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The World in Global Climate Models

 IPCC AR4



The interdisciplinary evolution of land models
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The Evolution of Land Modeling

Land as a lower boundary  to 

the atmosphere
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Why land?







Earth System Models

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press) 
 Bonan (2016) Annu. Rev. Ecol. Evol. Syst. 47:97-121

Prominent terrestrial feedbacks:
• Snow cover and climate
• soil moisture-evapotranspiration-precipitation
• land use and land cover change
• carbon cycle
• reactive nitrogen
• chemistry-climate (BVOCs, O3, CH4, aerosols)
• Biomass burning



The role of a land model in an ESM

Land-atmosphere exchanges: energy, water vapor, CO2, 
 dust, trace gases, etc.

Land surface states: soil moisture, soil temperature, canopy 
 temperature, snow water equivalent, C and N stocks

Land surface characteristics: soil texture, surface roughness, 
 albedo, emissivity, vegetation type, leaf area index, etc.

Ultimately, we need to move energy, moisture, and gases between the land 
 surface and the atmosphere while conserving each.



Surface Energy Fluxes Hydrology Biogeochemical Cycles

Community Land Model

The land surface model solves 

 Surface Energy Balance  
Surface Water Balance  

Carbon Balance
at each model timestep



Community Land Model
Surface Energy Fluxes
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Response Fluxes

Surface Energy Balance



S  L  S  L  E  H  G +Energy Change

S = outgoing shortwave (reflected solar, due to albedo)  

L = outgoing longwave (emitted infrared, εσTT4)

S - S + L - L = net radiation

Surface Energy Balance
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S  L  S  L  E  H  G +Energy Change

S = outgoing shortwave (reflected solar, due to albedo)  

L = outgoing longwave (emitted infrared, εσTT4)

E = latent heat flux (evapotranspiration)  

H = sensible heat flux

G = ground heat flux

Surface Energy Balance

Energy change = the change in energy of some reservoir (canopy, soil, etc.)



Surface Energy Balance
Often, we think of the land surface as affecting the energy 

 balance through three properties/processes:

a. Albedo

b. Surface Roughness

c. Evapotranspiration
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Surface Energy Balance

Albedo

Surface Roughness 

 Evapotranspiration

Often, we think of the land surface as affecting the energy 
 balance through three properties/processes:

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press) 
Bonan (2016) Annu. Rev. Ecol. Evol. Syst. 47:97-121

Trees are darker than grasses 
 and have lower albedo

Albedo directly affects 
 net radiation



Surface Energy Balance
Often, we think of the land surface as affecting the energy 

 balance through three properties/processes:

Surface roughness  
affects sensible and 

 latent heat fluxes

Trees are tall and  
aerodynamically rough

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)  
Bonan (2016) Annu. Rev. Ecol. Evol. Syst. 47:97-121



Surface Energy Balance
Often, we think of the land surface as affecting the energy 

 balance through three properties/processes:

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)  
Bonan (2016) Annu. Rev. Ecol. Evol. Syst. 47:97-121

Trees transpire more 
 water than grasses

Latent heat flux  
evaporatively cools



a. Increase
b. Decrease
c. Neither
d. Both

How does deforestation affect Earth’s temperature?
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1.

2. 3.

4.
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Evapotranspiration Only Surface Roughness Only
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How does deforestation affect Earth’s temperature?

a. Increase
b. Decrease
c. Neither
d. Both

Based on this study, the effect depends on the region. Deforestation cools 
 higher latitudes but warms tropical latitudes.

Note that this is an active area of research, so this is not the final word on 
 the impact of deforestation on climate.



Community Land Model
Surface Water Balance



Surface Water Balance

(and other water balances such as snow and soil water)

P = (Es + Et + Ec) + (Rsurf + Rsub-surf) + SM/ t
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(and other water balances such as snow and soil water)

Evapotranspiration                        Total Runoff

P = rainfall

Es = soil evaporation  

Et = transpiration
Ec = canopy evaporation

Rsurf = surface runoff
Rsub-surf = sub-surface runoff

Surface Water Balance

P = (Es + Et + Ec) + (Rsurf + Rsub-surf) + SM/ t



(and other water balances such as snow and soil water)

SM/ t

Rsurf = surface runoff
Rsub-surf = sub-surface runoff

SM/   t = change in soil moisture over a time step

Surface Water Balance

Evapotranspiration                        Total Runoff

P = rainfall

Es = soil evaporation  

Et = transpiration
Ec = canopy evaporation

P = (Es + Et + Ec) + (Rsurf + Rsub-surf) + SM/ t



a. Increase
b. Decrease
c. Neither
d. Both

How does a decrease in transpiration affect runoff?
Assume precipitation is a forcing that does not change





% Change in Transpiration

Lombardozzi et al. 2015 J. Climate
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Lombardozzi et al. 2015 J. Climate



How does a decrease in transpiration affect runoff?
Assume precipitation is a forcing that does not change

a. Increase
b. Decrease
c. Neither
d. Both



Community Land Model
Carbon Balance

Note:     
biogeochemistry is  
not always included 

 in land models



 Carbon Balance

(and plant and soil carbon pools)

NEE = GPP - Ra - Rh - Fire - LUC
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(and plant and soil carbon pools)

NEE = GPP - Ra - Rh - Fire - LUC

Total respiration

NEE = net ecosystem exchange

GPP = gross primary productivity (photosynthesis)

Ra = autotrophic respiration  

Rh = heterotrophic respiration

 Carbon Balance



(and plant and soil carbon pools)

NEE = GPP - Ra - Rh - Fire - LUC

NEE = net ecosystem exchange

GPP = gross primary productivity (photosynthesis)

Ra = autotrophic respiration 

Rh = heterotrophic respiration

Fire = carbon flux due to fire

 Carbon Balance



(and plant and soil carbon pools)

NEE = GPP - Ra - Rh - Fire - LUC

NEE = net ecosystem exchange

GPP = gross primary productivity (photosynthesis)

Ra = autotrophic respiration  

Rh = heterotrophic respiration

Fire = carbon flux due to fire

LUC = C flux due to land use change



a. Increase
b. Decrease
c. Neither
d. Both

How does land use change affect ecosystem carbon?
Assume land use change primarily converts forests to pasture and croplands





Land use change 
 decreases total 

C  storage

Lombardozzi, unpublished data



a. Increase
b. Decrease
c. Neither
d. Both

How does land use change affect ecosystem carbon?
Assume land use change primarily converts forests to pasture and croplands



What wins? Biogeophysics vs Biogeochemistry

An example using land use change



Biogeophysics and biogeochemistry

Pongratz et al. (2010) GRL, 37, doi:10.1029/2010GL043010

Historical land use & land-cover change

 Biogeophysical processes decrease  
annual mean temperature (albedo)

 Deforestation releases carbon  
(warms temperature)



Biogeochemical warming exceeds
biogeophysical cooling

Prevailing paradigm
The dominant competing signals 
from  historical deforestation are an 
increase in  surface albedo 
countered by carbon emission  to 
the atmosphere



Biogeophysics and biogeochemistry

Pongratz et al. (2010) GRL, 37, doi:10.1029/2010GL043010

Historical land use & land-cover change

 Biogeophysical processes decrease  
annual mean temperature (albedo)

 Deforestation releases carbon  
(warms temperature)



Biogeochemical warming exceeds
biogeophysical cooling

Prevailing paradigm
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Prevailing paradigm
The dominant competing signals from  
historical deforestation are an increase 
in  surface albedo countered by carbon 
emission  to the atmosphere

Historical land use & land-cover change

 Biogeophysical processes decrease  
annual mean temperature (albedo)

 Deforestation releases carbon  
(warms temperature)

Biogeophysics and biogeochemistry

Pongratz et al. (2010) GRL, 37, doi:10.1029/2010GL043010
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How does vegetation affect regional climate?

›Afforestation plans in Norway: 
• How much land will be afforested and where?
› All grasslands and heathlands below treeline in Norway are converted 
into Forests 

•What type of forests?
› Evergreen Needle Leaf
› Mixed Forests



How does vegetation affect regional climate?

Spring temperature when planted evergreen forest

Surface air temperature

Mooney et al. in prep.



›Vegetation affects biogeophysics, biogeochemistry, and 
hydrology

›Vegetation affects both global and regional climate
›Land use and land cover change can have a large effect on 
climate

Summary
The role of vegetation in the climate system


