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• Negative feedbacks dampen; positive amplify.
• More than half of anthropogenic-induced warming will occur 

from feedbacks.
• Feedbacks that mainly affect climate change magnitude include 

cloud, water vapor, ice-albedo, and lapse rate feedbacks.  
• Strong positive feedbacks, such as water vapor, amplifies the 

changes associated with weaker feedback processes. (NRC 2003)

Feedback characteristics

(Carter 2019)



Feedback effects

1. Magnitude of climate change: 
• Cloud, water vapor, and lapse 

rate feedbacks 
• Ice albedo feedback 
• Biogeochemical feedbacks and 

the carbon cycle 
• Atmospheric chemical feedbacks 

2. Transient response of climate: 
• Ocean heat uptake and circulation 

feedbacks 

3. Pattern of climate change:
• Land hydrology and vegetation 

feedbacks 
• Natural modes of climate system 

variability

(IPCC WGII 2014)



• Poleward export of the climate sensitivity by atmospheric 
heat transport from low to high latitudes.

• Analogous to the upward (local) export of climate 
sensitivity from the surface to the atmosphere by the 
turbulent sensible and latent heat fluxes and from the lower 
to upper atmosphere by convections. 

• Non-local dynamic heating in high latitudes due to the 
atmospheric poleward heat transport enhances downward 
IR energy flux locally.

• Increased atmospheric poleward heat transport both 
amplifies external forcing, and also local feedbacks in high 
latitudes.

(Cai and Lu 2007)

Climate sensitivity



(Rial et al. 2004)

Nonlinearities, feedbacks and critical 
thresholds within the Earth’s climate system



Climate forcing and sensitivity can be related as 

where DTeq is equilibrium temperature, l climate sensitivity parameter, and 
DQ applied forcing. 

Blackbody case: If a linear model is assumed, and only the temperature 
dependence of blackbody emission is considered, then the sensitivity 
parameter is

λ0 = 4σTe
3( )−1

(NRC 2003)

The gain factor, g, is the fraction of the equilibrium climate change associated 
with feedback processes in addition to basic blackbody feedback:

g =
ΔTeq − ΔTo

ΔTeq
=
ΔTfeedbacks
ΔTeq

If various feedback processes with feedback factors, gi , are assumed to be 
linearly additive, it can be shown that

ΔTeq =
ΔTo

1 − gi
i
∑

Formulation

ΔTeq = λ ⋅ ΔQ 



Climate change feedback amplification

(Noble 2024; NRC 2003) 



• The magnitude of global warming over the next 40 years 
is insensitive to the rate of greenhouse gas releases; in 
their study the range of possible warmings is determined 
by the range of estimates of the strength of climate 
feedbacks and not by the range of estimates of climate 
forcing. 

• Even in a simple linear analysis the temperature response 
is not linear in the strengths of the feedbacks, because all 
the other feedback processes modify the temperature 
change associated with one feedback process (Hansen et 
al., 1984). 

• In a system with a strong positive feedback, such as water 
vapor feedback in the climate system, the strong positive 
feedback process amplifies the changes associated with 
weaker feedback processes.

(NRC 2003)

Global warming magnitude



Tropics
• Small climate sensitivity
• Tropical stabilization

– Evaporative cooling stabilizes tropical 
SSTs

Polar regions
• Large climate sensitivity
• Polar amplification

– Ice-albedo feedback
–  poleward oceanic heat transport at 

high latitudes

Non-local dynamic heating in high latitudes due to the atmospheric poleward heat transport 
enhances downward IR energy flux locally.

Increased atmospheric poleward heat transport both amplifies external forcing, and also local 
feedbacks in high latitudes.
(Cai and Lu 2007)

Planetary scale feedbacks

(Carter 2019)



Location and intensity of 
storm tracks has changed:

• Poleward shift

• Strengthening north of 
the British Isles

Baroclinic eddies and storm tracks

(Bengtsson et al. 2006)



Arctic climate tipping elements

(Lenton 2012)

Arctic change indicators
• Degraded permafrost
• Diminished sea ice
• Increased water vapor

Fig. 3 Proximity of different Arctic climate tipping points. The 
burning embers capture estimates of the increasing likelihood of 
passing a tipping point as global temperature increases (above the 
1980–1999 mean), and the associated uncertainty. (Lenton 2012)



Eddies are responsible for positive northward heat flux, 
– Baroclinic eddies, turbulence, stationary waves, transient waves, 

hurricanes, …

v 'T '

v 'T '( )

(Holton, 2004)

Northward heat flux



Eddies are responsible for driving mid-latitude thermally-
indirect circulation

(Holton, 2004, Fig. 10.4)

Circulation



History

George Hadley proposed a mechanism for the trade winds in 
his 1735 paper, "On the Cause of the General Trade Winds".



Hadley, mid-latitude, & polar cells 

1st cell:  Hadley cell
• Thermally direct
• Strengthening and widening 

with global warming

2nd cell: Mid-latitude or Ferrel cell
• Thermally indirect, therefore 

requires other mechanism.   
• Stationary waves and transient 

eddies are responsible for this.
• Collapse of eddies give rise to 

this circulation.
• Strengthening and expanding 

poleward with global warming

3rd cell: Polar
• Thermally direct



Sea-ice affects
• Ocean-atmosphere sensible 

and latent heat fluxes
• Absorbed solar radiation

Ice-albedo feedback is a positive 
feedback that amplifies the 
temperature response to global 
warming.

Strongly coupled to
• Polar cloud processes
• Ocean heat transport

(NRC 2003)

Ice-albedo feedback

A schematic of some important radiative and non-radiative feedbacks in polar regions involving the atmosphere, the ocean, sea ice and ice sheets. TOA refers to the top 
of the atmosphere. Solar radiation (in yellow) and Infrared Radiation (in red) represent the shortwave (solar) and longwave (infrared) radiation exchanges. A red plus 
sign means that the feedback is positive, a negative blue sign corresponds to a negative feedback. Both signs are present for cloud feedbacks as both positive and 
negative feedbacks are occurring simultaneously and the net effect is not known. The gray line on the right represents a simplified temperature profile in polar regions 
for the atmosphere and the ocean, the dashed line corresponding to a strong surface inversion. Oceanic and atmospheric heat transport are mentioned but without signs 
as the processes involved are not restricted to polar regions and it is not clear if they could be formally expressed using a closed feedback loop.

(Goosse et al. 2018)



• ¯Areasea ice Þ  I(absorbed)ocean sfc

•  Lengthmelt season Þ ¯ asea ice

Þ  solar heating (summer)

The observed changes above are causing:
– Accelerating ice melt
– Decreasing sea ice concentration/cover

(Perovich 2009)

Ice-albedo feedback



Warming troposphere Þ
 evaporation and  latent heat release Þ
 moisture storage capacity Þ
Increased water vapor absorbs and re-emits more IR Þ

 tropospheric warming

• Water vapor feedback is the most important positive feedback in 
climate models. It is important in itself, and also because it amplifies 
the effect of every other feedback and uncertainty in the climate 
system.

• Water vapor and ice/snow albedo perturbations feed on each other, 
with less ice => warmer temperatures, => more water vapor…
water vapor feedback increases the importance of other temperature 
dependent feedbacks in the system. 

(Jacobson et al. 2000, NRC 2003, Held and Soden 2000)

Water vapor-temperature feedback



Forests influence climate through: 
– Physical, chemical, and biological processes that affect: 

• Planetary energetics
• Hydrologic cycle
• Atmospheric composition

• Complex and nonlinear forest-atmosphere interactions in the high-latitudes can 
amplify anthropogenic climate change. 
– Earlier snowmelt
– Low albedo of boreal forests is a positive climate forcing

• Boreal forest is growing farther northward, and may replace current tundra.

• Reduction in snow cover & albedo adds ~3 W/m2 of local heating to atmosphere.
(Foley 2005)

Taiga-Tundra effect
The albedo for snow decreases in a forest to about 0.35. A forest will temper the 
cooling effect associated with high reflective snow.
(Clausen 2006)

Vegetation-radiation feedback



Tipping points in the tundra

Chapin et al., suggest that greenhouse warming is 
now:

• Reducing the duration of seasonal snow cover 
in the Arctic.

• Shortening the snow-covered season by 
roughly 2.5 days per decade, thereby shifting 
the albedo of the landscape away from bright 
snow toward darker vegetation and soil. 

• This decrease in albedo allows the 
ground to absorb more solar radiation, 
warm the surface, and then provide 
additional heat to the atmosphere 

• This adds another ~3 W/m2 of local 
heating to the atmosphere.

• Encouraging more shrubs to grow in the tundra, 
and boreal forest to grow farther northward, 
replacing the tundra ecosystems that exist there 
today. 

• These changes in the land surface also 
profoundly affect the heat transfer 
between the surface and the atmosphere.

(Foley 2005)



Forests and Climate Change: Forcings, Feedbacks, 
and the Climate Benefits of Forests

The world’s forests influence climate 
through physical, chemical, and 
biological processes that affect 
planetary energetics, the hydrologic 
cycle, and atmospheric composition. 

These complex and nonlinear forest-
atmosphere interactions can dampen 
or amplify anthropogenic climate 
change.

• Tropical, temperate, and boreal 
reforestation and afforestation 
attenuate global warming through 
carbon sequestration.

• Biogeophysical feedbacks can 
enhance or diminish this negative 
climate forcing.

• Tropical forests mitigate warming 
through evaporative cooling, but the 
low albedo of boreal forests is a 
positive climate forcing. The 
evaporative effect of temperate 
forests is unclear. 

The net climate forcing from these 
and other processes is not known. 

(Bonan et al. 2008)



Feedback loop for the observed decadal Arctic climate cycle

(Wang et al. 2005)



Planetary and Arctic feedbacks

+ΔTsfc ⇒ + Δ v 'T '( )⇒ amplifies arctic feedbacks

• Ice-albedo feedback

– ΔAreaSea ice ⇒ +ΔI absorbed( )ocean sfc

⇒ amplifies + ΔTsfc  

• Taiga-tundra feedback
⇒ amplifies + ΔTsfc

• Water vapor feedback
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Climate sensitivity “export”
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⇓

(Noble 2009) 

v 'T '( )Northward heat flux =

(high-latitudes)

• Other Arctic feedbacks...

Northward heat flux feedback hypothesis

(global)



Northward heat flux feedback hypothesis

Climate sensitivity “export” ⇒
• Eddies, including baroclinic eddies, turbulence, stationary waves, transient waves, 

and hurricanes, are responsible for positive northward heat flux.
• A poleward shift of baroclinic eddies, storm tracks, etc. has been observed.  
• A positive northward heat flux may amplify other arctic feedbacks, including, but 

not limited to, ice-albedo, taiga-tundra, and water vapor feedback.

• Hypothesis can be tested by coupled atmosphere-ocean climate model simulations.

• Arctic system is moving into a new state.

• The change appears to be driven largely by feedback-enhanced global warming.

• There seem to be few if any processes or feedbacks within the Arctic system that are 
capable of changing the current trajectory. 

(Foley 2005, Noble 2009)

Discussion
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