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Coupled ocean-
atmosphere 
models (22)  

Multi-model SST change normalized by mean warming  

Atmospheric 
GCM coupled to 
‘Slab’ ocean (10) 

Note that the 
mean state in 
these models 
is quite 
different   

Leloup and Clement (2009) 



What are the processes that can explain these features? 
Structure is set primarily by the winds 

Minimum 
warming 
coincides with 
maximum wind 
speeds… WHY?  

SLAB ΔT  

No ocean 
dynamics! 
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Consider uniform heating balanced by increased latent heat flux:  

Heating = ΔQlh = α ΔT 

α= dQlh/dT= cdρ |u| (1-rh) dqs/dT  

•   It’s easy to cool off (increase LH flux) windy (warm) regions 
(like the trade wind regions)   small SST change (Seager & 
Murtugudde 1996)  

•   It’s hard to cool off (increase LH  flux) low wind (cold) regions 
(like the cold tongue)  big SST change (Knutson and Manabe 
1994)  



ΔT= Heating / α

SLAB ΔT  



There is also a change in winds…  

Heating = ΔQlh = α ΔT + γ Δu 

γ= dQlh/du= cdρ(1-rh)qs= Qlh/|u| 

ΔT= 1/α (Heating – γΔ u) 

Poleward shift 
of westerlies 

Poleward shift 
of storm tracks 

Weaker Walker 
(Held and Soden 
2006) 

Expansion of 
easterlies  
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atmosphere 
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Multi-model SST change normalized by mean warming  

Atmospheric 
GCM coupled to 
‘Slab’ ocean (10) 



Xie et al. (2009) SST change (colors) in CM2.1 A1B with wind 
changes (vectors) + ocean heat transport (white contours)  

Simulated effect of ocean 
heat transport is subtle 



Is there evidence for these robust patterns in 
observations?  

Deser et al. (2010) 



A role for clouds?  

Deser et al. (2010) 



Hahn and Warren Low-level clouds 
(1952-1997) 



Better signal to noise ratio in SE. Atlantic?  

Average temperature 
of eastern N. Atlantic 
(30 -0W, 10-40 N) from 
Kaplan SST 

Average temperature 
of eastern S. Atlantic 
(30-0W, 10-40 S) from 
Kaplan SST 



Conclusions 

•  Models simulate robust patterns of SST warming in the 
tropics/subtropics that can be explained by a relatively 
simple set of physical processes 
–  Enhanced equatorial warming 
–  Minimum warming in SE Pacific and Atlantic  

•  Observations do not (yet) show such patterns 
•  In particular, observations show a maximum warming in 

the SE Atlantic  
–  Spurious trend? 
–  Are models missing a cloud feedback? 
–  AMOC?   
–  A good place to test response to anthropogenic forcing in 

models?  (Better signal to noise ratio)  





Cloud 
feedbacks (?) 



To summarize….  
•  Minimum warming region in Atlantic can be explained by 

the maximum in climatological winds (it’s easy to 
increase LH flux in windy regions)  

•  Maximum warming on equator can be explained by the 
minimum in climatological winds (it’s hard to increase LH 
flux in regions of weak winds)  

•  Minimum warming in South Pacific requires an increase 
in winds (southward shift of storm track)  

    ROBUST PATTERNS  



•  Pacific and atlantic patterns look pretty 
similar  

•  Is there any observational support? 
•  Trend seems to show MAX warming in SE 

Atlantic in multiple datasets 
•  Trend in cloud cover data  



Sea Surface Temperature Anomaly 1932-1939 

Seager et al. (2005) 

Details matter in the tropics… 

Photo: ‘Migrant mother, California 1936’, Dorothea Lange



Maximum Potential Intensity from IPCC AR4 21st 
century simulations (Vecchi and Soden 2007)  

Reduction is due to a 
minimum surface warming 
(relative to the tropical 
mean)  



Now to the Equatorial Pacific… 



Background: Expected response to GHG forcing  

Knutson & Manabe, 1995 

El Nino-like change because α is smaller in 
cold tongue (where it’s cold) than warm pool 

(ignoring wind speed difference) 



Vecchi & Soden, 2007 

P = M × q ΔP/P = ΔM/M + Δq/q 

2% = ΔM/M + 7% 

“El Nino-like” response consistent with Weaker Walker 

Background: Expected response to GHG forcing  



Clement et al. 1996 

“Ocean dynamical 
thermostat” 

“La Nina-like” response 

Background: Expected response to GHG forcing  



Coupled ocean-
atmosphere 
models 

Multi-model SST change normalized by mean warming  

Atmospheric 
GCM coupled to 
‘Slab’ ocean  

Neither ‘El Nino-’ 
or ‘La Nina-like’  

‘El Nino-like’  



Multi-model Change in Qnet 

(positive into the ocean) 

In the east, ocean 
dynamics cool the 
surface  

In the west, ocean 
dynamics warm the 
surface  

ΔQnet=ΔQocean 



Changes in Ocean Heat Transport 

Δ(Qu+Qv) +ΔQnet ~ 0 ? 

Δ(Qu+Qv) 

ΔQnet 



Changes in Vertical Ocean Heat Transport 

ΔQw 

ΔQ (W m-2) 

Δw50m 

Δw (m day-1) Δ∂T/∂z (10-1 K m-1) 



Thermal structure Stratification  



Transient Stratification Response 

Schott et al., 2004  



To summarize…   

•  Ocean dynamics warm in the West Pacific and cool in 
the East  uniform SST change relative to the SLAB 
model  

•  Cooling in the East is due to mean upwelling of an 
increased stratification (dynamical thermostat)  

•  Increased stratification is a persistent feature of the 
2XCO2 equilibrium climate- related to off-equatorial 
minimum warming ??  

    ROBUST PATTERNS  



Trend in dT/dz 
from XBT data 
from 1955-2003 
(Zhang et al. 
2008)  

Degrees C/100m/100yr 

Model simulated 
change for 
2XCO2  

** Implications for ENSO  



Last Glacial Maximum 

Change in equatorial thermal structure in 

•  Warmer world: increased stratification, colder 
world: weaker stratification ??  

•  Proxies??  

HADCM3 
(Hewitt et al. 

2002) 

CCSM (Otto-
Bliesner et 
al. 2003) 



When do we expect 
these robust patterns 
to emerge?  





For the SLAB model 

For the perturbation 

What are the ocean/atmosphere processes that 
can explain these features? 



Now to relate this to SST 

Large in regions 
of high wind 
speeds and 
regions of warm 
mean SST 
(Seager and 
Murtugudde 
1994)  

Large in regions 
of warm mean 
SST (Hartmann 
and Michelsen 
1994)  







Multi-model Change in Qnet 

(positive into the ocean) 



Changes in Ocean Heat Transport 

ΔQu 

ΔQv 

ΔQ (W m-2) 

Weaker zonal 
currents (due to 
weaker walker) + 
shoaling 
thermocline  



Weakening of the Trade Winds 

ΔSLP 

Δτx 

ΔSLP (hPa) 

Δτx (10-2 Pa) 


