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Understanding	the	Land	Surface	in	the	Climate	System:		
Inves9ga9ons	with	an	Earth	System	Model	(NCAR	CESM)	

The land is a critical interface through which:  

1. Climate and climate change impacts 
     humans and ecosystems  

and  

2. Humans and ecosystems can force global  

     environmental and climate change 



Understanding	the	Land	Surface	in	the	Climate	System:		
Inves9ga9ons	with	an	Earth	System	Model	(NCAR	CESM)	

Land Management in CESM: 
 
-  How are we transforming Natural  
  Ecosystems through Deforestation, Pasture,  
  Wood Harvesting, or Afforestation? 
 
-  How will Natural and Disturbed Ecosystems   
  respond to changes in climate and CO2? 
 
-  How will Humanity Feed itself  as the 
  population grows, society becomes more  
  affluent, and agriculture is impacted by  
  climate and changing CO2? 



1.	Surface	Energy	Fluxes:	
-	Solar	Energy	Fluxes	(Albedo	–	Vegeta?on,	Snow,	

Soils)	
-	Long	Wave	Energy	Fluxes	(Surface	Temp	&	Emissivity)	
-	Latent	Heat	Fluxes	(Transpira?on,	Evapora?on)	
-	Sensible	Heat	Fluxes	(Surface	Temp	&	Roughness)	

2.	Surface	Hydrology:	
-	Rain	and	Snow	(Vegeta?on,	Snow	Pack,	Runoff)	
-	Transpira?on,	Evapora?on,	Snow	melt,	Sublima?on	
-	Soil	Moisture	and	Aquifer	recharge	and	drainage	
-	Climate	Feedback	through	Precipita?on	Changes	
	
3.	Biogeochemistry	(Carbon	and	Nitrogen	Cycles):	
-	Plant	Photosynthesis	and	Respira?on	

	6	CO2	+	6	H2O	+	light	->	C6H12O6	+	6	O2	
-	Carbohydrates	are	allocated	to	Leaves,	Roots,	Wood	
-	Leaves,	roots	and	wood	become	liZer,	debris,	soil	C	
-	Organic	decomposi?on	and	fire	remove	carbon	
-	Nitrogen	is	cycled	impac?ng	growth	and	decay	
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Land Use in the Climate System Changes 
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Land Use in the Climate System Changes 
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1.  All CMIP5 Earth system models evaluated the impacts on the global 
carbon cycle from changes in climate, atmospheric CO2 and 
aerosols due to Fossil Fuel emissions and Land Cover Change 
 

2. Model simulations were performed for: 
 - 1850 – 2005 for the Historical period 

     - 2006 – 2100 Representative Concentration Pathways (RCPs) 
 
3. For each Historical and RCP period land use and land cover change 
    are described through annual changes in four basic land units: 

 
 - Primary Vegetation (Prior to Human Disturbance) 
 - Secondary Vegetation (Disturbed then abandoned or managed) 
 - Cropping 
 - Pasture (Grazing Lands)  
 

4. Harvesting of biomass is also prescribed for both primary and 
    secondary vegetation land units 

Ecosystem Modeling in the Coupled Model Intercomparison 
Project (CMIP5) – CESM modeling for IPCC AR5 
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Ecosystems in CMIP5 Historical and RCP CO2 and LULCC  
1.  Changes	in	Atmospheric	CO2:	

-	Historical	(1850	–	2005):	285	–	379ppm	
		+94	ppm		
-	RCP	4.5	(2006	–	2100):	380	–	538ppm	
		+158	ppm	
-	RCP	8.5	(2006	–	2100):	380	–	936ppm	
		+556	ppm	
	

2.  Land	Use	and	Land	Cover	Change:	
-	Hist:	Crop	+9.8	;	Tree	-5.5	106	km2	
-	RCP	4.5:	Crop	-4.2	;	Tree	+3.0	106	km2	
-	RCP	8.5:	Crop	+2.8	;	Tree	-3.5	106	km2	



Ecosystems in CMIP5 Historical and RCP CO2 and LULCC  
Land	Use	and	Land	Cover	Change	(LULCC)	
impact	both	the	Biogeophysics	and	the	
Terrestrial	Ecosystem	Carbon	Cycle	in	CLM.		
	
Inves?gate	these	impacts	by	comparing	
CESM	Historical	and	RCP	simula?ons	with	
LULCC	against	the	same	simula?ons	with	no	
LULCC	



Ecosystems in CMIP5 Historical and RCP CO2 and LULCC  
To	provide	sta?s?cal	significance	in	our	
results	we	ran	three	ensemble	members	of	
both	the	LULCC	and	the	no	LULCC	for	each	
period.		
	
The	ensembles	of	each	simula?on	have	the	
same	transient	forcings	(CO2	,	aerosols,	Land	
Use)	but	start	with	slightly	different	ini?al	
condi?ons.		
	
In	all	simula?on	the	atmosphere,	ocean	and	
sea	ice	were	ac?ve	with	the	atmospheric	
CO2	concentra?on	prescribed	through	?me.	
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CMIP5 Land Cover Change – Land Air Temperature 
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CMIP5 Land Cover Change – Land Air Temperature 
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CMIP5 Land Cover Change – Albedo Land Air Temp 

 
 



Slide	4	–	Land	Cover	Change	

CMIP5 Land Cover Change – Latent Heat Flux Air Temp 
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CMIP5 Land Cover Change – Latent Heat Flux Precip. 
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CMIP5 Land Cover Change – Land Air Temperature 
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RCP 4.5 Land Cover Change – Land Air Temperature 
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RCP 4.5 Land Cover Change – Albedo Air Temperature 
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RCP 4.5 Land Cover Change – Latent Flux  Air Temp. 
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RCP 4.5 Land Cover Change – Latent Flux  Precip. 

 
 



Slide	4	–	Land	Cover	Change	

CMIP5 Land Cover Change – Land Air Temperature 
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CMIP5 Ecosystem Changes: NPP – No Land Use 

Changes in Atmospheric CO2  
and climate impacts on 
Ecosystem Carbon: 
 
- Net Primary Productivity 
NPP = Photosynthesis – 
Growth and Maintenance 
Respiration 
 
- Photosynthesis rates change 
through carbon availability 
 
- Transpiration rates change 
through water use efficiency 
 
- Temperature, rain, snow and  
evaporative demand change 
through climate with impacts  
on soil moisture 
 
- 1 PgC = 1015 gC = 1 GtC 



1.	Photosynthesis	from	Farquhar	et	al.	(1980)	modified	
by	Harley	et	al.	(1992)	and	von	Caemmerer	(2000)	
	
	
	
	
	
	
	
	
2.	Transpira?on	from	Ball	and	Berry	(1991)	
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CLM Vegetation Modeling Leaf Level Processes and CO2  
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Historical Ecosystem Changes: Ecosys C – No Land Use 



Ecosystem Modeling in (CLM BGC) – No Land Use 
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Historical Ecosystem Changes: Ecosys C – No Land Use 
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Historical Ecosystem Changes: Ecosys C – No Land Use 
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Historical Ecosystem Changes: Land Cover Change 



Ecosystem Modeling in (CLM BGC) – Land Cover Change 
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Historical Ecosystem Changes: Ecosys C – Land Use 
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Ecosystem Changes in CMIP5 – Land Cover Change 

Direct LULCC Fluxes: 
- Conversion Fluxes to the Atmosphere 
- Conversion Fluxes to Wood Products 
- Wood Harvest Fluxes to Wood Products 
- Product Pool Decay to the Atmosphere 
 

Indirect LULCC Fluxes: 
- Loss of potential Ecosystem Sink from Deforestation 
- Increase in Ecosystem Sink from Afforestation 
- Changes in Fire with new Land Use 
- Changes in Soil and Litter Carbon Decay 
- Changes in nutrient cycling with new Land Use 
- This is the change in the Ecosystem Sink from LULCC 
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Historical Ecosystem Changes: Direct LULCC Fluxes 

LULCCDIRECT ECO = Conversion + Wood Harvest = 126.8 PgC  (PgC = 1015) 
 
Conversion = 63.2 PgC  Wood Harvest = 63.6 PgC 
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Historical Ecosystem Changes: Indirect LULCC Fluxes 

LULCCINDIRECT = ∆NPPNOLUC-LU – ∆HRNOLUC-LU – ∆FIRENOLUC-LU  = 3.6 PgC   (PgC = 1015) 
                         
∆NPPNOLUC-LU  = 71.6 PgC   ∆HRNOLUC-LU = 43.1 PgC   ∆FIRENOLUC-LU  = 24.9 PgC 
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Historical Ecosystem Changes: Effective LULCC Flux 

LULCCEFFECTIVE ECO = LULCCDIRECT ECO + LULCCINDIRECT = 130.4 PgC   (PgC = 1015) 
 
LULCCDIRECT ECO = 126.8 PgC  LULCCINDIRECT = 3.6 PgC 
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RCP 4.5 Ecosystem Changes: Direct LULCC Fluxes 

LULCCDIRECT ECO = Conversion + Wood Harvest = 152.6 PgC  (PgC = 1015) 
 
Conversion = 9.5 PgC  Wood Harvest = 143.2 PgC 
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RCP 4.5 Ecosystem Changes: Indirect LULCC Fluxes 

LULCCINDIRECT = ∆NPPNOLUC-LU – ∆HRNOLUC-LU – ∆FIRENOLUC-LU  = -49.3 PgC   (PgC = 1015) 
                         
∆NPPNOLUC-LU  = -33.9 PgC   ∆HRNOLUC-LU = 22.2 PgC   ∆FIRENOLUC-LU  = -6.7 PgC 
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RCP 4.5 Ecosystem Changes: Effective LULCC Fluxes 

LULCCEFFECTIVE ECO = LULCCDIRECT ECO + LULCCINDIRECT = 103.3 PgC   (PgC = 1015) 
 
LULCCDIRECT ECO = 152.6 PgC  LULCCINDIRECT = -49.3 PgC 
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Ecosys	Carbon	 Eco	Direct		
LULCC	

Indirect		
LULCC	

Eco	Effec9ve		
LULCC	

CMIP5	Fossil	
Fuel	Emissions	

Historical	 126.8	PgC	 3.6	PgC	 130.4	PgC	 313.8	PgC	

RCP	4.5	 152.6	PgC	 -49.3	PgC	 103.3	PgC	 791.5	PgC	

RCP	8.5	 271.6	PgC	 -4.5	PgC	 267.2	PgC	 	1925.0	PgC	

*RCP no LULCC simulation have current day wood harvest rates 

CMIP5 Cumulative LULCC Fluxes – Total Ecosystem Carbon 
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CMIP5 Cumulative LULCC Fluxes – Total Ecosystem Carbon 



1.	For	CLM5	and	the	CMIP6	climate	simula?ons	there	will	be	new	Historical		
				and	SSP	-	RCP	land	use	and	land	cover	change	data	sets	which	are	currently	
				being	compiled	for	through	the	Land	Use	and	Scenario	Model		
				Intercomparison	Projects	(LUMIP	and	ScenarioMIP).		
	
2.	The	new	?me	series	include	new	func?onality	following	lessons	learned		
				through	CMIP5	and	to	include	new	developments	in	CLM5.	
	
3.	The	Global	Land	Model	(GLM)	has	been	extended	to	12	land	units	to	beZer	
					represent	dynamics	of	agriculture	and	forests.	The	new	land	units	include:	

	
	-	Primary	Forest 	 	-	Primary	Non	Forest	
	-	Secondary	Forest 	 	-	Secondary	Non	Forest		
	-	Crop	C3	Annual 	 	-	Crop	C3	Perennial	
	-	Crop	C3	Nitrogen	Fixing 	-	Crop	C4	Annual	
	-	Crop	C4	Perennial 	 	-	Grazing	Pasture	
	-	Grazing	Rangeland 	 	-	Urban		
	

4.	New	management	informa?on	for	Crops	and	Forests	is	provided	with		
				transient	N	Fer?lizer	and	Irriga?on	prescrip?on,	and	new	Wood	Harvest	

CLM5 CMIP6 – New Land Surface Data Sets 

Slide	2	-	Outline	



~ 50x information content of CMIP5! 
CMIP6 LUMIP CLM5 Land Use Harmonization (LUH2) 

New Transition Matrix 

New Resolution 
0.25° grid-cell fraction 
 

New History 
Hyde 3.2, FAO based 
Landsat F/NF  
Multiple crop types (5) 
Multiple pasture types (2) 
Updated Forest Cover/Biomass 
Updated Wood harvest 
Updated Shifting Cultivation 
Extended time domain (850-2015) 
 

New Management Layers  
Agriculture 
Fraction of cropland irrigated 
Fraction of cropland flooded 
Fraction of cropland fertilized 
(industrial) 
Industrial Fertilizer application rates 
Fraction of cropland for biofuels 
Crop rotations 
Wood Harvest 
Fraction used for industrial products 
Fraction used for commercial biofuels 
Fraction used for fuelwood 
 

New Future Scenarios 
Six futures, SSP-based 
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Ecosystem Changes in CLM4.5 – Land Cover Change 

*Courtesy Dave Lawrence & Danica Lombardozzi 
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Understanding	the	Land	Surface	in	the	Climate	System:		
Inves9ga9ons	with	an	Earth	System	Model	(NCAR	CESM)	

Land Management in CESM: 
 
- How will Natural Ecosystems respond to  
  changes in climate and CO2? 
 
- How are we transforming Natural  
  Ecosystems through Deforestation, Pasture,  
  Wood Harvesting, or Afforestation? 
 
-  How will Humanity Feed itself  as the 
  population grows, society becomes more  
  affluent, and agriculture is impacted by  
  climate and changing CO2? 
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CMIP5 Cumulative LULCC Fluxes – Total Ecosystem Carbon 

 
 

Ecosys	
Carbon	

Eco	Direct		
LULCC	

Indirect		
LULCC	

Terrestrial	
Sink	

NEE	 ∆	Eco	C	 ∆	Prod	
	

Historic	NoLC	 -	 	-	 67.3	PgC	 -67.3	PgC	 67.3	PgC	 -	

													LULCC	 126.8	PgC	 3.6	PgC	 63.6	PgC	 54.8	PgC	 -63.2	PgC	 8.4	PgC	

RCP4.5	NoLC*	 96.7	PgC	 -	 162.7	PgC	 -66.5	PgC	 66.0	PgC	 0.5	PgC	

													LULCC	 152.6	PgC	 -49.3	PgC	 212.0	PgC	 -65.7	PgC	 59.4	PgC	 6.3	PgC	

RCP8.5	NoLC*	 100.4	PgC	 -	 219.4	PgC	 -120.2	PgC	 119.0	PgC	 1.2	PgC	

													LULCC	 271.6	PgC	 -4.5	PgC	 223.9	PgC	 29.1	PgC	 -47.7	PgC	 18.6	PgC	

*RCP no LULCC simulation have current day wood harvest rates 


