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Overview	
Forcings and feedbacks in the climate system 

•  Forcings 
o  Definitions 
o  Greenhouse gasses 

•  Lifetimes and global warming potential 
o  Solar variations 

•  Milankovic forcing 
o  Aerosol forcing 
o  IPCC Summary 

•  Feedbacks 
o  Definition – positive vs negative 
o  Radiative temperature feedback 
o  Clouds and water vapor 
o  Ice albedo feedback 
o  Carbon cycle feedbacks 

•  Ocean CO2 

•  Geologic pump and CO2 thermostat 



Climate  Forcing	
•  A forcing is an external input on the climate, causing 

an excess of energy absorbed with time (in W/m2) 
•  Quantifies the influence each effect has in altering 

the balance of incoming and outgoing energy 
•  Can be positive (warming) or negative (cooling) 
•  Can be anthropogenic or natural, in comparison to a 

‘normal’ balance in preindustrial times 

"ʺEarth’s  Energy  Budget  Incoming  Solar  Radiation  
NASA"ʺ  by  NASA  Earth  Observatory  -‐‑  hGp://
earthobservatory.nasa.gov/Features/
EnergyBalance/page4.php.  Licensed  under  Public  
domain  via  Wikimedia	

Examples: 
Incoming radiation power 
Amount absorbed by GHG 
Amount reflected by aerosols 



Forcings  vs  Feedbacks	
•  Forcings include independently measurable factors, 

assuming no changes in atmospheric dynamics, and 
particularly no dynamic changes in the amount and 
distribution of atmospheric water 

•  Those changes which could be caused by forcings 
are called feedback mechanisms or feedbacks 

•  Total climate forcing or energy imbalance, is defined 
as the difference of insolation (solar incoming 
radiation) absorbed by the Earth and IR energy 
radiated back to space as seen from the tropopause 
(top of troposphere): 

FTOA=FSolar-‐‑  FIR	



Quantifying  the  Forcings	

•  The effect of a small change of forcing variable xi 
(assumed to be independent of other variables) is: 

FTOA=FTOA(Ts,  x1,  x2,  …  xN  )	
	

•  The energy imbalance is a function of many things: 
o  Temperature of the earth’s surface (TS) 
o  Each of the forcings and feedbacks (denoted x1 through xN) 

•  As we’ve seen, the effect of greenhouse gasses is 
somewhat involved – so we use model calculations to 
estimate their amount, keeping other variables constant 

Fi =
∂FTOA
∂xi
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Change  in  forcing  per  unit  change  in  x	



Earth  Energy  Balance	

The  global  annual  mean  Earth'ʹs  energy  budget  for  the  March  2000  -‐‑  May  2004  period  (W  m-‐‑2).  The  
broad  arrows  indicate  the  schematic  flow  of  energy  in  proportion  to  their  importance.  -‐‑  From  Trenberth  
et  al.,  2009,  NCAR  (National  Center  for  Atmospheric  Research)	

A combination of model calculations and satellite measurements 



Effect  on  outgoing  radiation	

(From  Wikipedia)	

While 75% of suns radiation reaches the surface, gasses in 
the atmosphere trap 70-85% of the outgoing radiation 

The  shapes  of  the  emiGed  
spectrum  from  cold,  
medium  and  hot  places,  in  
absence  of  absorption	

Each  of  these  gasses  
absorbs  proportional  to  its  
concentration  and  
absorption  cross  section	

The  total  blocking  effect  
from  all  the  gasses,  takes  
away  all  but  the  blue  
chunk  of  radiation	

ScaGering  –  part  of  albedo	



Individual  GHG  Forcing	
•  A model calculation, w/ H2O vapor disabled, with 

two values for the CO2 concentration 

U.S. Standard Atmosphere: 
average pressure, temp 
and air density vs altitude 
(with 288.15°K, 1013.5 hPa 
at sea level) 

ECO2
≈

ΔF
ΔCCO2

= 3.39 W
m2 / 300ppm ≈ 0.01 W

m2ppm



GHG  Forcing  with  concentration	

CO2  GHE  
calculation	

Steam  
engine	

Oil  
found	

ΔFCO2 ≈ 5.35* ln(
C
C0
)

Amount  of  forcing  logarithmic  with  concentration	

W/m2	

But concentration rising exponentially with time 



Compare  CO2  effect  with  CH4	
•  Running the same calculation for Methane:  

ECH4
≈

ΔF
ΔCCH4

=1.95W
m2 / 4.9ppm ≈ 0.4 W

m2ppm
Roughly 40x 
larger effect 



Global  Warming  Potential	
•  For any gas, this is the relative amount of greenhouse 

forcing (in W/m2) per kg, compared with CO2 

•  The value depends on the timescale.  Why? 
o  If the residence time of a gas is short, it may cause 

substantial warming in a few years, but less so over a century 

•  Recall: The lifetime τ is: 

 
•  Where Q is the total quantity in Gt 
•  P and R are production and removal rates (Gt/year) 
•  GWP – ratio of time integrated forcing compared with 

CO2 over the time scale: 

τ =
Q
R
≈
Q
P

GWPi (N ) =
Fi (1kg)*( fi (year1)+ fi (year2)+...+ fi (yearN ))

FCO2 (1kg)*( fCO2 (year1)+ fCO2 (year2)+...+ fCO2 (yearN ))



GWP  Summary	
Atmospheric lifetime and GWP relative to CO2 at different 
time horizon for various greenhouse gasses. [from the
IPCC Fourth Assessment Report, Table 2.14, Chap. 2, p. 212]   

 
 
Gas  name	 Formula	 Lifetime  

(yrs)	
20-‐‑yr  
GWP	

100-‐‑yr  
GWP	

500-‐‑yr  
GWP	

Carbon  dioxide	 CO2	 100-‐‑300	 1	 1	 1	
Methane	 CH4	 12	 72	 25	 7.6	
Nitrous  oxide	 N2O	 114	 289	 298	 153	
CFC-‐‑12	 CCl2F2	 100	 11,000	 10,900	 5,200	
HCFC-‐‑22	 CHClF2		 12	 5,160	 1,810	 549	
Tetrafluoromethane  	 CF4	 50,000	 5,210	 7,390	 11,200	
Hexafluoroethane	 C2F6	 10,000	 8,630	 12,200	 18,200	
Sulfur  Hexafluoride	 SF6	 3,200	 16,300	 22,800	 32,600	
Nitrogen  Trifluoride	 NF3	 740	 12,300	 17,200	 20,700	



Atmospheric  CO2  Lifetime	
•  The residence time of CO2 is complicated, often quoted 

in the 100-300 year range 
•  How quickly it leaves the atmosphere depends on the 

effectiveness of sinks (and whether we can add more) 

S.  Soloman  (MIT)  et  al	
IPCC  2007  Report	

Year	

~1/3  of  the  excess  goes  
into  the  ocean  in  300-‐‑400  
years;  remainder  will  
decay  over  millennia	

But  big  difference  in  
where  we  will  be  if  we  
stop  at  a  lower  value!	



Additional  reading  (optional)	

http://www.skepticalscience.com/co2-residence-time.htm 

•  A popular claim by so-called climate skeptics is that 
the lifetime of CO2 is really about 5 years. In that case, 
we have nothing to worry about.  Really! 

•  In fact, a molecule of 
CO2 does remain in the 
atmosphere only a few 
years before entering 
the ocean or biomass, 
but another takes its 
place in an exchange 

•  To understand this 
better, check out one of 
the explanations: 



Solar  variations	
•  Prior to 20th century, solar variations were dominant 

o  11 year Schwabe cycles in which the suns magnetic field 
reverses direction, correlated with sun spots.  (~1W/m2 variation) 

o  Longer term variations like the Maunder minimum (1645-1715, 
absence of sunspot activity), indirectly observed through 
proxies (14C levels, other isotope measurements) 

"ʺSolar-‐‑cycle-‐‑data"ʺ.  Licensed  under  Creative  Commons  
AGribution-‐‑Share  Alike  3.0  via  Wikimedia  Commons	
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Judith  Lean,  Naval  Research  Laboratory	



Solar  variations  and  ice  ages	
•  Large climate swings in the past 2 million years, surmised 

from geologic evidence, were proposed by Milankovic to 
come from variations on earth’s orbit parameters: 
1.  Precession of the earths orbit over 19,22,24 K years, causing the 

date of closest orbit to vary 
2.  The earth axis tilt (or obliquity) varies between 22.5 and 24 degrees 

in 41K years.  Low obliquity leads to build up of arctic ice sheets 
3.  Eccentricity of earths orbit changes with a period of ~100K years 

due to gravitation attraction from Jupiter and Saturn 



Milankovic  Forcings	
•  Variations on earth’s orbit parameters over longer 

time scales affect the total absorbed sunlight 

"ʺMilankovitch  Variations"ʺ.  Licensed  under  Creative  Commons  AGribution-‐‑Share  Alike  3.0  via  Wikimedia  Commons	

We  are  here  
and  now	

Last  glacial  
maximum	

Tendency  for  fast  
transition  to  warm  
followed  by  slow  
decent  into  ice  sheets	



Aerosol  Forcing	
•  An aerosol is a suspension of solid particles or liquid 

droplets in air, ranging from large molecules to 0.1μm 
o  Direct: Scatter and absorb light (can reflect directly back to 

space, increasing the planetary albedo) 
o  Indirect: Interact with water vapor in cloud formation 

•  Lifetimes of aerosols 
o  Troposphere – days or weeks,  

through precipitation 
o  Stratosphere – few years 

•  Natural sources 
o  Volcanic eruptions, if large  

enough to reach stratosphere 
o  Sea salt, dust 
o  Biogenic emissions 



Anthropogenic  Aerosols	
•  Sulfate aerosols – originate as SO2, convert in 

chemical reactions to sulfuric acid droplets 
o  Considered for geoengineering effort to increase albedo 

•  Black carbon – some warming effect by decreasing 
albedo from ice and snow 

•  Organic carbon 
•  Mineral dust 

Health  and  environmental  
problems  make  it  desirable  
to  reduce  anthropogenic  
aerosol  emissions,  which  
would  increase  warming	



Aerosol-‐‑Cloud  forcing  mechanisms	
•  Clouds with smaller, more numerous droplets – tend 

to be brighter, and have a higher albedo 
•  Other effects are subtle, and not easy to model 
•  For this reason, the cloud-aerosol climate response 

has the greatest uncertainty of forcing mechanisms 

IPCC  2007  report	



IPCC  Forcings  Summary	



Previous  version  of  IPCC  report	



Time  evolution  of  forcings	



Feedbacks  -‐‑  definition	
•  Climate feedback mechanisms are responses to 

changes in temperature or external forcings, which 
themselves have a warming or cooling effect 

•  Negative feedbacks provide a restoring effect, 
enhancing climate stability 

•  Positive feedbacks serve to amplify forcings, causing 
additional warming, and make the system less stable 



Positive  feedback  and  stability	
•  When a system has a positive feedback – as when a 

microphone is too close to a loudspeaker – it is unstable if 
the amount of feedback is as large as original signal 

•  Science and engineering students learn mostly about 
negative feedback, much easier to understand and use 
for good purposes 

•  Many people tend to think that the positive feedbacks 
must not be real, since otherwise the climate would be 
unstable.  Which it is to some extent!  Small fluctuations 
can send it into an ice age or warm period 

•  Oft cited “tipping points” where positive feedback kick in 

Feedback  analogy  to  restoring  force	
Blue  ball,  motion  amplified  by  +  feedback	
Red  ball,  stable  position  from  -‐‑  feedback	



“Planck”  Radiative  Feedback	
•  Recall: energy flux radiated from warm body is a 

strong function of absolute temperature: 
 
•  If you raise the temperature, you get more radiation 

emitted (presumably also more convection and 
evaporation), and the planet will tend to cool.   

•  The Planck feedback is negative and estimated to 
have a value: 

F =σ ∗T 4

EPlanck =
∂FTOA
∂Ts
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Climate  Sensitivity	
•  What temperature change per unit change of a 

forcing ΔQ (W/m2) from a variable change Δxi: 
  

•  If there were no feedbacks, λ would in principle be 
fairly simply the change in surface temperature to 
that forcing applied at the top of the atmosphere: 

•  Instead, the feedbacks complicate the sensitivity 
(making it more interesting perhaps):  

ΔT = λ *ΔQ λ  is  sensitivity  in  °K/(W/m2)	
	

S = − ∂Ts
∂FTOA
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(if  there  are  no  feedbacks)	

λ =
S

1− S * Ei *
Δxi
ΔTs

∑
Feedback  terms.    Positive  value  
amplifies  the  sensitivity,	
Negative  reduces  sensitivity	



Water  vapor  feedback	
•  As the atmosphere warms, the saturation vapor 

pressure increases (recall Clausius Clapyron formula), 
and the evaporation-condensation balance shifts in 
favor of relatively more evaporation 

•  Water vapor being a strong greenhouse gas, this 
amounts to a sizable positive feedback, which models 
estimate to be 1.5 to 2.1 W/m2/°K 

•  H2O vapor is considered a feedback rather than a 
forcing since its residence time is very short (days or 
weeks) and it depends on temperature 



Ice-‐‑albedo  feedbacks	
•  Higher temp à More rain than snow à lower albedo 
•  Same effect for land ice and snow (glaciers and winter 

accumulation) and sea ice 
•  This positive feedback certainly played a role in the 

glaciation periods, amplifying the Milankovic forcings 
o  IPCC (2007) estimates +0.25W/m2 feedback per 1°C 

temperature rise 

•  In an extreme state, if the earth reaches a snowball 
state (which some think happened in the past) would 
take a long time for CO2 buildup from volcanoes to 
overcome this feedback 



Cloud  feedbacks	
•  Atmospheric warming predicted to change amount 

and types of cloud cover 
•  Clouds can cause positive and negative feedbacks 

in a number of ways, which are complicated to 
assess 
o  For example, low level stratocumulus clouds reflect significant amounts of 

solar radiation 

o  If warming produces more low level clouds, ànegative feedback,  but if 
fewer low clouds à positive feedback 

•  Cloud feedbacks can be fairly strong, but it is 
uncertain whether they are positive or negative on 
the whole 



Ocean  CO2  Absorption  Feedback	
•  As discussed last week, as the oceans absorb and 

emit CO2 which on the whole has slowed the 
buildup of atmospheric CO2 (attenuating the input) 

•  As the ocean warms, and as the pH lowers, it will 
tend to absorb less and emit more CO2 

•  Over few hundred years, this  
provides a positive feedback  
mechanism – which was at least  
part of the effect in the ice ages  

 



Positive  feedback  of  GHGs	
•  Glacial cycles during last million years, change in GHG 

concentrations lagged temperature, thus acting as a 
feedback mechanism (amplifying temp swings) 

•  ‘skeptics’ claim: shows GHG’s follow temp, not vice versa 
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Geologic  CO2  Feedback	
•  Over vast stretches of geologic time, our earth has 

maintained a reasonably constant temperature, 
allowing life to exist, adapt and flourish 

•  Through the greenhouse effect, we have seen that 
atmospheric CO2 is the primary control keeping the 
temperature warm enough but not too hot 

•  Prior to the industrial revolution, volcanic CO2 fluxes 
(Gt/yr) were on average balanced by the flux of 
silicate weathering and the burial of organic carbon: 

Fvol ≈ Fsil +Forg
These are independent fluxes, so a negative feedback 
mechanism was suspected to keep them in balance 



The  Geologic  Pump	
•  Tectonic movement of oceanic crust into subduction 

zones transfers sea floor carbon back to the mantle 
•  Mid-ocean ridge and continental volcanoes release 

some of this CO2, replenishing the atmospheric level 
•  Rate set by speed of sea-floor spreading, which itself 

may vary over very long time scales 



Geologic  “thermostat”?	
•  Silicate rock weathering by precipitation of H2O + 

carbonic acid, moves calcium and carbonate- ions 
to the ocean via rivers and groundwater 

•  Chemical process: 
•  CaSiO3  +  2CO2  +  3H2O  à  Ca2+  +  2HCO3

-‐‑  +  H4SiO4	
•  Rate is accelerated by increased temperature, 

which acts as a slow feedback on the atmospheric 
CO2 concentration 

•  This temperature feedback on CO2 acts in a time 
scale of order 400,000 years, too slow to help us 
much in our current situation 

•  Leads us into our next lecture on paleo-climate 


