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@ The oceans have warmed since

Science Partnership

1955 due to GHG increase

16 | I I I I | I
12 | World Ocean Heat Content 4© A strong pos_itive
_ 0-2000m linear trend is
= 700-2000m . ,
8 | I Data coverage at 700m 4 observed in oceans
S [ |=—— Datacoverage at 2000m heat content since
2 4 g | 195
g 0 o One third of the
g warming occurs in
T -4f 1 the deeper ocean.
T 10 The warming can
'8_‘ |1 only be explained by
ok 100% - — — - | theincrease in
i i | x atmospheric GHG.
_16 | L | 1 | | | |
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Levitus et al. 2012. World ocean heat content and thermosteric sea
level change (0-2000), 1955-2010. GEOPHYSICAL RESEARCH
LETTERS, doi:10.1029/2012GL051106
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Carbon Budget 2010

opinion & comment

CORRESPOMDEMCE:

Rapid growth in CO, emissions after the
2008-2009 global financial crisis

T thi Edibor — Clobal carbon doxide
s kons Cromm foss [-01d combustion and
remank production geew 5.0% in 2014,
surpassed 9 Fy of carbon (P C) for te first
Hlmig and more thao affsat ha 14% decraass
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Trends in sinks of carbon

2

Land sink (Pg C yr™

Ocean sink (Pg Cyr™)

FOCUS | PROGRESS ARTICLES

PUBLISHED OMLINE: T7 NOVEMEER 2009 | DOE 10,1028/ NEEDSSS

Trends in the sources and sinks of carbon dioxide
Corinne Le Quéré, Michael R. Raupach, Josep G. Canadell, Gregg Marlandet al.*

Efforts to contrel climate change require the of co, This can only be achleved
through a drastic reduction of glebal CO; emissions. Yet fossil fuel emissions Increased by 299 between 2000 and 2008,
In confunction with Increased contributions from emerging ecenomies, from the production and International trade of
goods and services, and from the use of coal as a fuel source. In contrast, emlssions from land-use changes wers many
constant, Between 1959 and 2008, 42% of each year's CO, ag
absorbed by carben sinks en land and In the oceans. In the past 50 years, the €0, that the
atmesphere each year has Iikely Increased, from about 40% to 45%, and medels t that this trend was caused
decrease In the uptake of CO, by the carbon sinks In response to climate change and variability. Changes in the €O, sinks
Influence on fut: C0; levels. Itis cructal t

1960

1970 1980 1990 2000
Year

2010

1960 1970 1980 1990 2000
Year

WCRP»
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2010

tmoepheric measarements of 00, concertration are highly
precise and provide an accurate, measwre of the

year,

‘urements cannot at present be used to verify global CO, emissions
estimated fram energy data, because the uptake of CO, by the land
andmunm,nuhmnmqumniadmﬂﬂughmmghxcum]
Understanding the difference in ameount between anthropogenic
OO, emissicas and charges in atmespheric OO, concentration
requires gocd estimates of the sinks and gocd attribution. of the
causes of changes, bath for the emissions and for their partitioning
betwsen the patural eservizs.

Global CO, emi ir partitioni the atmas-
phere and the land lm{uoelnCU, siniks can be established wsing a
wide range of sical and economic data. We have constructed
a glebal CO, budget for sach year during 1955-2008 and analysed
the underlying drivers of each component The global increase in

! S O eatl Conn o

emissians from fossil fuel combustion were estimated oo the basis

af countries' energy statistics. 00, emissions fram lind-use change

(LUC) teere estimated using defrestation and ather land-use data,
ol

of vegetation and soiks and the fate of carbon. Dmnm:evnhmmi

the land sinks, however, iy

econamies with emissians limitatians), growth in same has heen
affset by declines in others. This recent grawth in C0, emissions
parallcks a shift in the largest fuel emission source fram oil to coal.
Coal contributed 40% of the fossil fuel COy emissians in 2008,
compared with 37% for 19902000, whereas the contributian of
ail changed frarm 41% for 1990-2000 to 36% in 2008 (Fig. 1<), This
shift in the dominant source of fossil fuel emissions has reversed
the prevalence of il since 1968, The growth in emissions since
2000 was also accompanied by an increase in the world per-capita
emissians from 1.1 metric tars of carban in 2000 (Fig. 1d) to an
all-time high af L3 metric toas of carban in 2008,

“There is growing evidence that the rapid groseth in international
tracde*** and.a shift o€ Annex B ecopomic activity towards services'
seere significant in driving non-Anmez B OO, emission increases
due to fossil fuels. Seweral recent studies provide indicators of
the magnitude and time evalution of the share of non-Annex B
emission growth that was due to production of manufactured
products exparted and coasumed in Annex B countries. In 2001,
the equivalent of 0.22 Pg C was emitted in nen-Annes B countries
1o produce internatianally traded products consumed in Annex B
countries*, In China akane, 30% af the groveth in emissians between
1950 and 2002 was attributable o the productian of expocts from
China th dl in cther countries*, and the share of the

from cbservatians. Pnrﬂmnemwemaimdrha—mmnd;k
an which we impossd

‘past few decades. The resulting global 00, budget pravides insight
inta the global carban cycle and the emerging trends.

Fossil fuel CO; emissions

OO0, emissiors from fossil fuel combustion, incduding small
contributions from cement production and gas flaring, were
Pg C yr! in 2008, an increase of 10% an 2007, 29% an
2000 and 41% above emissions in 19590 ¥ Table 1;

growth increased to 50% between 2002 and 2005 {ref. 7). In 1550,

16% of Chinese emissions were fram the production of exports,

increasing o 30% in 2005, Cver half of the cxported products were

destined for Annex B countries*”, Complementary studies in same
4 ; ementary stuclies

e " n‘m
ries, ds arsd services) were i i

emissions from domestic production®. In the UK, for :r.mnme.
unhm.ouuunjnmnmld.au!naibjﬂsba\um 1992 and 2004,
by 12% (ref. 8). In

see Methads). Emissians increased at a rate of 34% yr-! between
2000 and 208, campared with L% yr in the 19905 (Fig. 1).
Emissions contimued to track the average of the most carban-

¥

Panel ca Climate Change®* ([PCC; scenaria A1F] in Fig 1a). Since
1991, the growth in fassil fuel OO; eissions has been dominated
! il fuel £, emissians has be nted

non-Annex B af the Byata Pratacal (mostly emerging ecanomiss

Tig. k). A A B

the USA, within-country emissians increased by 6% betiecen 1957

and 2004, wh by 17

(e 5. 1o hoh caes, ke fctce rvingthe ot in coomnp-
manufactured

able share of the growth of emissions fram nen-Annex B countries
¥as ausacinted with intermaticen wack. This esplined round
i 2000,
Thggm‘ﬂhmﬂm\lm]dpund.nm:mcymdm[m]ma
Yey driver in the recent increase in 00, emissions”, Cansequently,

* & tul izt ot authors and ther atfilaticns appears at the andef tha papsr.

EWCE| VDL 7| DECH

2058 Ml an Pk bers Limitd. 811 rights reverved
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The fraction of CO, emissions that remains in the atmosphere has
likely increased from about 40% to 45%. Models suggest that this
trend was caused by a decrease in the uptake of CO, by carbon

sinks in response to climate change and variability.
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Human Perturbation of the
Global Carbon Budget

o
|

10. [~

sources

CO, flux (PgC y~ ')
o

fossil fuel

lond tllse
[l

--------------
e
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1760 1800 1860 1900 1950 2000
Global Carbon Project 2011; Updated from Le Quére time (Y) GLOBAL
et al. 2009, Nature G; Canadell et al. 2007, PNAS W%CRP’ Rl

1 2000-2010

(PgCy)

7.9%0.5

1.0£0.7

] 25%*1.0

(Residual)

| 4140.2

2.3+0.5

(5 models)



& Fate of Anthropogenic CO2
3 sclence partnorsnip Emissions (2010)

9.120.5 PgC y! | 5.020.2 PgC y-!
| 50% |

Calculated as the residual
of all other flux components

24%
24+0.5PgCy!

Global Carbon Project 2010: Updated from Average of 5 models
Le Quéré et al. 2009, Nature Geoscience;

) ’ GLOBAL__;__ . 3
Canadell et al. 2007, PNAS WCRP- o b )'HDE’
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@ Large-scale carbon release as

e WaArming feedback (generally
included in climate-model runs)

o High northern latitude permafrost thawing leads to carbon

release (CO, and methane)

o By 2100 under high business-as-usual:

release of carbon estimated

at 120-420 GtCO, = 0.04-0.23"° C additional warming
o “Frozen methane” below sea floor: possible destabilization

due to warming and be released (recorded in geolo
o Could lead to a slow, chronic release of <

methane from ocean hydrates

= blocking warming to return to lower

levels for millennia

Schneider von Deimling et al (2011); Schuur and Abbott (2011); Archer et
al (2009), Kort, E.A., et al (2012) Atmospheric observations of Arctic Ocean

methane emissions up to 82° north. Nature Geoscience 5, 318-321

WCRP.

World Climate Research Pregramme

GLOBAL
icEP==L S @) HDP .



ESSP-GWSP on vulnerability
of rivers and water security
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ARTICLE

40i:10.1038 /nature09430

Global threats to human water security
and river biodiversity

nature '

T R AL W 7 JEARRA

Heman waler
SaCumty tHirddl

RIVERS [N CRISIS

Mapping dual threats to water securiry for

biodmversity and humans merssie

0 WTHRE EANATIRE

€. ). Vorgsmarty's, P. B Mdntyr@*4, M. 0. Gessner’, D. Dudgeon®, A_ Prusevich?, P. Green!, 8. Glidden®, 5. £ Bunn®,

€. A Sullivan”, C. Reidy Liermann® & P. M. Davies”

i

80% dihwndd'tpq’umm-npmmm]mldmmwmmm Massive investment in water
g R S e

‘nearly

their undertying causes, whereas

technology
less in vuinerable. A similar lack of investment , with
i i w657 f cortineia ot i mmm”mm o gy Brsatencd. The estadiive

alicy and the

et framework offers 8 tod for priocisng p

pomscs o this crisis,

necessity of imiting
water security for both humns and freshwater biodiversity.

‘Wateris widely regarded as the most essentil. of natural resources, yet
freshwater systems are directly threatened by human actvities and
stand to be further affected by anthropogenic climate change’. Water
systems are transiormed through widespread land cover change, wrb-
anizafion, industrialization and engineering schemes like reservoirs,
irtigation and inerbasin tranders tha maximize human acces: io
water'. The benefits-of water provision to ecanomic procuctivty™*are
lten accompanied by impairment to ecosystems and biodiversity, with
‘potentially erious but unquantified costs'™. Devising interventions io
. i "

‘pathways as for pollution, but they also influence water systems in
distin ways. Reservais, for example, convey few negative effects on
numan water supply, but substantially impact on aquatic biodiversity
by impeding the movement of organisms <hanging flow regimes and
altering habitat. Similarly, pon-native species threaten biodiversity
‘but are typically inconsequential to human water security.
gobal-

water that, for the first time, considers human water security and
‘bindiversity perspectives simultancously within a spatial accounting
framework. Our focus i an rivers, which serve as the chief source af

ppl ans and = We

0 prolect aquatic biodiversity and ensure the sustainabilty of water
the

o wakr sy it  rnge ofsptal s o loal 0 b
Water issses feature prominently in asessments of economic
development’, ecosystem  service’, and thelr combination'™™*
However, worldwide asscssments of water resources’ rely heavily on
fragmented data often expresscd as country-leval staistcs, sriously
lmiting efforts ta prioritize thelr protection and rehabilitation'”
High-resolition. spatial analyses have taken undarstanding of the
‘human impacton the world's oceans* and the human footpeint on
land"toa nevwlevel
Prooss o ks eamices despe rcoguied e =

human water security and biodiversity akong a contimrum from head-
waters to ocean, capturing spatial kegacy effects ignored by eadier
studies. Our framework incorporates all major clases of anthro-
‘pogenic drivers of stress and enables an asse smert of thelr aggregite
impact under often divergent value sysems for biodiversity and
numan water securty. Enhancing the spatial resolution by orders-of-
magnitude over previous studies (using 30° latitudeflongirude grids)
allows s to more rigoously estpreviousassertions on the sate of the
workds rivers and 1o identify key sources of threat at sub-national
spal acles hat re el o envimomend acagemen. Fialy.

imed

stiking a balance between aman s pro-
tection*=!_To test the degree to which this bjective has been
advanced globally, and to assess its potential value in the foture,
requires systematic accounting An important fist step i to develop
a spatial picture of contermporary incident thrests to human water
security and biodiversity, where the term ‘incidenc’ refers to exposure
10 a diverse array of stressos at & glven bocation. Many stressors
threaten human water security and biodiversity through similar

iny, revealing previously unrecognized, global-scale consequences of
local water management practices that are used extensively worldwide.

Global patterns of incident threat

Using . global geospatial framework™, we merged a broad sulte of
i ind indices,

‘one for human water security and one for biodiversity. The resubling

WCRPs

World Climate Research Pregramme

Vorosmarty, C. J., P. B. McIntyre, M. O. Gessner, D.
Dudgeon, A. Prusevich, P. Green, S. Glidden, S. E.
Bunn, C. A. Sullivan, C. R. Liermann, and P. M.
Davies. 2010. Global threats to human water security
and river biodiversity. Nature 467:555-561.
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@ Vulnerability of US and European
e @l@ctricity supply to climate

-
change (%) ® -10to-5 once through, fresh water

B <-20 0 -5to-1 O combination (once-through with supplementary cooling tower)
B -20to-10 O -1to0

/v recirculating with cooling tower(s)

o Thermoelectric (nuclear and fossil fueled) power plants currently
produce 91% of all electricity in the US and 78% in Europe

o Directly depend on availability and temperature of water resources for
cooling

o Mean capacity decrease of 6.3-19% (Europe) and 4.4-16% (US)
depending on cooling system type and climate scenario

o Strong need for improved climate adaptation strategies in the
thermoelectric power sector to assure future energy security.

van Vliet et al., in press Nature climate change GLOBAL =
WCRPs I “Ruue @roe.
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<€). ___  Coral Reefs: CO, and Ocean

T acid |f|cat|on
Increasing CO, concentration
acidifying the world oceans

o Likely to have wide ranging adverse effects

o 550 ppm CO, coral reefs dissolve
(reached by 2050s)

o 450 ppm CO, coral stop growing
(reached by 2030s)

o Below 350 ppm CO, appears to be ‘safe’
8.6
8.4
8.2 1
7.8
7.6
74

Scientific Synthesis of the

Impacts of Ocean Acidification
B on Marine

| Biodiversity

Jocean |
acidification !

pH

25 -20 -15 -10 5 0 5
time (million years before present)
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CORRECTED 16 MARCH 2012; SEE LAST PAGE

The Geological Record of
Ocean Acidification

irbel Wisisch, " Andy Ridgwell* Daniels N. Schmidt” Hllen Momss” Samantha J. Gibts, 7
Appy Shijs,” Richard Zeebe,? I.ucl{ urmp,” Rowan C Martindale, ™ Sarah £ Greene, ™
X u

Much better insights in
ocean acidification impacts

acid]

= parallels future projections
in terms of disrupting the
balance of ocean
carbonate chemistry—a
consequence of the

unprecedented rapidity of

CO2 release currently
taking place.
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2 MARCH 2012 VOL 335 SCIENCE www.scimoemagorg
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i ScienceDirect ‘Cosmochimica
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Evidence for ocean acidification in the Great Barrier Reef
of Australia

Gangjian Wei

M_ql alim TM‘tn.IkI‘ t’.d.u:M rLir
Wengfeng Den Xie

* Rrsrah Shosd of
* Ky Laboratory of Dosops Gachondors ad &
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= This suggests that the
== increased levels of

= anthropogenic CO, in
atmosphere has already
= caused a significant trend
towards acidification in
— the oceans during the
e past decades.

TIFFFesd sl ar0s i
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b

Increasing calcification
rates on reefs off Western
Australia contrast with the

decline of Australia’s

Great Barrier Reef and

provide additional
evidence that recent
changes in coral ;
calcification are responses | !
to temperature rather than | .

23,3012

on February

ww senmmagorg SCENCE VOL335

3 FEBRUARY 2012 593

Honisch, B., A. Ridgwell, D. N. Schmidt, E.
Thomas, S. J. Gibbs, A. Sluijs, R. Zeebe, L.
Kump, R. C. Martindale, S. E. Greene, W.
Kiessling, J. Ries, J. C. Zachos, D. L. Royer, S.
Barker, T. M. Marchitto, R. Moyer, C. Pelejero, P.
Ziveri, G. L. Foster, B. Williams. 2012. The
Geological Record of Ocean Acidification. Science

Wei, G., M. T. McCulloch, G. Mortimer, W. Deng,
and L. Xie. 2009. Evidence for ocean acidification
in the Great Barrier Reef of Australia. Geochimica

Cooper, T. F., R. A. O'Leary, and J. M. Lough.
2012. Growth of Western Australian Corals in the
Anthropocene. Science 335:593-596.

et Cosmochimica Acta 73:2332-2346.

335:1058-1063

WCRP.
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@ The process of ocean
e acidification

} ' - Processes leading to
E 4 Atmosphere [850] - & Metamorphism ocean acidification
i i and/or reduction of

Volcanism
Fossil fuel CO, emissions (8.5) v b S (0.1) CaCO, saturation and
pCO Emissions from land use change (1.0)  » " Silicate their approximate
2q) Terrestrial wea{}:h;e]rling fluxes (PgC yr)
blosphere [2000] .
Processes leading to
) ; Sd apea0) ocean alkalinization
i Net CO, dissolution (2.3) and/or CaCO,
saturation-increases
CO, +HO<—>H+HGO!{—)2H+CO:1 A A
Net CO, fixation (10) Calcification (1.1) — X" Carbonate (0.1) bq ;:i:: ?;:;g prrc:;{ .
_ T Kerogen (0.1) y
t:aco dissolution (o a}r weathering e hrorosedk:
C,,, oxidation (9.9) m cclumn, perturbations and
their approximate
\/ fluxes (PgC yr')
Shallow water Surface sediments [0.003 x 10°]
CaCO, burial (0.1) Fossil fuels. ... .. [0.005 x 107
Shaleg . oo e [12 x 10°] Reservoir inventory
Mantle S0O% [32 x 107] values [PgC]
et M N W al (0.1) Shallow water Carbonate rocks . ... [65x107]
L = C__burial (0.1)
Low temperature basaltic alteration
e - | - —

When CO, dissolves, it reacts with seawater to form carbonic acid, which then dissociates to bicarbonate,
carbonate, and hydrogen ions. The hydrogen ions makes seawater acidic, but this process is buffered on
long time scales by the interplay of seawater, seafloor carbonate sediments, and weathering on land.
Shown are the major pathways of reduced carbon (black) and alkalinity ( ). Ocean acidification or
reduction of CaCO, saturation are indicated in red, and ocean alkalinization or CaCO3 saturation
increases are indicated in blue.
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