Chapter 5
The water tank structure and methyl chloroform.
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Methyl chloroform (1,1,1-trichloroethane, C2H3Cl3) has been used as a solvent for adhesives, for metal degreasing, and dry in cleaning.  Some cases of neurological disorders have been reported in workers with high exposures to methyl chloroform.  Because each molecule contains three potential ozone-destroying chlorine atoms, atmospheric concentrations of methyl chloroform were closely monitored in the late 1980s and 1990s.  In 1987 the “Montreal Protocol on Substances That Deplete the Ozone Layer” was ratified by approximately 80 countries from around the world in an effort to help curtail stratospheric ozone loss.  In the years immediately following the original signing, Antarctic research suggested that the catalytic destruction of ozone by chlorine atoms was much greater than originally thought possible, primarily because of heterogeneous reactions on polar stratospheric clouds.  At the fourth meeting of the Montreal Protocol in 1992 parties agreed to drastically reduce the emissions of many ozone destroying chemicals, including methyl chloroform.   Figure 1 below shows model estimates made by Du Pont Corporation of the relative contribution to atmospheric chlorine from different sources.  The solid color at the bottom represents the chlorine estimated from natural sources.  As can be seen by around 1990 methyl chloroform (green) alone contributed almost as much chlorine to the atmosphere as did the natural sources of chlorine.

[image: image2.png]Du Pont Estimates for Total Chlorine

CCl, (pPb)

T
a e = ST
3
-y
24 W Other HCFCs —
HCFC-1410
HCFC-22
= chycol,
1 cel,
= cres
1] = ol
0 T T T T e e e T e e e
1980 1990 2000 2010 2020 2030 2040 2050

Year

Source: Mack MeFarland, Du Pant




 
Figure 1.  Relative contributions to atmospheric chlorine loading estimated by Du Pont Corporation.
During and after the decision to cut emissions of any trace gas, scientists and policy makers need to estimate the effect of the proposed emission reductions on atmospheric concentrations.  A model is the only way one can make future projections based on proposed scenarios.  After the emission reduction policy is ratified, a model of atmospheric methyl chloroform concentration is also useful in monitoring how well the emission reduction policy is working and whether there is general compliance to the policy.
Methyl chloroform has scientifically interesting since it is primarily removed from the atmosphere by the hydroxyl radical, OH, Prinn et al (1987).  The methyl chloroform concentration over time, along with an estimate of its atmospheric lifetime, can hence be used to estimate the relatively elusive concentration of the hydroxyl radical.  The hydroxyl radical is very important for air pollution and air quality studies as it helps remove many pollutants, including the greenhouse gas methane, from the atmosphere by oxidation.  Prinn et. al (1987) estimate that the atmospheric lifetime of methyl chloroform is 6.3 (+ 1.2, -0.9) years (1[image: image3.png]


 uncertainty).  

The leaky water tank structure discussed in the last chapter is a good starting point for a numerical prediction model for the atmospheric concentration of methyl chloroform.  Our motivation for using this model structure is that it makes physical sense.  Industry pours methyl chloroform into the atmospheric and it is removed by oxidation with the [OH] radical.  This model structure is appropriate for many atmospheric traces gases with reported atmospheric lifetimes such as methane, nitrous oxide, and chlorofluorocarbons.  Appendix 5A provides a list of some atmospheric trace gases and their corresponding lifetimes.
Q1:  Which variable below is the stock?
a. atmospheric methyl chloroform concentration  b.  methyl chloroform emissions
First version of model

The water tank model is easy to convert into a model for the atmospheric concentration of methyl chloroform.  Emissions of methyl chloroform take the place of water flow into the tank.  The volume of fluid in the tank is now representative of the total concentration of methyl chloroform [MCF] in the atmosphere, and the removal rate is directly proportional to this atmospheric concentration,

Removal=[MCF]/



Eqn. 1
Here  represents the atmospheric lifetime of methyl chloroform.  The lifetime estimate of Prinn et al (1987) is used in the model below as a starting point for estimating 1989 to 2009 methyl chloroform emission rates.   The assumed lifetime value and emission rates are then adjusted to optimize agreement between observed methyl chloroform concentrations with model simulated concentrations.  The overall goal here is to use the model and observations to obtain good estimates of both methyl chloroform atmospheric lifetime and 1989 to 2009 emissions.  
The methyl chloroform model structure is shown in Figure 2 below.
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Figure 2.  Model structure applied to atmospheric methyl chloroform concentrations.

Using the model to estimate the emissions of methyl chloroform from 1989 through 2009 will provide us with insight into how fast the methyl chloroform producing countries were able to comply with the 1992 Montreal Protocol restrictions and to assess the global compliance to the phase out of methyl chloroform production.

Figure 3 below show the observed levels of methyl chloroform from 1989 to 1990 and Table 1 presents the yearly global averaged numerical data.
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Figure 3.  Methyl chloroform 1989 to 2004 observations taken from
http://cdiac.ornl.gov/trends/otheratg/blake/data.html and 2005 to 2009 data taken from 
http://www.esrl.noaa.gov/gmd/hats/ .  Global mean estimates are show by black squares.
	Year
	[C2H3Cl3] (pptv)

	1989
	121.0

	1990
	125.0

	1991
	128.0

	1992
	131.0

	1993
	134.0

	1994
	128.0

	1995
	116.0

	1996
	103.0

	1997
	90.0

	1998
	77.0

	1999
	66.0

	2000
	53.0

	2001
	43.0

	2002
	36.0

	2003
	30.0

	2004
	25.0

	2005
	21.5

	2006
	17.5

	2007
	14.9

	2008
	12.5

	2009
	11.0


Table 1. Estimated global mean C2H3Cl3 concentration in pptv.  See Figure 3 for data sources.

The converter, MCF Observation, has been made a graphical function for easy comparison between model output and observations.  To create the graphical function, first create the converter MCF Observation, then double click on it and select the button “Become Graphical Function”.  On the time axis, enter 1989 for the start time, 2009 for the end time, and 21 for the data points.  Change the vertical axis to be from 0.0 to 150.0 and then enter the values from table 1 into the right hand column for the data.
Looking at Figure 3 we can see that methyl chloroform was slowly increasing between 1989 and 1993.  The flow equation for the water tank model is
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Where V is the volume, 
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 is the net flow (change in volume over time), t is the time, and the Greek letter  represents the lifetime.    For atmospheric methyl chloroform concentration, [MCF], these equations are modified to:
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Here the inflow is the emissions of methyl chloroform into the atmosphere by industrial processes in ppt/yr.   Using the Prinn et. al lifetime estimate of 6.3 yrs we can adjust the emissions in our model each year to get a good fit between model [MCF] and observations.  One way to do this is to make a converter (emm1 in Figure 2) for our estimated methyl chloroform emissions (1989 to 2009) 21 data points and manually adjust the values starting in 1989 and then run the model to check how close the model predictions are to observations.  Repeating this process, adjust-run-check, over and over will ultimately provide the best fit possible between model and data. 
To start we can get an estimate of the emissions between 1989 and 1990 by rearranging Eqn. 3 and using the appropriate numerical values for 
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from the numerical data presented in Table 1.

From Table 1 we estimate mean values from1989 to 1990 as,
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Although the term 
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looks rather mathematically intimidating since it is the notation for the derivative, it is simply the slope of the methyl chloroform vs. time graph.  From the table of values, our best guess at the average slope between 1989 and 1990 is just the change over 1 year, 4 ppt/yr.
Rearranging Eqn. 3 gives,
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Substituting the values for 
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 gives 23.5 ppt/yr for an estimate of the 1989 to 1990 average emission rate.  
Using this as a staring value for emm1 we manually estimated the emissions that provide a good fit between model and observations.  The results of the simulation are shown in Figure 4.  The model equations, including values for the required emissions, the emm1graphical converter, are include in appendix 5A. 

Second version of model.

Instead of the trial and error method used above we can use (Eqn. 4) to calculate the expected emission values for each year to get the best fit between model predicted atmospheric methyl chloroform concentration (Atmospheric MCF in Figure 2) and MCF observations.  The methyl chloroform emissions can not be less than zero so this physical fact constrains us from getting a perfect match between model and observations.  If Eqn. 4 results in an emission value less than zero, the result is ignored and the emission value is set equal to zero.  Stella has a built in function for the first derivative making it easy to use Eqn. 4 to calculate the emission rate for each time step.
The model in Figure 2 is modified in two ways.  

First we eliminate the graphical function for emm1 and replace it by an equation, essentially Eqn. 4:

MCF_Observation/lifetime+DERIVN(MCF_Observation,1)
Eqn. 5
Setting the emissions to zero, if the emissions calculated by Eqn. 5 are less than zero, is automatically taken care of by the Uniflow structure of the flow “emissions”.  
The function DERIVN((MCF_Observation,1) is the first derivative of the observations with respect to time and is our slope estimate.  In the Run Specs menu item under the Run menu we change the time step to 0.1 to reduce problems with timing between when the emissions are estimated and when and how the derivative is estimated.
Our first simulation suggests very low emissions after the year 2000.  This is also supported by the independent emission estimate of McCulloch (2005).  A constraint on the emissions is imposed by setting the emission equal to zero after 2000.

emissions = if (time<2000)  then emm1 else 0
Other emission possibilities after the year 2000 will also be explored below.

Secondly, we have added a stock that is used to provide the squared error between model and observations.  The flow into the stock is the square of the difference between model predicted atmospheric methyl chloroform concentration and observations.  It is standard to use the sum of the square of the differences so that minus signs are ignored.  The best fit now is found when the stock “SquareError” is a minimum.   We’ve added a numerical display for “SquareError” so that it can be easily monitored after each run.

The advantage of automating the process is that we can now alter the lifetime and automatically calculate the emissions that give the best fit between model and observations, with the constraint that all emission rates must be greater than of equal to zero.  As mentioned above, the actual value for the lifetime of methyl chloroform is very important to understanding how the hydroxyl radical cleanses the atmosphere of pollutants.  Obtaining a best estimate of methyl chloroform’s atmospheric lifetime is, in and of itself, an important model result.

Figure 4 shows the new model structure and Appendix 5B includes the model equations for our revised model.
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Figure 4.  Revised model to calculate emission rate needed for best fit between model and observations and assumed atmospheric lifetime of methyl chloroform.  See appendix 5B for the Stella Equations for this model. 
Figure 5 shows the results of the methyl chloroform simulation using the Stella model shown in Figure 2 and Figure 4 with a lifetime of 6.3 years.  The emissions calculated using Eqn. 4 for all years are shown in Figure 6.  Using Eqn. 4 to automatically calculate the emissions does not improve the agreement between model and observations but does make it easier perform different model simulations with different assumed lifetimes.
[image: image20.jpg]Atmospheric MCF
20





Figure 5.  Model predicted methyl chloroform concentration (1) vs. Observations (2).  Stella model structure of Figure 2 or Figure 4 with a 6.3 yr atmospheric lifetime.

The agreement between model predictions and observations see in Figure 5 is very good between 1989 and 1999.  If we were doing this simulation in 1999 to test for compliance to the emission reduction policy, the results shown in Figure 6 suggest that countries from around the world complied with the agreement to rapidly cut methyl chloroform emissions starting in 1993.  
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Figure 6.  Emissions for model simulation shown in Figure 5.

The disagreement after 1999 suggests that the assumed lifetime is not correct; although we would have no way of knowing this in 1999 so the independent estimate of lifetime from Prinn et. al was a good estimate at that time.  We can get a better estimate of lifetime by assuming that after 2000 the emissions were essentially zero and then run the model simulation from 2000 to 2009 using an initial 2000 methyl chloroform concentration of 53 ppt (see Table 1).  Doing this, the least squares best fit to the decaying methyl chloroform concentration is obtained with a lifetime of 5.5 years (this value is still within the range given by Prinn et. al (1987).  We then use this assumed lifetime for the full 20 year simulation (1989 to 2009) following the procedure used for the results shown in Figure 5. The results of this simulation are shown in Figure 7 and indicate a significant improvement using the 5.5 yr lifetime as opposed to the 6.3 yr lifetime of Figure 5.
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Figure 7.  Model predicted methyl chloroform concentration (1) vs. Observations (2) using the Stella model structure of Figure 2 with a 5.5 yr atmospheric lifetime.
Because of our simulated rapid compliance to reduce methyl chloroform emissions, the assumption of zero emission-rate after the year 2000 is a good first approximation. 
It is important to confirm the validity of this assumption with independent measurements if possible and to see how sensitive our lifetime and emission estimates are to this assumption.  McCulloch (2005) provides an estimate of methyl chloroform emissions from 1951 to 2000; his 1998 to 2000 estimates are shown in Figure 9.  The respective emission rates for 1998, 1999, and 2000 are 1.09, 0.97, 0.89 ppt/yr respectively.  A linear extrapolation of these estimates into the future is shown in Figure 8 below.
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Figure 8.  2000 to 2009 emission estimates used to fine tune the estimate for the atmospheric lifetime methyl chloroform. (1) zero emissions  , (2) linear decreasing emissions extrapolating from McCulloch (2001), (3) emissions fixed at 2000 estimate of McCulloch.  Three last data points (1998, 1999, and 2000) of McCulloch (2005) estimates for methyl chloroform emissions in ppt/yr are shown by large squares.  
We use the equation, 

0.89-0.10*(TIME-2000), 

for the 2000 to 2009 emissions.  The model is then run from 2000 to 2009 with different assumed lifetimes to determine the best value of lifetime, given this emission scenario, to use for our methyl chloroform simulation, and hence provide us with an estimate of its true atmospheric lifetime.  The initial concentration for these runs is set to 53 to match the year 2000 observations.
The results of five such simulations, using lifetime of 4, 4.5, 5.0, 5.5, and 6.0 years, are compared with observations in Figure 9.  These simulations are run with the Sensi-Specs command; see Stella help for a detailed discussion of how this work.  For this particular Sensitivity run select the Sensi-Specs command under Run Menu.  Click on lifetime at the left and then the double arrows (>>) to select it.  Click on the word lifetime in the Selected (Value) area, change # of Run to 5, Start: 4.0, End = 6.0, and select the increment radio control, and then click Set.  Now define graph (or table) to receive the output of the sensitivity run (5 runs one after the other in this case).  The graph below was made in Microsoft Excel after the table columns from the Sensitivity Run were pasted into Excel along with the Observations.
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Figure 9.  2000 to 2009 estimates of observed methyl chloroform concentration compared to five model simulation with different assumed atmospheric lifetimes.  The 2000 to 2009 emissions are assumed to linearly decrease to zero by 2009 [ 0.89-0.10*(time-year) ]. The simulation with a lifetime of 5.0 years provides the best agreement between model and observations.

With the assumption of a linear decreasing emission, a lifetime of 5.0 years gives the best fit to observations.  Although this (line 2 in Figure 9) seems like a more realistic estimate for the 2000 to 2009 than the extreme zero emission assumption it is worth while trying another extreme 2000 to 2009 emission scenario; a constant value of 0.89 ppt/yr (2000 emission) from 2000 to 2009.   The true values of the 2000 to 2009 will likely fall somewhere between the two extreme scenarios (line 1 and line 3 of Figure 9).  Running the model with the extreme scenarios provides a method to estimate a range in likely lifetime values.  Running the model with this third scenario gave a lifetime of 4.7 years as the best estimate (in a least squares sense).  In summary, the model simulations with the different emission scenarios shown in Figure 9 suggest that the atmospheric lifetime of methyl chloroform is 5.0 years (+0.5 yrs, -0.3 yrs).
Although the year to year emission estimates of McCulloch (2005) may be in error since they are based on a fairly simple model linking production to usage, the total emissions between 1989 and 2009 are much more certain.  Comparing the total emissions estimated by McCulloch with those simulated by the model offers an additional way to check out how well the model simulated emissions and assumed atmospheric lifetime agree with observations.  The emission estimates using the model structure of Figure 4 and the five lifetimes (4.0, 4.5, 5.0, 5.5, and 6.0 years) are shown in Figure 10 and are compared with the emission estimates of McCulloch (2005).
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Figure 10.  Emissions estimated from:  Methyl chloroform sales McCulloch (2005), and 5 different model simulations with assumed atmospheric lifetimes of 4.0, 4.5, 5.0, 5.5, and 6.0 year simulations: All simulations used the model described in Figure 4 and Appendix 5B.
An assumed lifetime of 5.5years provides the best agreement between model estimated emissions and the estimates of McCulloch (2005) in the sense that the respective 1989 to 2009 total emissions are 3.78 Tg and 3.81 Tg.  The 5.0 year lifetime simulation has the next closest total 1989 to 2009 emissions, 4.27 Tg, 12 % higher than the McCulloch estimate of 3.81 Tg.  
In summary the methyl chloroform model and observations have been used to obtain solid estimates of the global mean atmospheric lifetime of methyl chloroform and the yearly emissions between 1989 and 2009.   This comparison between model and observations suggests that the atmospheric lifetime of methyl chloroform is 5.0 years (+0.5 yrs, -0.3 yrs).  Further constraining our results by the total 1989 to 2009 emission estimates indicates a methyl chloroform lifetime value closer to 5.4 to 5.5 yrs.   Montzka et. al (2000) performed similar comparisons on data through 1999 and obtained a methyl chloroform lifetime estimate of 5.2 years (+0.2 yrs, -0.3 yrs).  Our results using more current data agree with their estimates.    It is worth reiterating that the lifetime of methyl chloroform is important to determine because it gives us insight into the hydroxyl radical which removes many pollutants from the atmosphere through oxidation.  
The estimate of the 1989 to 2009 emission history indicates rapid compliance with the Montreal protocol after 1993 and essentially complete phase out of methyl chloroform emissions.  The Montreal protocol is a good example of how international agreement can affect environmental change.   Although the problem of global warming is different in many ways from the ozone depletion problem, both are global environmental issues requiring international cooperation.   The successful ingredients of the Montreal Protocol will like add insights into future international agreements related to the global environment.

Questions.

1.  When the atmospheric concentration of methyl chloroform is in equilibrium the slope of the concentration graph vs. time is zero.  This means that the removal rate is balanced out by the emissions.  Use Eqn. 4 to estimate the emissions of methyl chloroform at equilibrium when the concentration is 130 ppt.  Do this calculation twice; first assuming an atmospheric lifetime of 5.0 and then 5.5 years.
2.  The concentration of a particular atmospheric trace gas [X] is shown below

    Year     [X] in ppm
  2005   379.76    

  2006   381.85    

  2007   383.71    

  2008   385.57    

  2009   387.35    
Estimate the average emissions for this gas between 2008 and 2009 assuming an atmospheric lifetime of 120 yrs.
3.  Build the Stella methyl chloroform model shown in Figure 4 and Appendix 5B.  Make a graph similar to that of figure 5 but instead of an assumed atmospheric lifetime of 6.3 years use and assumed atmospheric lifetime of 4.0 yrs.  What is the total squared error for this simulation?
4.  Build the Stella methyl chloroform model shown in Figure 4 and Appendix 5B.  Reproduce a graph similar to that of Figure 9.

5.  Build the Stella methyl chloroform model shown in Figure 4 and Appendix 5B.  Modify the model for the concentration of a different trace gas [Y].  The concentration of this gas from 1989 to 2009 is shown in the table below.  It is also known that the emissions of gas Y went to zero from 2002 to 2009 so the emissions flow shold look like

   emissions = if (time<2000)  then emm1 else 0
What is the atmospheric lifetime that provides the best agreement between observations and model concentrations?  For this lifetime what are the 1989 to 2009 emission rates, provide a graph? 
	Year
	[Y] (ppbv)

	1989
	10

	1990
	17.74

	1991
	26.22

	1992
	34.46

	1993
	41.74

	1994
	47.51

	1995
	51.37

	1996
	53.03

	1997
	52.26

	1998
	48.9

	1999
	42.83

	2000
	33.96

	2001
	25.2

	2002
	18.69

	2003
	13.87

	2004
	10.29

	2005
	7.63

	2006
	5.66

	2007
	4.2

	2008
	3.12

	2009
	2.31


6.  What problems do you have with finding the best fit lifetime when you do not know anything at all about the emissions?  That is you simply use

emissions = emm1 
for all years, instead of

emissions = if (time<2002)  then emm1 else 0
7.  After finding the correct lifetime (c) in question 5 above, make a sensitivity run using Sensi-Specs under Run menu to show the concentration of Y for 5 lifetimes, 0.4 yr and 0.2 yr below c, c, and 0.2 yr and 0.4 yr above c.   Present a comparative graph of concentration vs. time for these 5 lifetimes.

Selected answers.

1.  26 ppt/yr   and 23.6 ppt/yr

2.  

Between 2008 and 2009 assuming an atmospheric lifetime of 120 yrs.
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What is the total squared error for this simulation?  Square Error=230.5
5.  What is the atmospheric lifetime that provides the best agreement between observations and model concentrations?  Lifetime =3.4 years
 For this lifetime what are the 1989 to 2009 emission rates, provide a graph? 
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Your graph may not agree exactly with this but should be close.

6.  What problems do you have with finding the best fit lifetime when you do not know anything at all about the emissions?  That is you simply use

emissions = emm1 
for all years, instead of

emissions = if (time<2002)  then emm1 else 0
You can only get a maximum lifetime.  Lifetimes smaller that the maximum lifetime to get a good fit will also give a good fit.
http://www.geiacenter.org/reviews/mcf.html 
Appendix 5A.  Model equations for model structure in Figure 2 and model simulation shown in Figure 5.
[image: image31.jpg][ Atmospheric_WCF(t) = Atmospheric_MCF(t - dt) + (emissions - removal) * at
INIT Almospheric_MCF = 120
INFLOWS:
5 emissions = emm1
ouTFLOWS:
<5 removal = Atmospheric_WCFlfetime
O ifetime=63
@ emm1=GRAPH(TIME)
(1989, 235), (1990, 23.5), (1991, 23.5) (1992, 23.5), (1993, 20.0), (1994, 10.0), (1995, 4.00), (1996
E-5.00), (1897, 0.00), (1998, 0.00), (1999, 0.00), (2000, 0.00), (2001, 000}, (2002, 0.00), (2003, 0.00),
(2004, 0.00), (2005, 0.00)
@ WCF_Obsenvalion = GRAPH(TINE)
(1989, 121), (1990, 125), (1991, 128), (1992, 131), (1993, 134), (1994, 128), (1995, 116), (1996,
[ -103), (1997, 90.0), (1998, 77.0), (1998, 66.0), (2000, 53.0), (2001, 43.0), (2002, 36.0), (2003, 30.0)
(2004, 25.0), (2005, 21.0), (2006, 17.5), (2007, 14.9), (2008, 125), (2009, 11.0)





Appendix 5B.  Model equations for model structure in Figure 4 and model simulation shown in Figure 5.
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Appendix 5C Some trace gases and their atmospheric lifetimes.  Reproduced from fourth the IPCC assessment (2007) scientific working group Chapter 2.
	Trace gas
	
	Lifetime (yrs)
	
	

	Methane
	CH4
	12
	
	

	Nitrous Oxide
	N2O
	100
	
	

	CFC-11
	CFCl3
	45
	
	

	CFC-12
	CF2Cl2
	100
	
	

	CFC-13
	C2F3Cl3
	640
	
	

	Methyl chloroform
	C2Cl3H3
	5.2 (+.2, -.3)  *
5.5               **
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