Global Energy Balance Climate Model


CLIMATE MODEL

Atmosphere & the Environment
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An interactive lab activity for introductory Atmospheric Science

By 

R.M. MacKay, Clark College Physics and Meteorology
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From Khiel and Trenberth 1997,  Bulletin of the American Meteorological Society.

The information in this figure was used to create a Global Energy Balance Model (GEBM) of the climate system.  The rate at which the surface temperature changes depends on the top of atmosphere (TOA) solar intensity, the surface and atmospheric reflectivities, the atmospheric absorption of solar radiation, and the mixed layer depth.  The rate at which the surface temperature changes also depends on the surface temperature, atmospheric emissivity, atmospheric temperature, flux of latent and sensible heat from the surface, and the mixed layer depth.   The model assumes that the atmospheric emissivity can change with carbon dioxide concentration, or atmospheric water vapor content.  When all feedbacks are turned on, the model assumes that the surface reflectivity  and atmospheric water vapor content depend on surface temperature, and that the flux of latent and sensible heat  from the surface is driven by the magnitude of the temperature difference between the surface and atmosphere.  These assumptions provide ice albedo, water vapor, and latent and sensible heat flux feedbacks.

Getting Started


Open the global box model by double clicking on the icon or opening it from with Stella II using the file-open menu command:  

The Control panel above, found by clicking on the “To Input Control” button allows you to control the following inputs:


S:TOA- top of atmosphere solar intensity (W/m2)


R:surf – Surface reflectivity (Fraction of S:TOA)


R:Atmos – Atmospheric Reflectivity (Fraction of S:TOA)


Abs:atms – Fraction of S:TOA absorbed by atmosphere


MLD -  Mean mixed layer depth of an aqua planet (meters)


L&SH:flux – Flux of latent and sensible heat from surface (W/m2)

CO2 - Carbon Dioxide concentration (ppm)

H2O - Atmospheric Water vapor content (Relative units)

The atmospheric and surface air temperatures are plotted at the top of the first page and are also given in numerical display form.  A numerical table of surface air temperature as a function of time can be reached from the “To Table of Ts button.”

Numerical output displays are also given below the graph for:

T:surf - Surface Temperature (K)

Tatm - Atmospheric temperature (k)
IR_out:TOA  -Net outgoing infrared radiation at the top of the atmosphere (W/m2)

Net_S:abs - Net solar radiation absorbed by the climate system  (W/m2)
R:surf – Surface reflectivity (Fraction of S:TOA)

H2O - Atmospheric Water vapor content

L&SH:flux – Flux of latent and sensible heat from surface  (W/m2)

DTsurf – Surface temperature change from control run temperature (K)

Radiative Forcing (Sabs-IRout) (W/m2)
Assignment #1: 

Without changing any input parameters, run the model for a 20 year run to make sure that the model is starting from equilibrium for the initial input. You can run the model by clicking on the little running man in the lower left screen corner, by selecting Run from the Run menu item, or by clicking on the Run button.  This is model control run.  Record the control run equilibrium surface temperature for later reference. 

T:surf = ___________________      

Experiments will be performed to study how the control run surface temperature changes as a result of changes in other parts of the climate system.  

For example, changes in surface reflectivity can be made by either moving the slide bar control or highlighting the 0.088 with the mouse and typing in a new number.


Prediction #1:  Will the surface temperature increase or decrease as the surface reflectivity (albedo) increases?   

Test your Prediction:  Perform the experiments below to test your prediction.  Reset R:surf back to its original control run value after performing the experiment. Teq:  The equilibrium surface temperature change is the Final surface temperature after the 20 year run minus the control run equilibrium surface temperature and is given in the output box labeled ∆T:surf.

	Parameter
	Change from     to
	Equilibrium surface

Temp. Change (Teq)

	R:surf
	.088    to       0.098
	

	R:surf
	.088    to       0.078
	


Reset R:surf to 0.088 before proceeding
· Does T:surf increase or decrease as the surface reflectivity is increased? increase or decrease

· Is the reverse true when the surface reflectivity is decreased ?  Yes or No
· Was this in agreement with your prediction? Yes or No

· Write a short paragraph below to explain why the surface temperature responds to changes in surface reflectivity as it does.
Prediction #2:  Will the surface temperature increase or decrease as the amount of solar radiation absorbed by the atmosphere increases?

Test your Prediction:  Perform the experiment below to test your prediction.  

· Does the surface temperature increase or decrease as the amount of solar radiation absorbed by the atmosphere increases? increase or decrease

· Was this in agreement with your prediction? Yes or No

· Write a short paragraph below to explain why the surface temperature responds to changes in atmospheric solar absorptivity as it does.
	Parameter
	Change from     to
	Equilibrium surface

Temp. Change (Teq)

	Abs:Atmos
	.196      to     0.206
	

	Abs:Atmos
	.196      to     0.186
	


Reset Abs:Atmos to 0.196 before proceeding
Prediction #3:  Will the surface temperature increase or decrease as the flux of latent and sensible heat leaving the surface increases?

Test your Prediction: Perform the experiment below to test your prediction.  

· Does the surface temperature increase or decrease as the flux of latent and sensible heat leaving the surface increases? increase or decrease

· Was this in agreement with your prediction? Yes or No

· Write a short paragraph below to explain why the surface temperature responds to changes in the surface flux of latent and sensible heat as it does.
	Parameter
	Change from     to
	Equilibrium surface

Temp. Change (Teq)

	L&SH:flux
	104      to     110
	

	L&SH:flux
	104      to     98
	


Reset L&SH:flux to 104 before proceeding
Assignment #2 Radiative forcing
 
The change in radiative forcing can be useful for understanding the response of the climate system to changes in solar radiation, greenhouse gases, clouds etc.  It is defined to be the increase in net radiation absorbed by the climate system.   This can be from an increase in net absorbed incoming solar radiation or an increase in absorbed outgoing longwave radiation.

For example the initial values of IR_out:TOA and Net_S:abs are 234.8 W/m2.  If by changing some parameter(s) IR_out:TOA drops to 232.8 W/m2 and Net_S:abs increases to 235.8 W/m2, then the net radiative forcing is 3.0 W/m2; +1 W/m2  for increase in downward solar absorbed and +2 W/m2 for decrease in radiation leaving the climate system, both changes result in warming.   The pink output bar below the graph does this calculation for you. 

This calculation requires a very short run before the surface temperature is allowed to change.  Using a run length (To) of 0.0001 and a time step of 0.0001 makes the radiative forcing easy to calculate.   Set To to 0.0001 and DT to 0.0001 from the Run Specs of the Run menu bar.  Make the change given in the Table below and run the model.  The numerical output displays for IR_out:TOA and Net_S:abs (found below the graph output) are used to calculate the radiative forcing.

After doing both radiative forcing calculations set To and DT back to their original values (To=20  and DT=0.05). 

	Parameter
	Change  
	Radiative Forcing   Change (W/m2)

	CO2
	Double from 320 to 640 ppm
	

	S:TOA
	Decrease from 342 to 338 W/m2    (CO2=320)
	


Prediction #4:  Will the surface temperature increase or decrease as the concentration of CO2 increases?

Test your Prediction: Perform the experiment below to test your prediction.

· Does the surface temperature increase or decrease as the concentration of CO2 increases? increase or decrease

· Was this in agreement with your prediction? Yes or No

· Write a short paragraph below to explain why the surface temperature responds to changes in CO2 as it does. Use the concept of radiative forcing in your explanation

	Parameter
	Change 

from            to
	Equilibrium surface

Temp. Change (Teq)

	CO2
	320       to    640
	

	CO2
	320       to     160
	


Reset CO2 to 320 ppm

Prediction #5:  Will the surface temperature increase or decrease as the top of atmosphere solar intensity (S:TOA) increases?

Test your Prediction: Perform the experiment below to test your prediction.  

· Does the surface temperature increase or decrease as the top of atmosphere solar intensity (S:TOA) increases? increase or decrease
· Was this in agreement with your prediction? Yes or No

· Write a short paragraph below to explain why the surface temperature responds to changes in solar intensity as it does.

	Parameter
	Change

 from           to
	Equilibrium surface

Temp. Change (Teq)

	S:TOA
	342       to    346
	

	S:TOA
	342     to     338
	


Reset S:TOA

What can you say about a surface temperature changes after a positive radiative forcing? How about after a negative radiative forcing?

Assignment #3.  Feedback processes in the climate system

 
Climate feedbacks can enhance (positive feedback) or buffer (negative feedback) climate change.  One well known feedback is the water vapor feedback.  The idea for this is that as the Earth’s surface warms due to increases in the greenhouse gases or solar radiation, more water vapor evaporates into the atmosphere.  Since water vapor is a strong greenhouse gas, this increase in water vapor enhances, or amplifies, the initial changes in surface temperature.   The causal loop diagram below outlines the physical processes responsible for the water vapor feedback.    The top loop illustrates that increased atmospheric water vapor, increases the atmospheric emissivity, resulting in a greater downward flux of IR radiation, which enhances the surface heating rate.  The bottom loop illustrates that increased atmospheric water vapor, increases the atmospheric absorbtivity, resulting in a greater mean atmospheric temperature and greater downward flux of IR radiation, which also enhances the surface heating rate. 













Question:  Based on the above reasoning, if the Earth cooled would there be more or less water vapor in the atmosphere? 

Prediction #6:  Would this tend to enhance or counteract the cooling compared to the no feedback case? 

To turn on a feedback, “dynamite” the corresponding input slide bar as follows. 


Click on the dynamite icon on the very top tool bar and then click on the input slide bar corresponding to the feedback process that you want to turn on (water vapor feedback in this case). 


This turns control from the fixed numerical value of the input slide bar to an equation that relates, for example, atmospheric water vapor to surface temperature.  The only draw back is that once the feedback is added it can only be removed by reopening the original model.  Turn on the water vapor feedback by dynamiting the H2O input control.

Test your prediction:  

	Change CO2

 by
	Feedback
	Equilibrium

Temp. Change

(Teq)
	Amplification

	Double to 640
	No feedback

Test of prediction #4
	
	     *********

	Double to 640
	H2O

(water vapor)
	
	


By how much is Teq amplified compared to the no feedback case ?  That is what is the difference of feedback Teq to Teq without the feedback?  Record the difference in the table above.  Put a ‘+’ or ‘–‘  next to the row in which the feedback was added to indicate whether it is a positive or negative feedback.

Ice-Albedo Feedback.

Another possible feedback is the ice albedo feedback.  As Earth warms, its albedo changes due to the melting of the land and sea ice.  

Prediction #7:  Would you expect the ice albedo feedback to enhance or buffer the temperature change brought about by doubling CO2 compared to that with only the water vapor feedback ? 

Turn on the ice albedo feedback by “dynamiting”  the R:surf input control.   Now both water vapor and ice albedo feedbacks are on.

Test your prediction.
	Change CO2

 by
	Feedback
	Equilibrium

Temp. Change

(Teq)
	Amplification

	Double to 640
	None


	
	 *******

	Double to 640
	H2O

(water vapor)
	
	

	Double to 640
	R:surf &H2O


	
	


Does the ice albedo feedback to enhance or buffer the temperature change?

By how much is Teq amplified when the ice albedo feedback was added compared to water vapor feedback only case?  That is what is the ratio of feedback Teq to Teq without the ice albedo feedback?  Record the ratio in the table above.  Put a ‘+’ or ‘–‘  next to the row in which the feedback was added to indicate whether it is a positive or negative feedback.   The causal loop diagram for the ice-albedo feedback is shown below.








Explain why there is a negative causal connection between surface temperature and surface albedo.  Write a short paragraph describing this causal loop diagram.  (Note: A plus on the end of an arrow connect to parameters indicates that if the first goes up so does the second and if the first goes down so does the second.  When tracing a casual loop two minuses make a plus so in the above diagram the total loop is a positive feedback loop)

Surface Flux Feedback.

The last feedback added assumes that the flux of latent and sensible heat from the surface is directly proportional to the temperature difference between the surface and atmosphere.  i.e.    Flux=Constant *(T:surf-T:atm)

Prediction:  Would you expect the surface flux feedback to be a positive or negative feedback?

Turn on  the surface flux feedback by “dynamiting”  the L&SH:flux input control.   

Now all three feedbacks are on.

Test your prediction:

	Change CO2

 by
	Feedback
	Equilibrium

Temp. Change

(Teq)
	Amplification

	Double to 640
	No feedbacks


	
	   *******

	Double to 640
	H2O

(water vapor)
	
	

	Double to 640
	H2O & R:surf 

(ice - albedo)
	
	

	Double to 640
	H2O& R:surf &
L&SH:flux

(Surface flux)
	
	


Is the surface flux feedback a positive or negative feedback?

By how much is Teq altered by the surface flux feedback (put this amplification in the table above)?
Did this flux increase or decrease after CO2 was doubled?  (Remember it started out as 104 W/m2)

Surface Flux feedback causal loop diagram.









Write a short paragraph on the next page to explain the causal loop diagram illustration of the surface flux feedback.

If the amount of cloud cover were to decrease as Earth warms, would this constitute a positive or negative feedback?  Explain your reasoning with a causal loop diagram.

Assignment #3.   Volcanoes.

Dynamite the R:Atmos control panel icon below by clicking on the dynamite icon and then clicking on the R:Atmos icon.

Click on the “To Model Structure” button to get to the model structural flow diagram.


The reflectivity of the atmopshere is altered by volcanic aerosol loading after an eruption.  Double click on the R:atmos icon of the flow diagram and type in the following formula to simulate a volcanic eruption at 6 years into the simulation which alters the atmospheric reflectivity as shown in the Figure below.  Note: the formula may already be included.

if (time>6) then 

.225+.04*exp(-(time-6))

else .225


Using CO2=320 and keeping all feedbacks on, run simulations of this volcanic eruption.  In the table below record the minimum temperature reached after the eruption, the time required to reach this minimum temperature after the eruption, and the time required for the surface temperature to get back to within 0.1 K of its starting value.  Use oceanic mixed layer depths (MLD) of 50 meters (that’s the default), 100 m, and 200 m.   MLD can be changed using its input control slide bar.  You will need some simulations longer than 20 years.  You can change the simulation length using Time Specs under the Run menu bar.

The output Ts table (use “To Ts Table” button to navigate) will be.   You may have to scroll up and down the table to see the number that you want to see. When running a simulation make sure that the output table is not in view as it makes the simulation run much more slowly. 

    MLD                 Min Temp drop       time to Min        Time to 0.1 K

   (meters)


(K)

    (years)

   (years)

	50


	
	
	

	100


	
	
	

	200


	
	
	


Which has a larger thermal inertia, a 50 meter deep oceanic mixed layer or a 200 m deep oceanic mixed layer.

Does the minimum temperature drop increase or decrease as the assumed oceanic mixed layer depth increase?  Explain.

Does the recovery time (time to get back to within 0.1 K of equilibrium value) increase or decrease.  Explain.

Write a short paragraph describing what you liked and disliked about this modeling activity.  Include whether you think this assignment helped you better understand some of the concepts discussed in the text.
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