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What processes are responsible for these 
salient features of tropical climate? 



Outline
The Tropical Atmosphere
• Radiative Equilibrium
• Radiative Convective Equilibrium
• Add Dynamics – Large-scale thermally direct circulations
The Tropical Ocean
• Forced from above – surface buoyancy and momentum fluxes
• Wind Driven Circulation
• Thermal structure of the Tropical Ocean
Tropical Ocean-Atmosphere Interactions
• Coupled Theory
• Diagnosing coupled processes
• The role of coupling in the season cycle



The Tropical Atmosphere



Radiative Equilibrium

https://brian-rose.github.io/ClimateLaboratoryBook/courseware/radeq.html, Rose 2018
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Radiative Convective Equilibrium
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Radiative Convective Equilibrium
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Dynamics



Surface Temperature Gradients



What set horizontal temperature gradients

Factors controlling the meridional temperature gradient



Poleward energy transportTop of the Atmosphere Energy Flux

Poleward Energy Transport



Non Rotating Planet



The general circulation of the Atmosphere

Source: Marshall and Plumb



Hadley Circulation

Source: Marshall and Plumb



Hadley Circulation – slow rotation

Source: MIT Weather in a Tank, http://weathertank.mit.edu/

http://weathertank.mit.edu/


Mid-latitude Weather systems – fast rotation

Unstable to baroclinic instability

Marshall and Plumb Source: MIT Weather in a Tank, http://weathertank.mit.edu/

http://weathertank.mit.edu/








Poleward Energy Transport

Poleward energy transport

Marshall and Plumb



Weak Temperature Gradient Approximation

Marshall and Plumb



Surface Temperature Gradients



The Walker Circulation

Burls and Fedorov, 2014



Atmospheric Circulation Patterns evidenced 
by Precipitation Patterns



The Tropical Ocean

Chris Hughes, https://www.youtube.com/watch?v=2Om93b1OgBk

https://www.youtube.com/watch?v=2Om93b1OgBk


The Wind Driven Gyres

Depth-integrated Sverdrup Transport from Wind Stress 

Relating the curl of the wind stress to mass transport within the upper ocean

Figure 11.5 Stream function for flow in a basin as calculated by Stommel (1948). Left: Flow
for non-rotating basin or flow for a basin with constant rotation. Right: Flow when rotation
varies linearly with y.

Marshall and Plumb Robert H Steward



The Wind Driven Gyres

Figure 11.5 Stream function for flow in a basin as calculated by Stommel (1948). Left: Flow
for non-rotating basin or flow for a basin with constant rotation. Right: Flow when rotation
varies linearly with y.

Robert H Steward

Flow for non-rotating basin or flow 
for a basin with constant rotation

Flow when rotation varies 
linearly with y

Variation of Coriolis force with latitude is required for the existence of the western boundary 
current - Stommel



The Thermal Structure of the Tropical Ocean
Atlantic Ocean ºC

Unlike the atmosphere, the ocean is primarily heated from above



Subtropical Wind Driven Overturning Cells + 
the Thermal Structure of the Tropical Ocean 

Gu and Philander, 1997



Subtropical Wind Driven Overturning Cells + 
the Thermal Structure of the Tropical

Gu and Philander, 1997
Burls and Fedorov, 2014



Subtropical Wind Driven Overturning Cells + the 
Thermal Structure of the Tropical Ocean = 
Poleward Energy Transport

Gu and Philander, 1997

Poleward energy transport

Marshall and Plumb



Tropical Ocean-Atmosphere Interactions



The Tropical Oceans are particularly susceptible to Ocean-Atmosphere Interactions. 

Firstly, atmospheric circulation exhibits a strong dependence on underlying SST in the tropics

Deep atmospheric convection is driven by the warmer (>27°C) SSTs which reside in the tropics

Warm SST Cold SST

Tropical Ocean-Atmosphere Interactions



Tropical Ocean-Atmosphere Interactions
Secondly, while extra-tropical SSTs are predominately determined by the magnitude of the surface heat flux, 
with oceanic advection tending to play a relatively small role, the oceanic response to wind forcing (both 
local and remote) tends to have a much stronger influence on SST in the tropics. 

Over most of the ocean, changes in SST are driven primarily by changes in the surface flux.

In upwelling and equatorial regions however advection (particulary vertical advection) becomes a dominant 
term.

because the depth of the surface mixed layer is not determined locally over most of the tropics due to the
presence of a sharp, shallow thermocline, the depth of which is remotely forced by large scale oceanic
adjustment in response to changes in atmospheric forcing involving oceanic Kelvin and Rossby waves.
“the Ocean mixed layer is tightly coupled to the subthermocline ocean, allowing changes in the
subsurface ocean to have a direct impact on SST” Change et al. 2006



Andrew Wittenberg

The Walker Circulation



Coupled Theory

Andrew Wittenberg

Gu and Philander, 1997
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“A Coupled Theory of Tropical Climatology: Warm 
Pool, Cold Tongue, and Walker Circulation”
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Framework for Diagnosing Coupled Processes
Coupled variability is grown via a coupled feedback mechanism

SST changes represent variability at the interface between each component of the coupled ocean-atmosphere system, 
one can gain great insight into the mechanisms driving coupled variability by understanding the primary processes 
controlling the evolution of SST

Thermodynamic feedbacks

Dynamic feedbacks

The type of ocean-atmosphere feedback mechanism behind
coupled variability may be identified according to the primary
physical process governing SST changes e.g.

• Shortwave Cloud feedback -> Shortwave heat flux anomalies
• Wind-Evapartion-SST -> Latent heat flux anomalies
• Ekman Feedback -> verical advection change due to Ekman pumping anomalies
• Thermocline Feedback -> verical advection change due to thermocline

anomalies
• Zonal advection feedback -> zonal horizonal advection anomalies





The Seasonal Cycle in the Tropical Pacific

 

 

 120oE  180oW  120oW   60oW    0o    60oE 
  12oS 
   6oS 
   0o  

   6oN 
  12oN 

Longitude

La
tit

ud
e

0
1
2
3

Figure: Based on 1◦ resolution, monthly, Hadley OI SST data (Rayner et al., 2003), this figure
shows the standard deviation of SST variations spanning 1958-2004. The thick white line
represents the 1.5◦C contour. The black boxes indicate the Niño 3.4 (5◦N-5◦S 170◦W-120◦W),
Niño 3 (5◦N-5◦S 150◦W-90◦W) and Atl3 (3◦N-3◦S 20◦W-0◦W) regions.

The Pacific



Figure: A cross-section of the mean temperature structure along the equator (3◦S-3◦N), based on
climatological temperature data from the World Ocean Atlas 2005 (Locarnini et al., 2006).
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Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The white 
contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind stress 
values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

The distinct annual cycle in eastern Pacific is due to the integral role played by ocean-atmosphere interactions.
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Seasonal Variability within the Pacific



Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The white 
contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind stress 
values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

The distinct annual cycle in eastern Pacific is due to the integral role played by ocean-atmosphere interactions.
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Seasonal Variability within the Pacific

The seasonal cycle is a forced oscillation. However, between the months of April and 
October, seasonally excited coupled ocean-atmosphere interaction within the central-
eastern Pacific and Atlantic basins results in a response which deviates from seasonal
solar forcing (Mitchell and Wallace, 1992).



Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The white 
contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind stress 
values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

The distinct annual cycle in eastern Pacific is due to the integral role played by ocean-atmosphere interactions.
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Fluctuations in equatorial upwelling, induced 
by changes in local Ekman pumping, acting 
on the mean vertical temperature gradient.

Also Wind-Evaporation-SST feedback  

q   



The Seasonal Cycle in the Tropical Atlantic
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Figure: Based on 1◦ resolution, monthly, Hadley OI SST data (Rayner et al., 2003), this figure
shows the standard deviation of SST variations spanning 1958-2004. The thick white line
represents the 1.5◦C contour. The black boxes indicate the Niño 3.4 (5◦N-5◦S 170◦W-120◦W),
Niño 3 (5◦N-5◦S 150◦W-90◦W) and Atl3 (3◦N-3◦S 20◦W-0◦W) regions.



Figure: A cross-section of the mean temperature structure along the equator (3◦S-3◦N), based on climatological
temperature data from the World Ocean Atlas 2005 (Locarnini et al., 2006).
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The Mean State of the Equatorial Atlantic
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Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The 
white contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind 
stress values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

Eastern Atlantic - 0◦W

Seasonal Variability within the Eastern Atlantic
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Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The 
white contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind 
stress values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

Eastern Atlantic - 0◦W

Seasonal Variability within the Eastern Atlantic
The primary feedback mechanism deemed responsible for the seasonal evolution of
coupled conditions and the development of the cold tongue in the Atlantic is thought
to be equivalent to that responsible for the seasonal development of the cold tongue
in the Pacific (Mitchell and Wallace, 1992), namely seasonally excited SST modes and
their associated Ekman feedback (Chang and Philander, 1994).
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Seasonal SST, wind stress, and rainfall fluctuations. The color filled contours represent SST values in ◦C as indicated by the corresponding colorbar. The 
white contours represent precipitation with a contour interval of 2mm/day. The black vectors represent surface winds in m/s. Climatological SST and wind 
stress values from ICOADS v2.5 and climatological precipitation values from the CMAP dataset.

Eastern Atlantic - 0◦W

Seasonal Variability within the Eastern Atlantic
The primary feedback mechanism deemed responsible for the seasonal evolution of
coupled conditions and the development of the cold tongue in the Atlantic is thought
to be equivalent to that responsible for the seasonal development of the cold tongue
in the Pacific (Mitchell and Wallace, 1992), namely seasonally excited SST modes and
their associated Ekman feedback (Chang and Philander, 1994).

However, more recently it has been highlighted that thermocline displacements also play an
important role as the smaller basin width allows the Atlantic to adjust on seasonal timescales
(Burls et al. 2011).



◦C

Seasonal Thermocline Adjustment
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The ocean’s role in setting the mean position 
of the Inter-Tropical Convergence Zone

Kang et al., (2008), Marshal et al., (2014)



The ocean’s role in setting the mean position 
of the Inter-Tropical Convergence Zone

Marshal et al., (2014)
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Bjerknes Stability Index

A measure of the growth rate of SST anomalies due to individual feedback mechanisms

Jin et al. 2006

Linear equation for mixed-layer

“average over that region where the dominating SST variability of ENSO resides”



Bjerknes Stability Index

A measure of the growth rate of SST anomalies due to individual feedback mechanisms

Jin et al. 2006

Linear equation for mixed-layer

“average over that region where the dominating SST variability of ENSO resides”

Mean UpwellingMean Advection Thermal Damping



Bjerknes Stability Index

A measure of the growth rate of SST anomalies due to individual feedback mechanisms

Jin et al. 2006

Linear equation for mixed-layer

“average over that region where the dominating SST variability of ENSO resides”

Ekman FeedbackZonal Advection 
Feedback

Thermocline 
Feedback



Atlantic versus Pacific SST Variability
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The black contours depict the first EOF of regional rainfall anomalies in mm/day (from GPCP data 1979–2001). The
colored field is SST anomalies regressed on the principal component time series of the rainfall EOF [(°C), see scale
below; white contours every 0.2° are added for further clarity]. Arrows depict the seasonal mean surface wind vector in
m/s, regressed on the same time series (see arrow scale below frame). (From Kushnir et al. 2004. and Chang et al. 2006)

Dominant patterns of surface ocean–atmosphere variability in the tropical Atlantic region

Boreal spring (March–April) Boreal summer (June–August)

Tropical Atlantic Coupled Variability



Boreal spring (March–April) 

Tropical Atlantic Meridional Mode

Fluctuations in equatorial upwelling, induced 
by changes in local Ekman pumping, acting 
on the mean vertical temperature gradient.

Also Wind-Evaporation-SST feedback  

q   


