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If proponents of climate change 
mitigation want to jump-start the process 
of getting nations to agree on CO2 
emissions targets, they would do well to 
apply the leverage provided by the air-
pollution (and economic) co-benefits 
documented by West and colleagues. 
Today’s climate research provides a 
sound scientific basis for the severity and 
geographical extent of the future impacts of 
climate change, indicating that failure to act 
now commits us to a path leading to those 
harmful impacts. However, the human 
health benefits that flow from cutting GHG 
emissions are so direct, near-term and 
localized that it is important to emphasize 
them in confronting the arguments against 
climate action today.

Individual governments should 
coordinate their now separate climate 
change mitigation and clean-air regulation 
efforts. They could prioritize mitigation 
measures that maximize human health 

benefits from clean air — for example, 
by focusing CO2 emission reductions on 
sources with the most toxic PM emissions, 
such as coal and diesel traffic. At the same 
time, they could increase the climate 
mitigation benefits of specific air-pollution 
clean-up efforts carried out for public 
health reasons (for example, focusing PM 
air-pollution control to maximize CO2 
emission reductions by eliminating coal 
burning, rather than merely applying 
electrostatic precipitators or scrubbers), 
and so achieve the maximum return on 
those investments. Indeed, the American 
Lung Association has already called for 
an elimination of coal combustion for 
human health reasons alone, stating: “The 
American Lung Association supports 
the phase-out of conventional coal-fired 
power plants as the nation transitions 
to a clean energy future”5. In this way, 
the maximum immediate and local air-
pollution health co-benefits will accrue 

in those communities, states and nations 
that take climate mitigation actions, and 
the maximum level of climate mitigation 
benefits would also result from their public-
health-based clean-air efforts. The analyses 
of West et al. blaze this trail forwards to 
most effectively achieve these mutually 
advantageous societal goals. ❐
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Deep ocean freshening
The traditional view of the open ocean is that surface waters should change faster and that the deep waters should 
be relatively stable. Now research shows that the depths of the Southern Ocean are also rapidly freshening and 
warming, and that these changes are spreading towards the Equator. 

Nathaniel L. Bindoff and William R. Hobbs

Measurements are constantly 
revealing new aspects of the climate 
system that have changed, and 

that these changes are interrelated. The 
mass of Antarctic ice-sheet has decreased 
by 140 Gt yr–1 (ref. 1) and most of this mass 
loss has occurred in the coastal region of the 
Amundsen and Bellingshausen Seas in West 
Antarctica. A careful and thorough census of 
the best available measurements of salinity 
and temperature2 shows that the deep waters 
of the Southern Ocean around Antarctica 
have freshened since the 1980s. These 
changes can now be seen to affect waters as 
far north as 30 °S, and are fully circumpolar 
and traceable as part of the deep circulation. 
This freshening signal represents some of the 
first independent evidence of where the ice 
loss from West Antarctica has gone.

Ocean temperature and salinity 
measurements below 2,000 m of high enough 
quality can only be taken by research ships 
(see Fig. 1), hence long-term records are 
sparse. Yet there is growing evidence that 
the deep oceans are important to the Earth’s 
overall energy balance and to understanding 

of changes in sea level. The oceans are a 
critical part of the global energy balance3 and 
store more than 90% of the energy increase 
observed in the climate system since 19614. 
Numerical models of the Earth show that 
the decadal variability in the deep ocean 
can temporarily slow or accelerate surface 
temperature changes through altered ocean 
heat uptake5,6. These deep measurements also 
provide observational constraints for better 
estimates of climate sensitivity to increasing 
greenhouse gas concentrations7 and there 
is evidence that the cause of the recent slow 
rate of temperature rise since 1998 is related 
to an internal adjustment in the oceans 
heat content8. 

Although there has been a focus on ocean 
temperatures, ocean salinity is now also 
being recognized as an important indicator 
of change in the climate system. The patterns 
of surface salinity have intensified, with salty 
regions becoming more salty and fresh waters 
tending to freshen. These surface changes 
are plausibly related to an acceleration of the 
hydrological cycle9, and the redistribution 
of precipitation towards the poles. However 

hydrological changes are a key uncertainty 
in projections of sea level and the future 
mass balance of Antarctica10. Temporal 
records2 in the Southern Ocean of salinity 
and temperature are therefore an important 
constraint and provide the evidence needed 
to address these questions about the 
climate system.

Antarctic Bottom Water (AABW) is 
commonly defined as water that is colder 
than 0 oC. These waters are formed on the 
Antarctic continental shelf, primarily in the 
Weddell Sea, Ross Sea and off the Adélie 
Coast. Near Antarctica, AABW is a layer 
1,000 to 1,500 m thick. It is the densest water 
in the global ocean and feeds the deep ocean 
basins, with its signal spreading beyond the 
Equator into the northern Pacific, Indian and 
Atlantic oceans. It is an important element of 
the lower limb of the overturning circulation 
in the Southern Ocean. Purkey and 
Johnson2 find that the strongest freshening 
signals in AABW occur in the Amundsen–
Bellingshausen basin and the Australian 
Antarctic Basin. Evidence has already 
emerged that AABW salinity is freshening 
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strongly in the Australian Antarctic basin11. 
The largest source of bottom water — the 
Weddell Sea — has freshened the least2. This 
pattern of change is entirely consistent with 
glacier melt causing the freshening — the 
largest sources of melt water are the Pine 
Island and Thwaites Glaciers1 located west 
of the Antarctic Peninsula, and the known 
circulation patterns would subsequently 
transport it to the regions of strongest 
freshening. It is estimated that the fresher 
AABW can account for about half of the 
total Antarctic ice-mass loss (45±26%)2. 
Although the Southern Ocean and AABW 
occupy a relatively small fraction of the 
global ocean, the warming of the water 
column surrounding Antarctica could 
account for about 18±8% of the ~180 TW 
heat gain in the climate system over the late 
twentieth century2; resulting in a rise of the 
Southern Ocean’s sea level of 1–2 mm per 
year2. The accompanying salinity changes 
also contribute a weak signal to this rise 
in sea level (as fresher water occupies a 
greater volume).

Some outstanding issues remain. The 
freshening AABW accounts for only half of 
the melt from Antarctic ice-sheet. Surface 
waters around Antarctica are also freshening12 
and it would seem likely that a significant 
fraction of the Antarctic melt ends up in these 
waters. Fresher surface waters are lighter 
and further isolate sea-ice from the warmer 
ocean below, and may help explain observed 
increases in Antarctic sea-ice cover13. Closure 
of the freshwater budget (including changes 
in rainfall) in the Antarctic region will help 
in projecting future accumulation and melt 
of the Antarctic ice-sheet, and therefore our 
capacity to project Antarctica’s contribution 
to sea-level rise. Although the freshening 
of AABW is very likely to be coupled with 
accelerating flow into the sea, and thinning, 
of the West Antarctic ice sheet, it is less clear 
whether the melt and subsequent freshening 
is the result of increased winds in the region 

or surface warming. Finally, attribution of 
this AABW freshening to human influences 
beyond the internal variability of the climate 
system has yet to be proved. This work2 
provides the initial evidence for exploring 
these key gaps in our knowledge of the 
climate system. ❐
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Photograph of the standard equipment that is used to observe the ocean from surface to bottom. This 
instrument delivers the high-quality salinity and temperature measurements needed to monitor changing 
Antarctic bottom waters. Salinity is measured to an accuracy of better than 0.002 PSS (Practical Salinity 
Scale) and temperature to 0.002 °C. 
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CARBON STORAGE

A permafrost carbon bomb?
The fate of permafrost soil carbon following thaw depends on hydrology.

Claire C. Treat and Steve Frolking

Lurking beneath Arctic tundra and boreal 
forest, there is a potential climate-
disrupting carbon (C) store in the frozen 

soil. There is more than twice the amount of 
atmospheric C in northern permafrost soils1, 

which are predicted to warm substantially 
by 21002. In these regions, the mean 
annual air temperature is generally below 
freezing, which has resulted in permafrost 
formation  — where the ground/soil remains 

frozen throughout the year, except for a thin 
(typically <1 m) seasonally thawing surface 
soil, the active layer. Incorporation of 
organic matter into the permafrost soil limits 
decomposition of readily available organic 
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