped to several genes, and yet those 

same variants within a natural population have 

little bearing on bristle counts ( 7). Prediction of 

individual phenotypes is practiced in plant and 

animal breeding, where the genetic dimension-

ality is radically reduced. Modeling and pre-

diction of complex phenotypes of inbred lines 

in the laboratory can be quite accurate, and yet 

when the same genes and phenotypes are pro-

jected into a free-living population, individual 

prediction entails too many additional variables 

and accuracy suffers.

So what comes next in complex disease 

research? The technology for identifying 

genetic differences is racing forward, with 

the 1000 Genomes Project ( 8) and efforts to 

accurately characterize copy number varia-

tion. The notion that whole-genome sequenc-

ing will become routine medical practice no 

longer seems so futuristic. But the biggest 

opportunity for making serious progress in 

understanding chronic disease risk lies in 

developing a deeper “biological awareness” 

into genomic approaches to the study of com-

plex disorders. We tend to talk about pathways 

and processes as if they are discrete compart-

ments of biology. But genes and their prod-

ucts contribute to a network of interactions 

that differ radically among tissues. Even our 

inference of gene regulatory networks suffers 

from being confi ned to a narrow biological 

context. A “candidate-tissue approach” still 

limits attention to a subset of tissues based on 

incomplete information and tenuous assump-

tions, and like candidate gene studies, there is 

no guarantee that these guesses are correct.

Though we have developed sophisticated 

statistical tools to analyze and identify genetic 

variants in the context of whole-organism phe-

notypes and to detect associations of effects 

that are far apart (in terms of molecular inter-

actions), we have been unable to bridge the gap 

between the genetic lesion, or the biochemical 

effect, and the phenotype except in a few cases 

( 9). A major breakthrough will be to predict 

and interpret the effect of mutational and bio-

chemical changes in human cells and under-

stand how this signal is transmitted spatially 

(among tissues) and temporally (spanning 

development) ( 10). Manipulation of induced 

pluripotent stem cells ( 11) may allow the 

analysis of diverse cell types from a number 

of individuals to examine the effects of geno-

types in different biological contexts.

To date, GWA studies have relied on a 

rather unlikely model for the genetics of com-

plex traits—that common DNA sequence vari-

ations (known as single-nucleotide polymor-

phisms) with widespread (but marginal) effects 

will predominate. This was a sensible place to 

start, but perhaps it should not be surprising that 

common variants provide little help in predict-

ing risk. With the arrival of data for ever rarer 

variants in large, well-designed cohort samples, 

we should now decide how much emphasis to 

place on individual prediction, and ask how we 

can improve the currently unsatisfying record. 

Large cohort studies should provide informa-

tion on candidate genes and on combinations 

of factors that infl uence groups that are at risk, 

even if accurate individual risk prediction is 

never achieved. An attainable public health 

goal that deserves emphasis is to identify, for 

each individual, life-style choices that pose 

particularly elevated risk of chronic disease.
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Monsoons and Meltdowns
ATMOSPHERIC SCIENCE

Jeffrey P. Severinghaus 

A counterintuitive connection between

ice-sheet melting and weak monsoons helps

to explain ice age cycles.

          W
hat do periods of weak low-lat-

itude rainfall have to do with the 

meltdown of great ice sheets? On 

page 248 of this issue, Cheng et al. ( 1) show 

that this counterintuitive association contains 

a hot clue about the much-debated causes 

of the ice age cycles that end every 100,000 

years or so in a collapse of the great North-

ern Hemisphere ice sheets (a glacial termi-

nation). Understanding this collapse is rel-

evant to human affairs both past and future, 

because the collapse typically causes a sub-

sequent period of unusual climatic stability 

and warmth (an interglacial period), exempli-

fi ed by the past 11,700 years of relatively sta-

ble climate in which human agriculture and 

civilization have fl ourished ( 2). Further, the 

future stability of ice sheets is an urgent ques-

tion facing society today ( 3).

The melting ice sheets inject so much 

low-density fresh water into the North Atlan-

tic that they weaken or entirely shut down the 

normal sinking of dense water that fuels the 

ocean circulation (the meridional overturning 

circulation, or MOC). The loss of this circula-

tion allows sea ice to cover the North Atlantic 

in winter, preventing ocean heat from warm-

ing the air and leading to extremely cold win-

ters in Europe and Eurasia, which seem to 

weaken the following summer’s monsoon in 

Asia (see the fi gure). The exact mechanism 

that links cold winters to weak monsoons 

is still debated, but could be simply that the 

more extensive spring snow cover and cold, 

wet soils slow the heating of the land sur-

face that is the main driver of the monsoon. 

These cold winters do not, however, prevent 

continued summer melting of the ice sheets, 

because ice survival is relatively insensitive 

to winter temperature ( 4).

The occurrence of weak monsoons may 

thus provide an indirect time marker of ice-

sheet meltdowns. As a record of past mon-

soon strength, Cheng et al.  use the ratio of 

oxygen isotopes in the calcium carbonate of 

stalagmites (cave deposits precipitated from 

groundwater seepage) from the Asian mon-

soon region. Stalagmites are the most accu-

rately dated paleoclimate records on the rel-

evant 100,000-year time scale, with errors of 

mere decades ( 5).

The breakthrough of Cheng et al. is that 

they have achieved unprecedented dating pre-

cision, and correlate the monsoon record with 

ice core and marine records, providing all three 

with an accurate time scale for the past four 

ice age terminations. They can thus compare 

the precise timing of meltdowns with poten-

tial causes, such as the amount of sunshine 

(insolation) that fell on the northern ice sheets 

in the melting season from June to August, or 

the concentration of atmospheric CO
2
 known 

from trapped air bubbles in ice cores.

The authors fi nd that the last four melt-

downs began when northern sunshine was 
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intensifying, in accordance with the classi-

cal Milankovitch or astronomical theory of 

the ice ages ( 6). By linking their cave chro-

nology with ice cores via the spike of atmo-

spheric methane ( 7) that accompanies abrupt 

increases in monsoon intensity, the authors 

further show that meltdowns occur hand 

in hand with rising CO
2
. They also link the 

timing of their weak monsoons to Heinrich 

events, which are pulses of icebergs recorded 

in marine sediment cores as layers of ice-

rafted debris. This allows them to place the 

sediment core records on an accurate time 

scale, which is important because the clas-

sical indicator of sea level (oxygen isotopes 

in calcium carbonate shells) is borne by sedi-

ment cores. Their fi nding that sea levels rose 

in synchrony with CO
2
 during glacial termi-

nations clears up an old confusion that came 

from the use of the oxygen isotopes of atmo-

spheric O
2
 as an indicator of 

sea level, now known to be 

unreliable ( 8).

These are impressive 

accomplishments by them-

selves, but the hot clue that 

Cheng et al. provide is that 

most of the meltdown and 

sea-level rise occurs during 

periods of weak monsoons, 

when the MOC is shut down 

and CO
2
 is rising. Is there 

something about an “off ” 

MOC that helps to destroy an 

ice sheet? Cheng et al.’s tim-

ing data provide support for 

the hypothesis ( 9,  10) that 

an “off ” MOC forces CO
2
 

out of the Southern Ocean, 

warming the globe by its 

greenhouse effect, which in 

turn causes more melting of 

the ice sheets, ensuring that 

the MOC stays in its “off ” 

position in a positive-feed-

back loop.

In this view, the distin-

guishing characteristic of gla-

cial terminations—in contrast 

to other periods of high Northern Hemisphere 

sunshine that do not trigger a termination—is 

a huge ice sheet that can provide suffi cient 

meltwater to keep the MOC in its “off ” posi-

tion for some critical duration, allowing a 

large enough CO
2
 rise to fatally damage the 

ice sheet. This critical duration entails the 

crossing of some threshold, beyond which 

the ice sheet has too low an altitude and thus 

cannot survive, because the air temperature 

increases with falling altitude. An alterna-

tive hypothesis is that massive ice sheets are 

inherently vulnerable and cannot survive the 

combined onslaught of Milankovitch and 

CO
2
; the two hypotheses are not mutually 

exclusive and may both operate.

In either case, the answer to the ques-

tion “Why do terminations recur roughly 

every 100,000 years?”—attributed to Raymo 

( 11)—is that terminations require an exist-

ing massive ice sheet, and that Earth’s orbit 

becomes nearly circular every ~100,000 

years, eliminating periods of intense sunshine 

and thereby permitting the gradual accumu-

lation of a massive ice sheet. An interesting 

exception cited by Cheng et al. is the anoma-

lously weak sunshine 229,000 years ago that 

apparently allowed accumulation of a mas-

sive ice sheet within a short time, causing a 

termination that does not fi t neatly into the 

100,000-year paradigm.

Cheng et al. thus confi rm the astronomical 

theory of the ice ages, but with a twist: The 

shutoff of the MOC and its associated south-

ward shift of tropical rain belts, warming of 

the Southern Hemisphere (termed the “bipo-

lar seesaw”), and rise in atmospheric CO
2
 

plays an integral role in the meltdown of the 

great ice sheets. Using monsoons to improve 

dating precision across the whole suite of 

paleodata, Cheng et al. show the way to the 

fi rst coherent narrative that truly explains ter-

minations and the inseparable question of 

what causes ice age cycles (12). 
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How meltwater from the North American ice sheet may cause weak Asian mon-

soons. Meltwater runoff into the North Atlantic prevents sinking of water around Green-
land, because fresh water has a lower density than salt water. This leads to a collapse of the 
Atlantic Meridional Overturning Circulation (MOC), in turn further freshening the surface 
North Atlantic as a result of loss of northward transport of salt by the MOC. This fresh surface 
layer enhances winter sea ice formation because its low density prevents deep convection, 
restricting surface access to the enormous heat reservoir represented by the deep ocean. 
Widespread sea ice cover in turn causes extremely cold winter air temperatures downwind 
of the North Atlantic due to the insulating effect of sea ice. A southward-shifted atmospheric 
jet brings cold air into the Mideast and Indian Ocean region. Cooling of the Asian landmass 
and the North Indian Ocean in winter then weakens and delays the onset of the following 
summer’s monsoon.
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