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Eastern Boundary Upwelling Systems 

(Messié & Chavez, Prog.Oc. 2015) 



Peruvian upwelling is special 

(Chavez et al., Prog.Oc. 2008) 

• Highest fish catch in Peruvian Upwelling 



Oxygen Minimum Zones in 
the tropical oceans 

O2 on σ=26.9 isopycnal 

10μM 

40μM 



OMZs: Close interplay between sluggish 
O2 supply and intense O2 consumption 

• O2 uptake: Gas exchange with atmosphere 
• O2 transport: supply via vertical mixing & circulation  
• O2 consumption via respiration of organic matter 

Karstensen et al., 2008 

mixing advection 



OMZs: Close interplay between sluggish 
O2 supply and intense O2 consumption 

• O2 uptake: Gas exchange with atmosphere 
• O2 transport: supply via vertical mixing & circulation  
• O2 consumption via respiration of organic matter 

Karstensen et al., 2008 Warming! 
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More dimensions… 

(Oschlies et al., Nat.Geo. in press) 

• Remote processes may matter. 
• Supply of oxygen and nutrients closely interlinked. 



Major climate impact:  
Ocean deoxygenation 

(Schmidtko et al., Nature 2017) 
Vertically integrated O2 change 1960 to 2010  

Observational estimate: 
• 2% of oceanic inventory lost since 1960 
• 4-fold expansion of anoxic “dead zones” 



Ocean deoxygenation 
Models predict further O2 decline under global warming 

(Bopp et al., BG 2013) 

more warming, 
less oxygen 

2% decline,  
obs estimate 

0.6% decline,  
CMIP5 models 



Agenda 

Aspects of climate change 

• Warming, enhanced stratification 

• Regional winds  

• Southern Ocean winds 

 

• The ”complete” picture 



Effects of warming 
zonally averaged view of the upper ocean 

(O
sc

hl
ie

s e
t a

l.,
 N

at
.G

eo
sc

i.,
 in

 p
re

ss
) 



Effects of warming 
Drop in solubility, enhanced stratification  
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Effects of warming 
Change in “abiotic O2” (z=300m, yr 2100 – 1990) 

mmol m-3 

∆O2,abiot at z=300m 



Effects of warming 
enhanced stratification, reduced mixing 
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Effects of warming 
shallower thermocline  faster ventilation, 
less mixing, more oxygenated waters 
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Effects of warming 
(no change in winds) 

Elevated O2 in tropical thermocline (yr 2100 – 1990) 

(Oschlies et al., GBC 2008) 

mmol m-3 

∆O2 on σ0 = 27.0 



Conclusions (i) 

Aspects of climate change 

• Warming & enhanced stratification  O2 



Expected regional wind changes 
Weakening of Walker circulation 
Poleward extension of upwelling-favorable winds 

(Oerder et al., JGR 2015) 

declining strength 



Effects of regional wind changes 
CMIP5 mean change (2071-2100 minus 1861-1890) 

(Rykaczewski et al., GRL 2015) 

increase in  
equatorward  
along-shore winds 

decrease in  
equatorward  
along-shore winds 



CMIP5 ensemble mean 

Effects of winds & warming  
on upwelling 

(Oyarzun & Brierley, Clim.Dyn. 2018) 

300m 
300 m 

30 m 
30 m Upwelling, north Upwelling, south 

Upwelling, north (16oS - 28oS) Upwelling, south (29oS – 40oS) 



Effects of tropical wind changes 

(Ridder & England, GBC 2014) 

30% reduction τx  
30oS-30oN 

Possible slow-down 
of Walker circulation 
 
 weaker trade 
winds, weaker EUC, 
weaker poleward 
undercurrent 
 
 more O2-rich 
waters supplied 
from south 

z=300m 



Conclusions (ii) 

Aspects of climate change 

• Warming, enhanced stratification  O2 

• Regional winds      O2 



Effects of Southern Ocean wind changes 
• Observed intensification and poleward shift of westerlies 
• Faster ventilation from the south, but southward shift of 

S.H. subtropical gyre. 

(Getzlaff et al., GRL 2016) 

Intensification of ETSP OMZ 

∆age (z=300m), yr 2100 

years 

suboxic volume 



Conclusions (iii) 

Aspects of climate change 

• Warming, enhanced stratification  O2 

• Local winds       O2 

• Southern Ocean winds    O2 

 



The complete picture  
– according to the models… 

(Bopp et al., BG 2013) 

(2089-99 minus 
 1989-99) 

O2 



CMIP5 models, Vhypox 

(Bopp et al., BG 2013) 



CMIP5 models, Vsubox 

(Bopp et al., BG 2013) 



Conclusions (iv) 

Aspects of climate change 

• Warming, enhanced stratification  O2 

• Local winds       O2 

• Southern Ocean winds    O2 

 

• The “complete” picture    O2 

 

 



Long-term legacy? 

17% less NO3 

2-3x larger 
subox. Volume 

• 2-3-fold expansion of suboxic volume, ETSP, ETNP 
 denitrification and N2 fixation more than double 

• Net loss of fixed N 



Long-term legacy? 

• Loss of fixed N is net O2 source! 
 warmer future ocean may hold more oxygen! 
 possible negative feedback on expansion of OMZs 

• It all depends on the response of N2 fixation… 

O2  O2 gain by 
denitrification 

air-sea O2 flux 

Expanding OMZs can make the ocean more oxic! 



Let‘s collaborate 
www.ocean-oxygen.org 





Thank you! 
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