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Previously:	
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  level	
  change	
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  mm/yr	
  
(al3meters)	
  

Ocean	
  mass:	
  
2.0	
  ±	
  0.11	
  mm/yr	
  
(GRACE)	
  

Thermal	
  expansion	
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  et	
  al.,	
  2014]	
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Hemispheric	
  Ocean	
  warming	
  

•  Ocean	
  heat	
  content	
  change	
  above	
  2000	
  m	
  depth	
  
with	
  respect	
  to	
  the	
  temperature	
  climatology	
  

•  Based	
  on	
  SCRIPPS	
  (blue	
  curves),	
  IPRC	
  (red	
  curves),	
  
JAMSTEC	
  (green	
  curves)	
  and	
  the	
  mean	
  es3mate	
  
(black	
  curves)	
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  mean.	
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[Desbruyères	
  et	
  al.,	
  2016]	
  

•  Sparse,	
  but	
  consistent	
  evidence	
  that	
  there’s	
  deep	
  ocean	
  warming	
  in	
  
southern	
  ocean	
  basins	
  (here:	
  approx.	
  2003	
  –	
  2012	
  3me	
  coverage)	
  

•  Direct,	
  in-­‐situ	
  ocean	
  obs	
  very	
  sparse	
  in	
  3me	
  and	
  space,	
  with	
  significant	
  
delay	
  

•  Combina3on	
  of	
  GRACE,	
  al3meters,	
  and	
  Argo	
  allows	
  indirect,	
  but	
  
rela3vely	
  ‘rapid’	
  deep	
  ocean	
  monitoring	
  

Deep	
  ocean	
  warming?	
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Long-­‐term	
  sea	
  level	
  change	
  
1993-­‐2017	
  trend	
  



Satellite-based sea level trends over 2005–
2014 from density changes alone (i.e., the 
mass contribution has been removed by 
subtracting GRACE observations from 
altimetry). Warm colors typically indicate 
ocean warming and expansion. The study 
region showed large warming, with a clear 
signal originating below 2000m. 
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Pole	
  3de	
  effect	
  that	
  needs	
  to	
  
be	
  applied	
  (i.e.,	
  subtracted	
  
from)	
  to	
  GRACE	
  	
  
	
  
(a)  Mascons/CSR/JPL	
  
(b)  GFZ	
  ocean	
  
	
  
mass/boNom	
  pressure	
  trends	
  
to	
  correct	
  for	
  apparent	
  mass	
  
changes	
  over	
  the	
  2005-­‐2014	
  
period	
  [Wahr	
  et	
  al.,	
  2015].	
  	
  
	
  
pole	
  3de	
  effect	
  is	
  nega3ve	
  in	
  
the	
  South	
  Pacific,	
  actual	
  
ocean	
  mass	
  trends	
  effec3vely	
  
increased	
  by	
  about	
  1.6	
  mm	
  
yr-­‐1	
  for	
  Mascons/CSR/JPL,	
  and	
  
by	
  about	
  0.3	
  mm	
  yr-­‐1	
  for	
  GFZ.	
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Satellite-based sea level trends over 2005–
2014 from density changes alone (i.e., the 
mass contribution has been removed by 
subtracting GRACE observations from 
altimetry). Warm colors typically indicate 
ocean warming and expansion. The study 
region showed large warming, with a clear 
signal originating below 2000m. 
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In-­‐situ	
  warming	
  observa3ons	
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In-­‐situ	
  vs.	
  Satellite	
  observa3ons	
  of	
  the	
  
deep	
  ocean	
  warming	
  

Differences:	
  satellite-­‐derived	
  (en3re	
  water	
  column)	
  vs.	
  in	
  situ-­‐derived	
  (upper	
  2000	
  m)	
  
steric	
  sea	
  levels.	
  The	
  uncertainty	
  (shaded	
  area)	
  is	
  shown	
  with	
  respect	
  to	
  the	
  ensemble	
  
averaged	
  3me	
  series.	
  	
  
	
  
In-­‐situ	
  ‘trend’:	
   	
  0.7	
  +/-­‐	
  0.4	
  mm/yr	
  
Satellite	
  trend: 	
   	
  1.8	
  +/-­‐	
  1.4	
  mm/yr	
  

2000m	
  to	
  sea	
  floor:	
  boNom	
  steric	
  sea	
  level	
  signal	
  



South	
  Pacific	
  Deep	
  Ocean	
  Warming	
  -­‐	
  Causes	
  

Anomalies:  
Wind stress (arrows) 
and Ekman pumping 
(color; positive 
downward) 2005–2014 
relative to the 
climatological (1979–
2015). 
 
 
Cumulative sum of Ekman 
pumping anomaly (blue) 
and heat content anomaly 
(red) averaged over box B 
in the South Pacific. The 
time series are smoothed 
with a yearly running 
mean. The monthly 
Niño3.4 index scaled by 2 
is shown by grey-shaded 
area. 
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Winds	
  drive	
  Ekman	
  transports	
  
-­‐>	
  converge	
  in	
  subtropical	
  South	
  Pacific	
  
-­‐>	
  intensifica3on	
  of	
  downward	
  Ekman	
  pumping	
  

Decadal	
  trends	
  of	
  
steric	
  sea	
  level	
  
(al3metry	
  minus	
  
GRACE)	
  

temperature	
  
profile	
  at	
  220°E	
  
2005-­‐2014	
  

South	
  Pacific	
  Deep	
  Ocean	
  Warming	
  	
  -­‐	
  Causes	
  
The	
  full	
  picture	
  

Deep	
  warming	
  trend	
  in	
  
S.	
  Pacific:	
  
1.8	
  +/-­‐	
  1.4	
  mm/yr	
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Summary	
  

•  first	
  evidence	
  of	
  consistency	
  between	
  indirect	
  and	
  direct	
  
deep-­‐ocean	
  warming	
  in	
  subtropical	
  South	
  Pacific;	
  

•  likely	
  driven	
  (at	
  least	
  favored)	
  by	
  persistent	
  wind-­‐driven	
  
convergence	
  intrinsic	
  to	
  La	
  Niña-­‐like	
  condi3ons;	
  suggests	
  
this	
  warming	
  is	
  interannual	
  varia3on;	
  

•  the	
  S.	
  Pacific	
  deep-­‐ocean	
  contributed	
  from	
  2.4	
  up	
  to	
  10.1%	
  
of	
  the	
  total	
  global	
  ocean	
  mean	
  steric	
  sea	
  level	
  /	
  ocean	
  heat	
  
increase	
  

•  For	
  GRACE	
  processing:	
  Mean	
  pole	
  correc3on	
  is	
  crucial	
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