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1. Introduction 

 

From the ph ysi ca l poin t of view, the int e r a ct io n bet we en th ese two tu rbu l e nt flu id s, the 
ocean and th e at mo sp he r e, is a comp l e x, high l y non lin e a r pro ce ss, fun da m e n ta l to th e 
mot ion s of both. The win d s blo wi n g over th e surf a ce of th e ocean tra n sfe r mome n tu m 
an d mech an i ca l en ergy to th e wat e r, gen e r at i n g wave s an d cu rre nt s. The ocean in tu rn  
give s of f en ergy as heat, by the emissio n of elect r o m a gn et i c rad iat i on, by cond u ct i o n,  at small scale s.  The s tre n gth of th is cou p l in g dep e nd s on air -
sea dif f er e n ce s in seve r al facto r s an d th eref o r e has geo gr ap h i c an d tempo r a l scale s over 
a bro ad ran ge. At the se  small scale s  on th e sea -surf a ce int e rf a ce it se l f, wave s, win d s, 
wat e r tempe r a tu r e and salin i t y, bub b le s , spray  an d varia t io n s in th e amo u nt of solar 
rad ia t io n th at reache s th e ocean su rf a ce , and ot he r fact o r s, aff e ct th e tran sfe r of 
pro pe r t i e s and en erg y.   

In the lon g term, the con ve r gen ce and dive r gen ce of oceani c heat tran sp o rt pro vi d e 
sou rce s an d sin ks of heat for th e at mo sph e r e and part l y sh ap e th e mean clima te of th e 
eart h. Analyz i n g wh et her th ese pro ce sse s are  chan gi n g du e to an th r op o ge n i c in f lu e n c e s 
an d th e pote nt i a l impact of th ese chan ge s is th e su b je ct of th is ch ap t e r. Follo wi n g 
gu id a n ce fro m th e Ad Hoc Worki n g Group of th e Who le, much of the inf o r m at i on 
prese nt ed here is base d on or  derive s fro m th e very th o ro u gh an alysi s con d u ct e d by the 
Inter go ver n m en t a l Panel on Climat e Change (IPCC) for it s recen t Fifth Assessm ent 
Report (AR5).  

The atmo sp h e re an d the ocean form a coup l ed syst e m, exch an gi n g at th e air -sea 
in t e rf a ce gase s, wat e r (and wate r vap o u r ), part icle s, momen tu m an d energy. These 
exch a n g e s af f e ct th e bio lo gy, the ch emi st r y an d th e ph ysi cs of th e ocean an d in f lu e n ce 
it s bio ge o ch em i ca l pro cesse s, weat h er and climate ( e xch a n ge s af fe ct i n g the wat e r cycle 
are add re ssed in Chapt er 4) . 

From a bio geo ch e m i ca l point of view, gas and ch emi ca l exch a n ge s bet we e n th e ocean s 
an d the atmo sph e r e are imp or t an t to lif e pro ce sse s. Half of th e Global Net Primary 
Produ ct i on of th e world is by ph yt op l a n kto n an d ot h er marine plan t s , uptaki n g CO2 and 
rele a si n g oxyge n (





 
Figure 1. Global an n u a l avera ge sea su rfa c e temp e r a t u r e (SST) and Night Marin e Air Tempera t u r e (NMAT) 
relat iv e to a 1961 – 1990 cli m a t o lo gy fro m sta t e o f th e art dat a set s. Spatia lly in t erp o la t ed pro d u ct s are 
sh o wn by solid lin es; non- inte rp o la t ed pro d u ct s by dash ed lin es. Fro m Hartma n n et al. 2013 , Fig. 2.18.  

 

“It is cert a i n th at glo b a l avera ge sea su rfa ce temp e r a tu r e s  (SSTs) have incre a se d sin ce 
th e begin n in g of the 20th  cent u r y. (…) Interco m p a r i son s of new SST data reco r ds 
ob t ain ed by diff e r en t measu r e m en t met ho d s, inclu d i n g sate l l i t e dat a, have resul t ed in 
bett e r und e r st a nd i n g of un ce r ta i nt i e s an d biase s in the reco r d s. Althou gh th ese 
in n o vat i o n s have helpe d high l i ght a n d qu an t i f y un ce r t a in t ie s and aff e ct our 
un de r st an d in g of th e chara ct e r of chan ge s sin ce th e mid- 20th  cen t ur y, they do not alt er 
th e con cl u sio n th at glo ba l SSTs have in cre a se d bot h sin ce th e 1950s and sin ce the late 
19th  cent u r y.” (Hartmann et al., 2013) . 

 

2.2 Changes in sea-surface temperature (SST) as inferred from subsurface 
measurements. 

Upper ocean temp e r atu r e (hen ce heat con t en t) varie s over mu lt i p le time scale s, 
inclu d in g season a l, int e ra n n ua l (e.g., asso ci a t e d wit h El Niño), decad a l an d cent en n i al 
(Rhei n et al., 2013).  Depth- avera ge d (0 to 700 m) ocean -temp e r at u re trend s fro m 1971 
to 2010 are posit i ve over most of th e glob e. The warmin g is more pro mi n en t in the 
North e rn Hemisp h er e, esp e ci a l l y in th e North Atlan t i c. This resu lt hold s tru e in dif f e re nt 
an alyse s, usin g diff e r en t time period s, bias corre ct i o n s an d dat a sou rces (e.g., wit h or 
wit h o ut XBT or MBT data 1 ) (Rhein et al. 2013) . Zonall y avera ged up pe r- ocean 
tempe r a tu r e tren d s sho w warmi n g at nearl y all lat it ud e s and depth s (Figure 2a).  
However, the great e r volu m e of the South er n Hemisph e r e ocean in cre a se s th e 
con t r ib ut i o n of it s warmi n g to th e glo b a l heat con te nt (Rhein et al., 2013). Stron ge st 
warmi n g is foun d clo se st to th e sea surf a ce, and th e near -surf a ce trend s are con si st en t 

1  XBT are exp en d a b le bat h y t her mo gr a p h s, prob e s th a t usin g elect r o n ic solid- stat e tra n sd u cer s r egist er  
temp er a t u r e an d pres su r e wh ile th ey fre e fall th ro u gh th e wat er colu mn. MBT are th eir mech a n ica l 
pred ece sso r s, that lower ed on a wire su sp en d ed fro m a ship, used a meta llic th er mo co u p le as tra n sd u cer.  
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wi t h ind ep e nd en t l y measu r e d SST (Hartmann et al., 2013). The glob a l avera ge warmi ng 
over th is perio d is 0.11 [0.09 to 0.13] °C per decad e in th e up p e r 75 m, decre a si n g to 
0.015°C per decade by 700 m (Figure 2c)  (Rhein et al 2013) . 

The glob a l l y avera ge d temp e r at u re dif fe r e n ce  bet we en th e ocean su rfa ce an d 200 m 
incre a se d by ab ou t 0.25 o C from 1971 to 2010. This chan ge, which corre spo n d s to a 4 per 
cen t in cre a se in den si t y st rat i fi ca t i on, is wide spr e a d in all th e ocean s nort h of abo ut 
40°S. Increase d st rati f i ca t i o n will pot en t i a l l y dimin i sh th e exch an ge s bet we en th e 
in t e r io r an d th e su rf a ce laye r s of th e ocean ; this will limit, for examp le,  the inp ut of 
nu tri e nt s from belo w in to th e il lu m in a t ed su rf a ce laye r an d of oxyge n fro m ab o ve in t o 
th e deepe r layer s.  These ch an ge s migh t in tu rn resu l t in redu ce d pro d u ct i vit y and 
in cre a se d an o xi c wate r s in man y region s of th e world ocean  (Capot on d i et al., 2012) . 
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Figure 2.  (a) Depth -a vera g ed (0 to 700) m ocea n -t emp er a t u r e tren d for 1971 -2010 (long it u d e vs. latit u d e, 
colo u rs an d grey con t o u r s in degree s Celsiu s per deca d e) ; (b) Zon a lly avera ged te mp er a t u r e tren d s 
(latit u d e vs. dep t h, colo u r s a n d grey c on t o u r s in d egre e Celsiu s per deca d e) for 1971- 2010 with zon a lly 
avera g ed mea n temp er a t u r e over -plo t t ed (black con t o u r s in degrees Celsiu s).  Both North (25 -65ºN) and 
South (sou t h of 30 o S), the z on a lly avera ged warmin g sig n a ls ext en d to 700 m and ar e con si st en t with 
polewa r d  disp la c em en t of th e mea n te mp er a t u r e fi eld. Zon a lly avera g ed up p er -oc ea n te mp er a t u r e tr en d s 
sh o w war min g at nea rly all lat it u d es an d dep t h s (Figure 2  (b). A relat iv e maximu m in warmin g ap p ea r s 
sou t h of 30°S.  (c) Globally av era ged te mp er



2.3 Upper Ocean Heat Content (UOHC) 

The ocean ’s large mass an d high heat capaci t y  allo w it to st o re hu ge amou n t s of en ergy: 
more th an 1000 time s th at foun d in th e at mosp h e r e for an eq u iva l en t in cre a se in 
tempe r a tu r e. The eart h is ab so rb i n g more heat th an it is emit t in g back in t o sp ace, and 
nearl y all th is exce ss heat is en te r i n g th e ocean an d bein g st ore d th ere.  

The upp e r ocean (0 to 700 m) heat cont e nt in cre a se d du rin g th e 40 -year perio d fro m 
1971 to 2010. Publish e d rate s ran ge fro m 74 TW to 137 TW (1 TW = 10 12 watt s), while 



2.4 The ocean’s role in heat transport 



st r o n g imp act on th e nort h e rn hemisph e r e climat e (Cunnin gha m et al ., 2013; Buchan et 
al., 2014).  

 

2.5 Air-sea Heat fluxes 

Heat upt ake by th e ocean can be su b st a nt i a l l y alte r e d by natu r a l oscil l at i on s in th e 
eart h ’s ocean and at mo sp h e re. The eff e ct s of th ese large -scale clima t e oscil l a t i o n s are 
of t en felt arou nd th e world, lead i n g to th e rearr an ge m e nt of wind an d preci p i t at i o n 
patt e r n s, which in tu rn su b st an t i al l y aff e ct regiona l weat he r, some t i me s wit h 
devast at i n g con se qu e n ce s.  

The ENSO is the most pro mi n en t of th ese oscil l a ti o n s an d is ch ara cte r i ze d by an 
an o ma l ou s warmi n g and coo li n g of th e cen t r a l -east e r n equ ato r i a l Pacif ic. The warm 
ph ase is calle d El Niño and th e cold, La Niña. Durin g El Niño even t s, a weake n i n g of th e 
Pacif ic trad e win d s decrea se s the up we l l i n g of cold wat e r s in the east e rn eq u at o r i a l 
Pacif ic and allo ws warm su rf a ce wat e r th at gen e ra l l y accu m u l at e s in th e  west e r n Pacif ic 
to flo w east.  

As a con seq u en ce, El Niños relea se heat in to the at mo sp h er e, cau si n g an in cre a se in 
glo b a l l y avera ged air temp e r at u r e. Howeve r, the “rech a r ge oscil l at o r theo r y” (Ren and 
Jin, 2013) indica te s that a build up of up p er -ocean heat cont en t is a nece ssa r y 
preco nd i t io n for th e deve l o p m en t of El Niño even t s. La Niñas are asso ci a t e d with a 
stre n gt h en i n g of the trad e wind s, which lead s to a stro n g up we l l i n g of cold su b su rf a ce 
wat e r in the easte r n Pacif ic. In this case, the ocean up t ake of heat from the at mo sp h er e 
is enh an ced, cau si n g the glob a l avera ge surf a ce  tempe r a tu r e to decrea s e (Roemmich 
an d Gilson, 2011).  

The cycli n g of ENSO betwe e n El Niño and La Niña is irre gu l ar. In some decad e s El Niño 
has domin at ed an d in ot h er decad e s La Niña has been more frequ ent, also seen in 
ph ase sh ift s of th e Interd e ca d a l Pacif ic Oscilla t i on (Meehl et al., 2013), which is relat ed 
to bu ild up and rele a se of heat. A stren gth e n in g of th e Pacif ic trad e wind s in th e past 
two decad e s has led to a more frequ e nt occu r re n ce of La Niñas (England et al., 2014). 
Conseq ue nt l y, the heat up take by th e su b su r f ace o cean was en h an ce d, lead i n g to a 
slo wd o wn of th e su rf a ce warmi n g (Kosaka an d Xie, 2013). This is on e of the fact o rs 
af f e ct i n g th e glo ba l mean temp e ra tu r e , exp e ct ed to in cre a se by 0.21°C per decade fro m 
1998 to 2012, but wh ich in ste a d warme d by ju st 0.04°C ( the so -called rece n t warmin g 
hiatu s, IPCC, 2013). Alth ou gh th ere are seve r a l hyp o th e se s on th e cau se of th e glo b al 
warmi n g hiatu s, t he role of ocean circu l at i o n in th is negat i ve feed ba ck is cert a in. 
Drijfh o ut et al. (2014) have sh o wn th at th e North Atlant i c, Southe r n Ocean an d Tropica l 



t a ki n g place in th e Atlant i c Ocean and in th e Circu mp o l a r Curren t region. Coincid i n g in 
time, chan ge s in OHC could help to exp la in th e ob se r ve d slo wd o wn in glob a l warmi n g . It 
is ant ici p at e d th at the mech a n i sm s in vo l ved may  at some poin t reve r se, rele a si n g large 
amo u nt s of heat to th e at mo sph e r e and acce l e ra t i n g glob a l warmi n g (e.g., Leverma n n, 
et al., 2012).  

Many othe r natu r a l l y occu r r i n g ocean -atmo sphe r e oscil l at i o n s in the Pacif ic, Atlan t i c, 
and Indian Ocean s have also be en reco gn i ze d an d name d. The ENSO  as a glob al 
ph en o m en o n, has an exp re ssi o n in th e Atlan t i c basin calle d the Atlan t i c Niño. In the last 
six decad e s, this mode has weake n e d, lead i n g to a warmi n g of the eq uat o r i a l east er n 





o f America  suff e r drou gh t s. La Niña event s usu al l y cau se th e opp osi t e patt e rn s. 
Howeve r, in the last seve r a l decad e s, ENSO even t s have ch an ge d th eir sp at i a l an d 
tempo r a l chara ct e r i st i cs (Yeh et al., 2009; McPhaden, 2012).  

Durin g rece n t decad e s, the warm wat e r s of El Niño event s have been disp l a ce d to the 
cen t r a l Pacif ic in st e ad of to th e east e rn Pacif ic. It is not clear yet wheth e r  th ese ch an ges 
are lin ked to an th r op o ge n i c clima te ch an ge or natu r a l variab i l it y (Yeh et al., 2011). In 
any case, the eff e ct s o n clima t e of an ENSO event cen t r ed in th e cent r a l Pacif ic (a cen tr a l 
Pacif ic ENSO) are in sh arp cont r a st to th at associ a t e d with one ce nt r e d in th e east e rn 
Pacif ic.  

For inst an ce, north e a ster n and sout h ea st e rn Austral i a expe r i e n ce a redu ct i o n in rain f a l l 
du rin g th e east e rn Pacif ic El Niños and th ere is a decre a se in rain f a l l over north we st e rn 
an d nort he r n Austral i a du rin g cent r a l Pacif ic even t s (Tasche tt o an d Englan d, 2009; 
Tasch e tt o et al., 2009). The Indian mon so on fails du rin g east e rn Pacif ic El Niños, but is 
en h an ce d du rin g cent r a l Pacif ic El Niños (Kumar et al., 2006). Over the semi- arid region 
of nort he a st Brazil, easte r n Pacif ic El Niños/La Niñas cau se dry/wet con di t i o n s; cen t r al 
Pacif ic El Niños have the op po si t e ef fe ct, wit h th e worst drou ght in the last 50 years 
asso ci a t e d wit h th e st ro n g 2011/12 La Niña and not with El Niños as in th e past 
(Rodrigu e s et al., 2011; Rodrigu e s  an d McPhaden, 2014). This dro u gh t cau se d th e 
disp l a ce m en t of 10 millio n peop l e and eco n o mi c losse s on th e ord e r of 3 billio n  United 
States dolla r s  in relat i on to agricu l tu r e and cat tl e raisi n g alo n e. In cont r a st to dro u gh t in 
Brazil, the 2011/12 La Niña c au sed flo od s  acro ss sou th e a ste r n Austral i a.  

In othe r ocean basin s, chan ge s in ocean i c osci l l at i o n s an d temp e r a tu r e s have also had 
an imp act on clima te. For insta n ce, in the Indian Ocean, a posit i ve ph ase of the Indian 
Dipole Mode (warm/cold temp e r at u r e s in th e west e r n/east e r n eq uat o r ia l Indian Ocean) 



The IPCC AR5 conclud ed th at “it is un like l y that an nu a l nu mb e r s of tro p i ca l st o rm s, 
hurri ca ne s an d majo r hurri ca n e s cou nt s have in cre a se d over th e past 100 years in the 
North Atlant i c basin. Eviden ce, howe ve r, is for a virtu a l l y cert a in in cre a se in the 



h u m an time scale s, seawa t e r ’s salin it y can on ly be alt e r ed — o ver day s or cen tu r i e s — b y 
th e add it i on or remo va l of fresh wat e r.  

The wat er cycle is exp ect e d to int en si f y in a warme r clima te. Observa ti o n s sin ce the 
1970s show in cre a se s in su rf a ce an d lowe r at mosp h e r i c wat e r vap ou r (Fig ure  4a),  at a 
rat e con si st en t wit h obse r ve d warmin g . Moreove r, evapo r a t io n an d preci p i t at i o n are 
pro je cte d to in t en si f y in a warmer climat e.  Record ed ch an ge s in ocean salin it y in th e 
last 50 years su pp o rt th at pro je ct io n (Rhein et al. 2013; FAQ. 3.2).  

The atmo sp he r e con ne ct s th e ocean ’s regio n s o f net fresh wat e r loss to th o se of fresh 
wat e r gain by movin g evap o r at e d wate r vap ou r fro m on e place to an o th e r. The 
dist r ib u ti o n of salin i t y at th e ocean su rf a ce large l y ref le ct s th e sp ati a l patt e rn of 
evap o r at i o n minu s preci p i t at i o n  (Fig ure  4b) , runo f f fro m land, and sea ice pro ce sse s. 
There is some sh ift i n g of th e patt e rn s relat i ve to each oth e r, becau se of the ocean ’s 
cu rre nt s. Ocean salin i t y act s as a sen si ti ve an d ef f e ct i ve rain gau ge over th e ocean. It 
natu r a l l y ref le ct s an d smo o t he s out th e diff e re n ce bet we e n wate r gaine d by the ocean 
fro m preci p it at i o n, and wat e r lost by the ocean th rou gh evap or a t i on, bot h of wh ich are 
very pat ch y an d ep isod i c  (Rhein et al . 2013; FAQ. 3.2). Data fro m the past 50 years sho w 
wid e sp r e ad salini t y ch an ge s in th e upp e r oc ean, which are in d icat i ve of syst e m at i c 
ch an ge s in preci p it a t io n an d ru no ff min u s evap o ra t i o n.  

(Fig ure  4b).  Subtro p i ca l wat e r s are high l y salin e, becau se evap o r at i on exce e d s rain f a ll, 
where a s seawa t e r at high lat it u de s and in th e tro p i cs — whe r e more rain falls th an 
evap o r at e s — i s less so. The Atlant i c, the salt ie st ocean basin, lose s more fresh wa t er 
th rou gh evap o r at i on th an it gain s fro m preci p i t ati o n, while the Pacif ic is nearl y neut r a l, 
i.e., precip i t at i on gain nearl y balan ce s evap o ra t i o n loss, and th e Sout h e rn Ocean is 
domin at ed by preci p i ta t io n. (Fig ure  4b; Rhein et al. 2013; FAQ. 3.2).  Change s in su rfa ce 
salin i t y an d in th e up pe r ocean have reinf o r ce d th e mean salin it y pat t e rn  (4c). The 
evap o r at i o n -domin at e d su bt r o pi ca l region s have beco m e salt ie r, while the 
preci p it a t io n- domin a te d su b po l a r and tro p i ca l regio n s have beco me fresh e r.  When 
ch an ge s over the top 500 m are con si de r e d, the evapo r a t io n -domin a te d Atlant i c has 
beco m e salt i e r, while the nearl y neut r a l Pacif ic an d precip i t at i o n -domina t e d South e rn 
Oce an have beco me fresh e r  (Fig ure  4d ; Rhein et al. 2013; FAQ. 3.2) . 

Observe d su rf a ce salin i ty ch an ge s also su gge st a chan ge in the glob a l wat e r cycle has 
occu r r e d (Chapt e r 4). The lon g -term tren d s sho w a stron g posit i ve corre la t i o n bet we en 
th e mean clima t e of  the su rfa ce salin it y and the temp o r a l ch an ge s in su rf a ce salin i ty 
fro m 1950 to 2000. This corre l a t i on sh o ws an enh an ce m en t of th e clima to l o gi ca l salin i ty 
patt e r n: fresh areas have beco m e f resh e r and salty areas salti e r.  

Ocean salin it y is also affe ct e d by wat e r ru no f f fro m the cont i n en t s, and by the melt i n g 
an d freez i n g of sea ice or flo at i n g glaci a l ice. Fresh wat e r ad de d by melt in g ice on lan d 
will ch an ge glo b a l- average d salin i t y, but ch an ge s to dat e are too small to ob se r ve (
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Figure 4.  Change s in sea su rf a ce salin it y are rela t ed to the atmo sp h er ic pat t er n s of ev a p o r a t io n min u s 
precip it a t io n (E –  P) and tr en d s in tot a l precip it a b l e wat er: (a) Linear tren d (1988 – 2010) in tota l 
precip it a b le wat er (water vap o u r  in t egr a t ed fro m th e Earth ’ s su rfa c e up th ro u gh th e en t ire atmo sp h er e) 
(kg m – 2 per deca d e) from sa t ellit e ob ser va t io n s (Specia l Senso r Microwa ve Imag er) (after Wen t z et al., 
2007) (blu es: wett er; yello ws: drier). (b) The 1979– 2005 clima t o lo gi ca l mea n net E – P (cm yr – 1) fro m 
met eo r o lo gica l r ea n a ly si s (Nation a l Centers for Envi ro n men t a l Predict io n/Nation a l Center for 
Atmosp h er i c Resear ch;  Kalna y et al., 1996) (reds: net ev a p o r a t io n; blu es: net precip i t a t io n). (c) Trend 
(1950– 2000) in surfa c e salin it y (PSS78 per 50 years) (after Durack an d Wijffels, 2010) (blues fr esh en in g; 
yello w s -r ed s salt i er). (d) The clima t o lo gi ca l -mea n su rfa c e salin it y  (PSS78) (blue s: <35; yello ws – r ed s: >35).  
From Rhein et al. 2013; FAQ. 3.2. Fig 1.   

 

In con cl u si on, acco rd i n g to th e last IPCC AR5 , “It is very like l y th at regiona l tren d s have 
en h an ce d the mean geogr a p h i ca l con t ra st s in sea su rfa ce salin it y sin ce the 1950 s: salin e 
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Figure 6. Anthro p o gen ic CO 2 distrib u t io n s alo n g rep re sen t a t ive merid io n a l sect io n s in th e Atlan t ic, Pacific, 
and India n ocea n s for th e mid- 1990s (Sabin e et al. 2004).  

Becau se the ocean mixe s slo wl y, about half of the an th r op o gen i c CO 2 (Cant ) stored in th e 
ocean is foun d in th e up pe r  10 per cent of th e ocean (Figure 6 .). On average, the 
pen et r at i o n dep th is abo u t 1000 meters and ab o ut 50  per cent of the an th r op o gen i c 
CO2 in the ocean is sh all owe r th a n 400 meters.  

Globall y, the ocean  sh ow s  large sp at i a l variat io n s in terms of it s role as a sin k of 
at mo sph e r i c CO 2 (Takahash i et al. 2009). Over the past 200 years th e ocean s have 
ab so r be d 525 billio n tons of CO 2 from th e at mo sp h e re, or nearl y half of th e fossi l fu el 
emissi o n s over th e period (Feely et al. 2009). The ocean i c sin k of at mo sp h e r i c CO 2 has 
in cre a se d fro m 4.0 ± 1.8 GtCO 2 (1 GtCO 2 = 109 tons  of carbo n dio xid e) per year in the 
1960s to 9.5 ± 1.8 GtCO 2 per year du rin g 2004 -2013. Durin g th e same period, the 
est im a te d ann u a l at mosp h e r i c CO 2 capt u re d by the ocean was 2.6 ±0. 5 Gt of  CO2 
comp ar e d wit h  arou nd 1. 9 Gt of  CO2 durin g th e sixt i e s (Le Queré et al. , 2014). However, 
due to th e decre a se d bu f fe r i n g cap aci t y, cau sed by th is CO 2 uptake, the p ro p or t i on  of 
an th r o po ge n i c carb on dio xi d e th at goes int o  the ocean has been decre a sin g.  

Estimate s of the glo ba l in ve n to r y of ant h ro p o gen i c carb o n, C ant  (inclu d ing margi n a l seas) 
have a mean valu e of 118 PgC and a ran ge of 93 to 137 PgC in 1994 and a mean of 160 



The stora ge rat e of an th r o po ge n i c CO 2 is asse sse d by calcu l at i n g th e ch an ge in C ant 

con ce n t ra t i on s bet we en two time perio d s. Region a l ob se r va t i on s of th e st o ra ge rat e are 
in gen e r a l agre e me nt wit h th at expe ct ed from th e in cre a se in atmo sp h er i c CO 2 

conce n t ra t i on s an d with th e trace r -base d e st im a t e s. Howeve r, there are sign i f i cant 
sp at i a l and temp o r a l varia t i on s in th e degre e to wh ich th e in ven t or y of C ant  tracks 
ch an g e s in th e at mo sp her e (Figure 7 , Rhein et al 2013)



Althou gh th e avera ge ocean i c pH can vary on int e r gl a ci a l time scale s, the ch an ge s are 
usu al l y on th e ord e r of ~0.002 unit s per 100 years; howe ve r, the curre nt ob se r ved rate 
of ch an ge is ~0.1 unit s per 100 years, or rou gh l y 50 times fast er. Region al fact or s, such 
as coast a l up we l l i n g, chan ge s in rive r i ne an d glaci a l disch a r ge rat e s, and sea -ice loss 
have create d “OA hotspo t s” wh ere ch an ge s are occu r r i n g at even fast e r rat e s.  Althou gh 
OA is a glo b a l ph en o me n o n  th at will like l y have far- reach i n g imp li ca ti o n s for man y 
marin e organ i sm s, some areas will be af f e cte d soo n e r an d to a greate r degre e.  

Recen t ob se r vat i o n s sh ow th at one su ch area in part i cu la r is the cold, high l y prod u ct i ve 
regio n of th e su b- arct i c Pacif ic and weste r n Arctic Ocean, where un iqu e bio ge o ch e m i cal 
pro ce sse s creat e an en vir o n m en t th at is both sen si t i ve an d part i cu l a r l y su sce p t ib l e to 
acce l e r a t e d red u ct io n s in pH and carb on at e min e r a l con cen t r at io n s. The OA 
phen o m en o n can cau se wat e r s to beco me unde r sa t u ra t ed in carb on ate min e r a l s and 
th ere b y af f e ct exte n si ve an d dive r se po p u l at i on s of marin e calci f i e r s.  

 

4.4 The CO2 problem 

Based on th e most recen t dat a of 2004 to 2013, 35.7 GtCO 2 (1 GtCO 2 = 109 tons  of 
carb o n dio xid e) of anth ro p o gen i c CO 2 are rele a se d in t o th e at mo sph e r e every year (Le 
Quéré et al. 2014).  Of this, app ro xi m at e l y 32.4 GtCO 2 come dire ct l y fro m th e bu rn i n g of 
fossi l fuels an d ot h er ind u st r ia l pro ce sse s th at emit CO 2.  The remai n in g 3.3 GtCO 2 are 
due to ch an ge s in lan d -use pract i ce s, such as def o r e st a t io n an d urb an iz a t i on. Of this 
35.7 GtCO 2 of ant hr o poge n i ca l l y prod u ced CO 2 emit te d an nu a l l y, app roxi m a t e l y 10.6 
GtCO 2 (or 29 per cent) are in co rp o r at e d in to terre st r i a l plan t mat te r.  Anoth e r 15.8 
GtCO 2 (or 46 per  cent) are ret ain e d in the at mo sp h e re, which has led to some plane t a ry 
warmi n g.  The remai n in g 9.5 GtCO 2 (or 26 per cen t) are ab so r b ed by th e world ’s  oceans 
(Le Quéré et al. 2014).  

As the hyd ro ge n ion s prod u ce d by th e in cre a sed CO 2 disso lu t i on take carb on a t e ion s out 
of seawa t er, the rat e of calci f i ca t i o n of sh ell- build i n g organ i sm s is af f e ct e d; they are  
con f r on te d wit h ad d it i on a l ph ysi o lo gi ca l ch all e nge s to maint a i n their shell s. Althou gh 
alt e r at i o n of th e carb on a t e eq u il i b r iu m syst e m in the ocean redu ci n g  carb o n at e ion 
con ce n t ra t i on, and satur a t i o n st at e s of calci u m carb o n at e min e r a l s will play a role 
imp o si n g an add it io n a l en ergy cost to calci fi e r organ i sm s, such as coral s and 
sh ell b e ar i n g plan kt o n, this is by no mean s the sole imp act of OA.  

 

4.5 What are the impacts of a more acidic ocean? 

Throu gh ou t th e last 25 millio n years, the average pH of the ocean has remai n ed fairly 
con st a nt bet we en 8.0 and 8.2.  However, in the last th re e decad e s, a fast dro p has 
begun to occu r, and if CO 2 emissi o n s are left un ch e cke d, the avera ge pH could fall below 
7.8 by the en d of th is cen t ur y (Rhein, et al. 2013).  

This is well ou t sid e th e ran ge of pH chan ge of an y oth e r time in rece n t geo lo gi cal 
hist o r y. Calcif yin g organ ism s in part i cu l a r, such as coral s, crab s, clams, oyst e r s an d th e 
tin y free -swimm i n g p t ero p o d s th at form calci u m carb o na t e sh ell s, cou ld be part i cu la r l y 
vu ln e r ab l e, esp e ci a l l y durin g th e larva l st age. Many of th e pro ce sse s th at cau se OA have 
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l o n g been reco gn iz e d, but th e eco lo gi ca l impli ca t i o n s of th e asso ci at e d ch emi ca l 
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