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ABSTRACT 

A relatively simple climatic model based on the 
energy balance has been used to examine the climatic 
responses due to increases in carbon dioxide cco ~ ). 
Simulations concerning the CO ~ concentration. the cloud 
fraction and the ocean's mixed-layer depth were all 
performed using an IBM-PC personal computer. The results 
were intended to provide a better understanding of the 
processes involved in an EBM, as well as the importance of 
this type of model in simulating climatic responses. There 
were four main areas of study within the research centred 
around both a decrease and an increase in CO~ concentration. 
changes in the cloud fraction and the influence of the 
ocean's mixed-layer. 

• 
' 

The role of the oceans in the climate system is 
still somewhat of a mystery to most scientists. in terms of 
its affect on a CO~ enhanced climate. Changes in the cloud 
fraction serve either to enhance or suppress the effect of 
CO ~ on the surface temperature of the planet. This is 
dependant on whether the amount of cloud is reduced or 
increased. The focus of the study is based on the changes 
in carbon dioxide concentration levels. Simulations 
confirm, that when CO~ is reduced. the surface temperature 
will decrease as well. When CO is halved. the temperature 
decrease is 2.51 ° C. In contrast, when C0 1 is doubled the 
surface temperature rose by 2.91 °C . Thus. causing the 
present clay climate of the model to warm drastically. 

The reliability of the results proved to be 
difficult to assess. The model tends to overestimate 
decreases in temperature when co ~ is reduced in content. 
However. Burt's model does seem to accurately represent 
increases in temperature for 2xCO~ .The simulation results 
fall within a range defined by the results of selected 
radiative convective models CRCM). Nevertheless. there is a 
need for increased research in the area of effects . produced 
by other parameters on a CO~enhanced climate. 
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CHAPTER I 

INTRODUCTION 

The use of climatic models has contributed to the 

growth of physical climatology in the past, and appears to 

be the researcher's tool of the future as well. These 

models allow for the simulation, all be it imperfect, of our 

present day climate and the processes involved in this 

syster11. In the early stages of modelling, the basic goal 

was to try to simulate this "simple" system. However .• over 

time the researcher soon learned that this atmospheric 

s ystem was not s imple at all, but on the contrary very 

comp le>:. 

A. RESEARCH GOALS 

1. PAST RESEARCH 

Energy balance models were the first attempt at 

simulating the Earth-Atmosphere system. Sellers <1969) used 

a relatively simple climatic model <EBM> based on the energy 

balance. This model wa~ used to perform a series of 

numerical experiments. Specific information concerning the 

processes involved in changing climates were obtained as a 

result. In 1974, Sellers then chose to focus his attention 

I 
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on the effect of carbon dioxide variations on the results of 

a simple energy balance model. The model used in these 

simulations was a more efficient version of his previous 

one. 

Lian and Cess (1976> were involved in similar 

climatic work as well. They were studying the importance of 

energy balance models in simulating climatic changes. 

Thompson and Schneider (1979> and Gal-Chen and Schneider 

(1976> used an energy balance model to perform climatic 

simulations, however these did tend to emphasize seasonal 

e xper iments , rather than experiments designed to reach an 

equilibrium state. Most of the temperature results used to 

test the reliability of the test model are from simulations 

designed to reach equilibrium. 

2. THESIS 

The purpose of this research paper is to examine the 

reliability of a relatively simple climatic model with 

respect to a carbon. dioxide CCO'l,> induced atmosphere. The 

r e search examines how average global surface temperatures 

c hange as a result of the influence of in the 

atmospheric system. However . there are important factors 

wh ich interact with carbon dioxide in the Earth-Atmosphere. 

and they are also examined. The details of the research are 
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outlined later in this chapter. Such factors as the cloud 

fraction and the ocean's mixed-layer can also contribute to 

carbon dioxide effects on climate. It is the goal of this 

research to provide a better understanding of two specific 

areas; the processes involved in energy balance models and 

the importance of relatively simple models in simulating 

responses to CD.tinduced climatic changes. 

3. RESEARCH DESIGN 

The design of this research is based on two main 

areas of examination. n1e first centres around 

collection of temperature data from the test model. In this 

case the test model is a zero-dimensional energy balance 

model by Burt C1984>. Through a series of simulations. the 

test model will produce temperature data for an everchanging 

climate. The parameters within the model which are of prime 

importance are the carbon dioxide concentration. the cloud 

fraction and the ocean's mixed - layer depth. 

Dickinson (1982) performed a study on the increase 

in carbon dioxide concentration in the atmosphere and its 

relationship to other parameters. His experiments focused 

attention on the increase in carbon dioxide and the effects 

of interactions with other variables. The combined effects 

of C0 1 • the cloud fraction and the ocean's mixed-layer are 
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very important when examining an everchanging climate. 

Watts <1980> and Hunt (1981> also emphasize this point 

concerning carbon dioxide and related feedbacks in their 

research as we ll. 

The collection of past research temperature data is 

the final step before the model can be assessed for 

reliability. The main material of interest are the results . 

specifically the temperature results from the simulations 

for car bon dioxide increases. These simulations are from 

radiative convective models CRCM). These models tend to be 

more sophisticated because they usually involve more 

atmospheric feedbacks. as well as the dynamic process of 

convection . Howev e r. they still produce results which are 

comparable to those produced in the simulations in this 

research. Ramanathan and Coakley (1978) reviewed a series 

of results from radiative convective models. and their 

responses to increases in carbon dioxide concentrations. 

Augustsson and Ramanathan (1977), and Watts (1980) also 

contribut e important information concerning CO-induced 
~ 

temperature changes in RCM simulations. 
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CHAPTER II 

RESEARCH METHODS 

The research involved in this paper centres around a 

series of simulations using the test model. These are 

computer simulations which will be executed using an IBM 

personal computer. The software is known as EBM0.EXE, which 

is an executable file. The model parameters under 

examination in this research are the carbon dioxide 

concentration, the cloud fraction and the ocean's 

mixed-layer. There are other parameters involved, but these 

parameters remain constant at their standard values. When 

all of the necessary simulations have been completed, the 

results will be compared to RCM temperature results. in 

order to come to a subjective conclusion concerning the 

reliability of the model; in simulating responses to 

increases in co~. 

A. ENERGY BALANCE MODELS 

1. BACKGROUND 

Energy balance models are the simplest of the 

atmospheric simulation type models. These models enable the 

researcher to calculate the rate of change of the surface 



6 

temperature of a planet. A set of parameters are used to 

calculate the equations which underly the basic radiation 

components. The solar and longwave components allow for the 

calculation of the rate of temperature change to take place. 

Each of these components are computed for both cloudy and 

clear sky conditions. before they are combined to form the 

total radiation component. 

2. BURT'S EBM DESIGN 

The design of J.E. Burt's zero-dimensional energy 

balance model is based on the premise that the rate of 

change of surface temperature is indeed proportional to the 

difference between the solar and the longwave radiation 

components <Burt. 1984). The test model produces a set of 

climate data for each individual simulation. A simulation 

can involve all standard values for the parameters. an 

individual parameter change or even a change in several 

model parameter values. There are two different sets of 

parameters. The first is a set which controls the 

boundaries of the simulation. This includes the initial 

temperature. the duration of the simulation in years. and 

the time step involved. The second set of parameters 

control the actual output of data from a simulation. These 

parameters affect the temperature results and are discussed 

in detail later in this chapter. 
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3. MODEL PARAMETERS 

Once the first prompt appears on the screen, it is 

necessary to set the time scale for the simulations. For 

this research. it was deciclecl that a time period of 50 years 

would be used. This is considered to be an accurate period 

of time for a model atmosphere to reach equilibrium . This 

period of time allows for all of the atmospheric 

constituents to react to any perturbation. and again reach a 

steady state equilibrium. In addition to setting the length 

of the time period. the step or skipping of output years can 

also be set. In this case the step is set at a two year 

interval. This allows the user to identify the more 

dramatic changes in temperature, while at the same time 
t 

eliminating some of the repetative data for years after the 

model atmosphere has actually reached an equilibrium state. 

The next step is the option of setting a base 

temperature. This base temperature is used in order to keep 

the magnitude of all of the temperature results in 

perspective. The model has the ability to create its own 

equilibrium temperature of 15.38 ° C when all of the 

parameters are set to their standard values. This 

temperature in turn can be used as a base temperature. 

However. it was decided that a base temperature of 15.00 °C 
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would be just as acceptable. and this would allow for 

calculations of temperature changes to be more readily 

obtained. 

From this, the user's attention turns to the table 

of parameters. These parameters all have current and 

standard values listed, as well as the percentage change 

from the standard value <Figure 1). The main parameters 

which are of concern for this research are the co~ 

concentration. the cloud fraction and the equivalent mixed 

ocean depth. The carbon dioxide concentration level for the 

model has a standard value of 320 parts per million (ppm>. 

This is the approximate value for the present day level of 

co~ in the atmosphere. The cloud fraction is that portion 

of the sky covered by clouds and has a standard value of 

0.54. The equivalent mixed ocean depth is the depth of the 

layer of water directly below the surface. The standard 

value for this parameter is a depth of 75 metres. These are 

the key model parameters and their standard values which are 

under examination in this study. 

4. RESEARCH SIMULATIONS 

For this research. there will be a set of 6 main 

experiments. Within each of these experiments. there will 

be a number of simulations performed. Each simulation 
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produces a table of climate data <Figure 2). This table 

contains the year. the temperature, the change in 

temperature over time , the solar and longwave radiation 

components. the total cloud. the total albedo and the number 

of steps in each yearly calculation of the simulation. The 

column of interest for this research is the temperature 

column. This column shows the changes in temperature as the 

model atmosphere attempts to reach equilibrium. 

The fir s t experiment involves the testing of a 

hypothesis. This is a test to see if a decrease in carbon 

dioxide concentration can have the same magnitude of 

influence on a model atmosphere. as that of an increase in 

However, in this case the influence should not be to 

increase temperature, but rather to decrease the temperature 

of the planet. This is done by running three simulations 

with different COiconcentration levels. One is the standard 

value, while the other two are values of 240 and 160 ppm. 

If decreasing carbon dioxide in the atmosphere leads to a 

decrease in temperature. it will become quite evident within 

the output. 

The contrasting approach to the first experiment is 

the focus of the second. This experiment is one of the most 

widely examined in terms of climatic modelling because of 

its world wide importance. The increase of carbon dioxide 

in an atmosphere should lead directly to an increase in 
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temperature. It is important to note that for both of these 

experiments that all other parameters are held constant at 

their standard values. This experiment involves a total 

of 17 simulations. There is a simulation for each different 

carbon dioxide concentration level within a range of 320 to 

640 ppm. However. the interval of co~ levels is 20 ppm in 

order to highlight the temperature changes more readily. As 

indicated. the standard value for co~ is 320 ppm. while the 

doubling point is of course 640 ppm. The doubling point is 

the critical value of carbon dioxide in terms of temperature 

changes in the near future. 

Thirdly, this research centres around the effect of 

cloud cover in addition to carbon dioxide in a model 

atmosphere. The interaction or feedback between these two 

parameters could be very important in terms of altering 

future t e mper a tures. This section consists of three 

experiments. each with six simulations. The cloud fraction 

is set at three different values. while the 

concentration is allowed to increase at a step of 60 ppm 

from 320 ppm to the doubling point. The values for the 

cloud fraction experiments are its standard value of 0.54. 

as well as values of 0.49 and 0.59. This attempts to 

examine the influence of both an increase. and a decrease in 

the cloud fraction ; while carbon dioxide is increasing at 

the same time. 
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The last experiment involves the importance of the 

ocean's mixed-layer. In order to fully examine the impact 

of this parameter. a series of 11!> simulations were 

performed. Each simulation involved a different value for 

the mixed-layer depth of the ocean. The range of values 

used was between the standard value of 75 and a maximum of 

275 metres. For each depth. the CO~ concentration was set 

at the present day level (320 ppm), and at the doubling 

point of carbon dioxide (640 ppm). This was done in order 

to examine not only the influence of the mixed-layer on the 

present day CO~induced climate, but also on the climate of 

the future when the co~ level has doubled. 

B. BURT'S MODEL STRUCTURE AND EQUATIONS 

1. SURFACE TEMPERATURE 

The model is based around the idea that the rate of 

change of surface temperature CdT/dt) is indeed proportional 

to the difference between both the absorbed and the emitted 

radiation. The heat capacity of the planet is very 

important, and this controls the constant of 

proportionality. The heat capacity controls how the planet 

responds to changes in the radiation balance at the surface. 

In Burt's model. the heat capacity is defined in terms of 

the depth of the ocean's mixed-layer. This layer is assumed 
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to be well-mixed. and freely exchanging energy with the 

atmosphere above. Therefore. in the following equation. the 

depth of the ocean's mixed-layer in metres can be seen as 

the parameter h. The equation is as follows 

dT/dt = <S-F)/(0.19h) [1] 

where S is the absorbed solar radiation and F is the 

longwave radiation emitted to space. Both of these 

parameters are expressed in Watts per square metre. The 

rate of change of the surface temperature CdT/dt) is 

measured in degrees Celcius per year. Both the solar and 

the longwave terms can be expressed as functions of the 

cloud parameter. 

2. THE OCEAN•s MIXED-LAYER PARAMETER 

As previously mentioned. the ocean's mixed-layer 

parameter controls the heat capacity in the model. The 

mixed-layer is the layer or depth of ocean water which is 

directly below the surface . This layer is assumed to be 

well mixed at any given time . This layer can be considered 

the equivalent of the troposphere. in terms of mixing within 

the ocean. This parameter has a standard value of 75 

metres. but this is actually a very conservative estimate of 



the ocean's true ffiixed-layer depth. 

3. SOLAR RADIATION 

As stated above. the solar coffiponent can be 

calculated separately for both the clear and cloudy 

fractions of the planet. Therefore. the equation is as 

follows 

[2] 

where S is the total absorbed solar radiation in Watts per 

square ffietre. As well, s , and S 0 are the absorbed solar for 

each of the cloudy and the clear portions of the atmosphere. 

respectively. 

Turning attention towards the calculation of solar 

radiation for the cloudy fraction of the atmosphere. the 

important parameters are the actual cloud fraction. and the 

albedo of the cloudy fraction of the sky. Thus, the amount 

of solar radiation absorbed by the cloudy fraction is 

[3] 
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where s is the solar constant in Watts per square metre. 

Cloue:I fraction is expressed as n, but this is also a 

calculated value which will be explained in a lat.er section. 

Similar to the cloud fraction term. is the albedo parameter 

for t h e cloudy fraction. The value for a c will also be 

e xplained i n a later section. 

Using the symbols that were defined earlier, the 

equation for the absorbed solar for the clear portion of the 

sky is 

[4] 

where s is again the solar constant. This time the clear 

fraction is calculated by subtracting n from a value of 1 

< 1-n >. The albedo a 0 is of the surface and of the clear 

atmosphere together. 

4. THE CLOUD FRACTION PARAMETER 

The fraction of the planet covered by clouds is the 

equivalent of the "normal" cloud amount n• .. plus any change 

in cloudiness produced by changes in temperature. n ' . Thus .. 

the resulting equation is 
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n = n"' +ri"' [5] 

The temperature-induced change is proportional to 

the decrease of temperature from standard conditions. This 

results in the calculation of n ' by way of the following 

n ' = CT-T "' )nT [6] 

where T is the actual current temperature in degrees 

Celcius. The equilibrium temperature T* when under standard 

conditions. and ny is the strength of the temperature-cloud 

feedback. 

5. THE ALBEDO PARAMETER 

Like the cloud fraction parameter. the albedo of the 

planet is defined as the sum of the 11 norri1al 11 value and a 

resultant of a temperature-induced change due to a decrease 

in temperature. Albedo is calculated using equations for 

both the cloudy and the clear portions of the atmosphere. 

Therefore. the following equation for the cloudy portion is 

... . 
a , = a c. +( T-T >ar [7] 
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wr1ere ac * is. the "normal" cloudy sky fraction albedo and a"c. 

is the temperature-induced factor written as CT-T ~ Jay. This 

part of the equation contains the current temperature T, the 

equilibrium temperature under standard conditions T•, and 

the temperature-albedo feedback. a T. 

There is also an albedo equation for the clear 

portion of the atmosphe re. This is once again the sum of 

the unperturbed value, and the temperature-induced change 

resulting in the following 

[8] 

where a~ is the "normal" clear sky fraction albedo and a~ is 

the temperature-induced factor written as CT-T*>a,-. 

6. LONGWAVE RADIATION 

As indicated earlier. the longwave radiation 

component can also be divided into two separate expressions. 

There are separate calculations for both the cloudy, and the 

clear portions of the atmosphere. 
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F = F, +F0 
[9] 

The longwave component F consists of both the cloudy 

portion calculation Fe , and the calculation for the clear 

port ion of the sky as well, F0 In order to calculate the• 

longwave radiation emitted to space. it is first necessary 

to make a series of assumptions. 

It is assumed that clouds are completely black to 

emission of longwave radiation from the surface. This 

should create the situation where the cloudy portion clouds 

are the only source of radiation to space. There is a 

further assumption that the clouds radiate at a rate that is 

proportional to the surface emission. Thus. cloud emission 

is some constant fc:. times the surface emission Fs. Surf ace 

emission is itself computed from surface temperature values 

under the assumption that the surface also emits as a 

blackbody. 

Of the radiation emitted to space by the clouds. 

some fraction e , is absorbed by the atmosphere above the 

clouc:ls. The resulting fraction is ec subtracted from the 

value 1 (1-ec>• which escap=es to space. 

Fe.. = n( 1-ec.. >fc...Fs RCO~ [ 1 QI] 
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In this equation. n is again the cloud fraction, ec• 

fc. and F~ have already been previously defined. The only 

parameter left to be defined is RCOl.. This is the factor 

which accounts for varying carbon dioxide concentrations in 

The components of this factor will be 

outlined in the next section. 

As stated above, the surface is considered to be a 

blackbody emitting at a rate proportional to T¥. The 

variable Ty is the temperature of the surface of the planet 

in degrees Kelvin to the power of four. Of that portion 

which is emitted, the atmosphere absorbs a fraction e. 

allowing the remainder <1-e 0 ) to escape to space. It is 

assumed that the clear atmosphere emits radiation at a rate 

proportional to the surface emission. The carbon dioxide 

factor again modifies the longwave radiation flux. The 

result is 

F0 = ( 1-n) [ ( 1-e0 )+f 0 JFs RC01. [11) 

where is the clear atmospheric emission and Fs is oncef 0 

more the surface emission. 
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7. THE C0 1 CONCENTRATION PARAMETER 

The carbon dioxide parameter is the centre of this 

entire research. The effects that CO~ have on climate are 

of prime importance in this particular study. In Burt's 

model . the carbon dioxide factor is handled in the following 

manner. Both of the longwave radiation fluxes are modified 

by the factor RC0 1 • This factor accounts for varying carbon 

dioxide concentrations in the atmosphere. This factor is a 

function of both the C0 1 concentration. and a parameter 

known as FCO~ . The FC0 1 parameter expresses the relative 

importance of carbon dioxide to longwave radiation. The 

standard value for this parameter is 1.0. such that each 

doubling of carbon dioxide concentration leads to a 

temperature increase of approximately 2.5 ° C. However. this 

affect can be greatly enhanced when other parameters are 

combined with an increase in co~ . 
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CHAF"TER III 

DISCUSSION OF RESULTS 

As previously mentioned, this research is based 

around a small set of climatic experiments. These 

e xperiments. containing several individual simulations, were 

performed to learn more about how an atmosphere responds to 

CO-i nduced perturbations. The results of all of the 

simulat ions using the test model will be discussed in detail 

in the succeedi ng sections. 

A. MODEL SIMULATIONS 

1. DECREASING co ~ CONCENTRATIONS 

The first experiment involved the investigation into 

an int r iguiung question. If the assumption is made , based 

on simulation evidence, that an increase in carbon dioxicle 

leads to an increase in surface temperatur e . then ultimately 

a decrease in CO 'l.. s hould lead to a decrease in temperature. 

Therefore. t h is was the main aim of the first experiment. 

Ther e wer e three simulations involved in order to test this 

h ypothesis. The carbon dioxide concentration level was set 

at its standard value of 320 ppm, as well as at levels of 

240 and 160 ppm. The model was then set into its simulation 
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mode. p r oducing three sets of different results <Table 1). 

The carbon dioxide concentration is at its standard 

level of 320 ppm. and all other parameters are held constant 

as we ll . The out put of temperature data for the 50 year 

equilibrium period shows the following. The temperature 

star ts at 15.00 ° C, and at the end of 50 years it had reached 

a temperature of 15.38 °C. However. the actual temperatures 

are not r eal l y important. due to the use of a base 

temperature. The impor tant element in the output is that 

t here was a temperature increase of 0.38 ° C. When all 

conditions f or the model are standard .. the CO ,.. level is 

s ufficient to raise the temperature of the surface. This 

scenario is a model representation of the present day 

c l imate wher e the atmosphere is slightly enhanced by carbon 

dio:dde. 

The car bon dioxide concentration level was then 

decreased by 80 ppm to a level of 240 ppm. n1is was the 

first step in the investigation into whether a decrease in 

CO~leads directly to a decrease in surface temperature. 

Again. s tarting at the base temperature of 15.<!><!> ° C .• the 

simulation proceeded to equilibrium. However. this time the 

teri1peratur e did not increase slightly. but actually 

dec r eased. The final temperature for year fifty was 14.23 

~- Th is indicated that for a concentration of 240 ppm, the 

temperature decreased 0.77 0 C. To be sure that this was the 
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trend expected. the concentration level was again decreased. 

Finally, the CO~concentration was set at a value 

which was half of the present day value. The level was set 

at 160 ppm. and the trend held true. The final output 

temperature in this case was a value of 12.49 °C. This was a 

dramatic decrease in temperature. Using the base 

temperature. it was calculated that there was an actual 

temperature decrease of 2.51 
0 c. Thus, indicating that as 

the concentration decreases. the temperature decreases at 

almost an exponential rate . The temperature profiles for 

all three simulations can be seen in Figure 3. 

2. INCREASING co~ CONCENTRATIONS 

The main experiment in this research was to examine 

the effects on surfac e temperature. as the carbon dioxide 

increases to its doubling point . Therefore. this experiment 

contains a series of simulations where the co~ level 

gradually increases from the present day level. The 

simulations begin with the CO~ level set at 320 ppm. and all 

other parameters are at their standard values. The 

concentration is allowed to slowly increase at an interval 

of 20 ppm <Table 2abc). 

The results for a concentration of 320 ppm have 
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already been discussed. The results indicated that this 

value raises the surface temperature slightly by <!>.38°C from 

the base temperature. The trend that should appear is that 

as CO l.. increases, the temperature should also increase. 

This trend does occur as the temperature increases slightly 

for every increase in the carbon dioxide concentration. If 

the midpoint between the present day equivQ...le.t\i: and the 

doubling point of CO~ is examined, the results indicate an 

increase of 1. 91 °C. If we recall the magnitude of the 

temperature decrease for the midpoint between 320 and 160 

ppm, the decreQSe. was only 0.77°CC240 ppm). This indicates 

that the response of the model atmosphere is even more 

dramatic for large increases in carbon dioxide in terms of 

temperature changes. 

When the doubling point of carbon dioxide is 

reached, the result is very clear. If the concentration is 

doubled to a level of 640 ppm, the temperature is increased 

from the base temperature to a temperature of 17.91 
0 
C. This 

is an overall increase of 2.91°C in surface temperature. 

The doubling of the CO~level has caused the atmosphere to 

respond by increasing the surface temperature in order to 

maintain equilibrium. The temperature trends are very 

dramatic .. and illustrate the profound impact of CO ::i... on the 

temperature of the surface <Figure 4). 
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3. THE CLOUD FRACTION 

The importance of the cloud fraction was the next 

set of experiments. This involved the examination of 

different cloud fraction values for an atmosphere with 

increasing carbon dioxide. The three cloud fraction values 

wer e 0.49. 0.54 and 0.59. These indicate the percentage or 

fraction of the sky considered to be covered by clouds. For 

each e xper imental value . simulations were run for increases 

in car bon dioxide. These simulations began with the 

sta ndard value and proceeded to the doubling point. The 

output data from the simulations can be seen in appendix B 

<Tables 3-5). 

The first experiment made use of a cloud fraction 

value of 0.49. The CO~ concentration was allowed to 

increase from 320 to 640 ppm, while all other parameters 

were held constant. The simulation data shows that for a 

concentration of 320 ppm, the temperature increases 2.69 °c. 

This change in cloud fraction has produced a temperature 

increase almost equivalent to the effect of doubling the 

amoun t of CO~on the present day atmosphere. When the carbon 

d iox ide concent r ation is doubled to a value of 640 ppm, the 

temperature inc r ease is an incredible 5.20°C. This is 

almost a doubling of the increase in temperature for when co~ 

is 320 ppm. This results in creating a larger net radiation 

flux. The difference between S and F in equation 1 is now 
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larger. creating an increase in temperature. 

When the value for the cloud fraction is returned to 

its standard value. the results are quite different. The 

temperature is still increasing as a result of carbon 

dioxide. but the magnitude of the increase is approximately 

4Q>/. sma l l er . The cloud fraction creates results that have 

already been displayed in the previous section. However . 

this time the important element is not the CO ':L- but the 

cloud fraction itself. The standard value creates only an 

increase of 2.91 °C for a doubling of co~ . The difference 

between the two radiat ion components has now decreased. in 

turn causing the temperature to also decrease. 

The last of the cloud fraction experiments was based 

on an increase in clouds in the sky. The cloud fraction was 

raised to a value of 0.59. This caused a dramatic change in 

the temperature results. which had previously been seen. 

The temperature actually decreased for a CO~ value of 320 

ppm. The decrease was in the magnitude of 2.03°C. This was 

completely opposite to all other cloud fraction findings. 

When CO~ was doubled. the temperature only increased 0.52 
0 

C. 

In fact. the temperature only began to increase when the 

carbon dioxide concentration reached a level of 56Q> ppm. 

Befor this point. the temperature was always less than the 

base temperature of 15.00 °C. This indicates that when the 

cloudiness increases to 0.59. the col. concentration must be 
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at least 560 ppm to offset the clouds influence on the 

temperature regime. The increase in clouds has caused the 

amount of longwave radiation emitted to space decrease. 

leading to an increase in surface temperature as the 

atmosphere attempts to reach equilibrium. The temperature 

profiles for the three cloud fraction values for a 

CO~induced atmosphere. are illustrated in appendix c 

<Figures 5-10) . 

4. THE OCEAN'S MIXED-LAYER DEPTH 

The last of the experiments was done to investigate 

the influence of the ocean's mixed-layer on a CO~induced 

atmosphere. This involved ten simulations. 2 for each 

specific mixed-layer depth. The depths used were 75. 125. 

175, 225 and 275 metres. For each depth the carbon dioxide 

concentration was set at the standard value. as well as the 

2xCO~ level <Table 6ab). This was done to try and examine 

how the ocean reacts to the present climate. and a CO~ 

enhanced climate. 

The best way to examine the output. is to look at 

each carbon dioxide concentration for all of the depths. 

The standard value is still 320 ppm for CO~. and the depths 

range from 75 to 275 metres. The depth of the mixed-layer 

seems to have absolutley no effect on the model atmosphere. 
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until the depth reaches the maximum value of 275 m. At this 

point, the ocean causes the system to take a long period of 

time before it regains equilibrium. There are indications 

that the oceanic system is attempting to try and stay in 

equilibrium at a depth of 175 m. However, the model system 

does maintain equil i brium within the fifty year time period. 

At the maximum depth, the temperature actually decreases 

0.01°C by the time equilibrium is reached <Figure 11). 

The simulations for the 2xCO~ concentration level 

were very similar to that of the standard value. There were 

no changes in the equilibrium temperature for any of the 

depths , except for the maximum of 275 m. The temperature 

seemed to decrease only slightly in magnitude from previous 

2xCO~ experiments. The equilibrium temperature varied 

between 17.91 and 17.89°C for the four shallower depths. 

When the mixed-layer was extended to a depth of 275 metres, 

the t emperature for the model atmosphere still increased, 

but to a smaller magnitude. The equilibrium temperature 

this time was only 17.85°C. This value was 0.04°C less than 

the normal temperature for an atmosphere which experienced a 

doubling of carbon dioxide. The temperature trends 

illustrate this decrease in the CO~influence on the surface 

temperature <Figur e 12>. 
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B. RADIATIVE CONVECTIVE MODEL RESEARCH 

1. BACKGROUND ON RCM'S 

Radiative Convective Models are somewhat different 

from the simpler energy balance models. These models are 

one-dimensional, this being in the vertical direction. They 

involve numerous feedback mechanisms as well as the process 

of convection. This dynamic process is important ta the 

mixing of the atmosphere. It is also important in 

determining the surface temperature of the planet. RCM's 

produce temperature results far what is called the skin 

temperature of the planet. This can be considered the 

equivalent of the global surface temperature calculated by 

an energy balance model. 

There are four areas of results which must be 

addressed. These of course are decreases and increases in 

carbon dioxide, changes in the cloud fraction and the 

influence of the ocean's mixed-layer. Results produced by 

radiat ive convective models will be examined in these three 

areas. It is from this research, that a judgement of 

reliability concerning the test model can be concluded. 

The results obtained far comparison are from a 

selected group of radiative convective models. These models 

were chosen based on their sound research, and not far their 
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specific findings. These models all produce a range of 

temperature results, due to feedback and convection 

processes. 

2. DECREASING THE C0 4 CONCENTRATION 

There have also been experiments done to examine the 

relationship between decreasing carbon dioxide 

concentration level and the surface temperature response. 

These experiments concentrate on a 1/2xC0 1 scenario, where 

the level of carbon dioxide would be 50% of the present day 

level <Table 7). Manabe and Wetherald (1967> performed this 

simulation along with the 2xCO~ scenario. They used two 

different types of RCM's which produced average surface 

temperature decreaser of 1.25 and 2.28~. In another study 

by Sell e rs (1974), he used his revised version of a previous 

climatic model. From the results of the simulations 

performed concerning decreases in carbon dioxide. he 

produced a value of 1.64 °C. This result indicates that 

there would be a decrease in temperature. if the level of co~ 

was cut by half. 

3. INCREASING THE co~ CONCENTRATION 

The following models all completed simulations 
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concerned with a doubling of co~ in the atmosphere. Thus .. 

this will be the main focus when € "1-°'-Yt\\t\i. ng the teroperature 

results produced by the test model. Manabe and Wetherald 

C1967>, used their RCM to calculate the surface temperature 

effect of a doubling scenario. Premised on the thermal 

equilibrium of the atmosphere, the model produced this 

result. For a doubling of carbon dioxide within the 

atmosphere, the temperature change at the surface would fall 

within a range of 1.33 to 2.92 °C. In addition , Manabe 

(1971> again attempted to answer this question. The result 

this time was a single value of 1.9 °C. The other models 

calculated the temperature for a 2xCO~ scenario to be within 

a range of 0.69 to 3.2 at maximum. The specific results for 

Hunt (1981), Hansen et al. <1981) and others can be seen in 

table 8 (Appendix D>. The main conclusion that can be drawn 

from these results is that there is a wide range. This is 

partly the resul t of convection on the model atmosphere, but 

mostly because each of these models are attempting to 

simulate the system differently. Not all of the RCM's use 

all of the same processes, and feedbacks as the others. 

After all, these are models which are attempting to simulate 

a part of reality in an imperfect way. 

•'J CLOUD FRACTION CONCLUSIONS-·· 

In terms of examing results for cloud effects on 
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COi"induced atmospheres. the past research is somewhat thin. 

However. Dickinson ( 1'38 -:z. ) was able to come to some 

conclusions based on his analysis of RCM's. He concluded 

that clouds do not only serve to trap radiation, but also to 

effect the albedo of the system. A decrease in cloud cover 

directly decreases the reflectivity of the planet. This in 

turn increases the amount of radiation initially received at 

the surface of the planet. Dicki"son suggested that if the 

cloud fraction increased by only 1% .. the absorbed solar 

would increase, while the longwave radiation component would 

actually decrease in magnitude. This would result in the 

warming of the climate as the system would increase the 

surface temperature to remain at equilibrium. At this point 

in time, it is not known to what extent cloudiness might be 

able to change climate, if the change in cloud cover was 

much larger. 

4. THE ROLE OF THE OCEANS 

The oceans comprise about 70% of the earth's surface 

and provide an even larger fraction of the total water· 

evaporated into the atmosphere (Dickinson, 1'38 2.) • In the 

climate system, the ocean is the lower boundary, where 

energy, heat and moisture are exchanged with the atmosphere. 

In terms of the oceans influence on temperature. the 

conclusions seem to be weak. There aren ' t any real concrete 
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conclusions concerning the magnitude of the influence of the 

mixed-layer. However, it has been suggested that there is a 

delay of about several decades concerning a CO~climate 

change. The mixed-layer has the capacity to store large 

amounts of heat, and this tends to slow down the dramatic 

effect of a carbon dioxide induced atmosphere. At present, 

there are attempts being made in order to examine the 

thermal adjustmen t of the ocean <Dickinson, 1982 ) , but these 

require much more sophisticated models known as general 

circulation models CGCM>. 

C. RELIABILITY OF BURT'S EBM 

1. ASSESSMENT OF RELIABILITY 

The test model has been used to perform a series of 

major experiments concerning the influence of carbon 

dioxide. Some of the experiments focused only on CO~ , while 

others examined the combined effects of co~ and other 

parameters . The results for a ll of the simulations have 

been document ed. In addition, past research material using 

radiative c onvec tive models CRCM> has also been detailed in 

reference to the model experiments. However, only two of 

the four sections can be assessed, and these sections will 

decide the question of model reliability. 
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The results for decreasing the standard value of 

carbon dioxide to half for the test model tene:I to be 

slightly larger than those for selected RCM's. f':eca l l .• that 

the values for specific RCM's fell within a range of 1.25 to 

2.58 °C • for a decrease in temperature. The value obtained 

from the simulations was 2.51 ° C. This is a larger decrease 

in temperature \ than most other mode l s predict. This could 

be the result of only limited feedback processes within the 

model. It may not be able to accurately simulate climatic 

conditions which existed in past history. Therefore.. based 

on limited past research into the 1/2xC01 climate scenario. 

the reliability of the model is slightly weak. It has the 

tendency to over compensate in terms of decreasing surf ace 

temperature. when CO~ is halved. 

The second area to be assessed for accuracy are the 

temperature results produced from the simulations involving 

increases in co ~ . The main focal point is the simulation 

result for a doubling of carbon dioxide. The results 

compiled from past research for selected models produced a 

range of values. However, the range for increases in 

surface temperature can be defined as between 0.69 to 3.5 °C. 

This is a wide range, but the results are for several 

cliff erent F~CMs . The test model experiment produced an 

increased temperature value of 2.91 °C. This value does fall 

within the upper limit of this "acceptable" range. Thus.. it 

can be concluded with a certain degree of accuracy that the 
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test model is reliable in simulating increases in surface 

temperature for a doubling of C0 1 • 
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CHAF"TER IV 

CONCLUSIONS 

The goal of this research was to provide a better 

understanding of both the processes involved in EBM's, as 

well as the importance of these relatively simple models in 

simulating responses to increases in carbon dioxide within 

the atmosphere. Through the use of computer simulation and 

past research. hopefully these goals have been acheived. 

A. SUMMARY OF SIMULATION RESULTS 

The results of the simulations produced four main 

conclusions concerning increases in co ")., in the 

earth-atmosphere system. These were 1) that a decrease in 

the level of C~in the atmosphere will lead to a decrease in 

the surface temperature of the planet, 2) by increasing 

carbon dio:<ide to the doubling point. the surface 

temperature can be raised 2.91 ° C. Th irc:ll y. 3) the cloud 

fraction can enhance or depress the effects of carbon 

di o:<i de, depending on whether the cloud fraction is 

decreased or increased and 4> that the ocean's mixed-layer 

does not alter a CO~induced climate. unless the depth is 

sufficient to store a large amount of heat created by an 

increase in temperature. These are the general conclusions 
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from the set of simulations performed f or this research. 

B. RCM RESEARCH SUMMARY 

The results summarized in tables 7 and 8. indicate 

that many researchers are obtaining surface temperature 

results within the same range. The data concerning the 

1/2xCD1 scenario fall within a range of 1.25 and 2.28 °C. for 

a decrease in temperature. In terms of the 2xCO~ 

experiments. the range of values is slightly larger. There 

is a minimum of 0 . 69 and a max i mum temperature increase of 

3.5 °C. This is a wide range. but the results are all 

obtained using different radiative convective models <RCM> 

with variations in the amount of atmospheric processes 

involved. 

C. RELIABILITY OF THE MODEL 

The reliability of the test model was only 

investigated based on two of the four experiments. This was 

the result of a lack of concrete research in the areas 

concerned with the influences of other parameters in 

affecting changes within a CO~induced atmosphere. However. 

the reliability was still assessed. and the basic conclusion 

is that the model is accurate in its ability to simulate 
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increases in carbon dioxide in the atmosphere. In contrast.• 

it tends to simulate decreases in co~ within the atmosphere 

with less accuracy. The surface temperature results fall 

within the range defined by selected RCM's examined for 

increases in C0 1 • Unfortunately, the value for the 1/2xCO~ 

experiment was slighty larger than the maximum range value 

for decreases in surface temperature. Therefore. the 

general assessment is that Burt's model is quite reliable in 

simulating increases in co~ • and this is important because 

this is the direction of continuing research in climatic 

modelling. 

D. GENERAL ASSESSMENT OF THE STUDY 

This research was able to cleary fulfill its first 

goal. That being, to provide a better understanding of the 

processes involved in energy balance models <EBM>. However. 

in order to truly complete the second aim. it is necessary 

to further research the importance of other parameters in 

affecting a COiinciuced atmosp~1ere. When this is done. only 

then can a true assessment of reliability be performed on 

any type of climatic model , and not just the simpler energy 

based types. Thus. Burt's model does provide a method of 

simulating responses to climatic changes due to increase in 

carbon dioxide with a reasonable amount of accuracy. 
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APPENDIX A 

NOTATION FOR ALL EQUATIONS 



NOTATION FDR ALL EQUATIONS 


dT/dt Rate of change of temperature <° Cyr - 1> 

s Absorbed solar radiation <Wr.-(1· ) 


Sc. Absorbed solar radiation by cloudy portion <Wm~) 


So Absorbed solar radiation by clear portion <Wm~> 

F Emitted longwave radiation <Wm~> 


Fe. Emitted longwave radiation by cloudy portion cwm-l.> 

Fo Emitted longwave radiation by clear portion cwm-'l-> 

n Cloud fraction 

n¥ Normal cloud amount 

n' Cloudiness produced by temperature change 

nT Temperature-cloud feedback 

T Current temperature C° C) 

T"' Equilibrium temperature C°C> 

ac. Cloud sky fraction albedo 

a~ Normal cloud sky fraction albedo 

a~ Temperature-induced albedo factor for cloudy sky 

a o Clear sky fraction albedo 


Normal clear sky fraction albedo 
ao Temperature-induced albedo factor for clear sky 
a r Temperature-albedo feedback 
ec. Longwave absoption above the clouds 
eo Longwave absorption of clear atmosphere 
fc.. Cloud emisssion of longwave radiation <Wm~> 
fo Clear atmosphere emission of longwave <Wr.-t1

) 

Fs Surface emission <wm-i> 
h Depth of ocean's mixed-layer <m> 
s Solar constant <wm-l-> 
RC0 4 Carbon dioxide concentration factor 

a~ 

vii 
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APPENDIX B 

MODEL DESIGN AND SIMULATION DATA 



LIST OF T ABLES 


TABLE 1. 	 Decreasing levels of carbon dioxide concentrations 

TABLE 2a. 	 Increasing levels of CO~from the standard value of 
320 ppm, to a concentration of 420 ppm 

TABLE 2b. 	 Increasing levels of CO~from a level of 440 ppm. 
to a concentration of 540 ppm 

TABLE 2c. 	 Increasing levels of CO~ from a level of 560 ppm. 
to the doubling point of 640 ppm 

TABLE 3. 	 Cloud fraction of 0.49 for an increase in co ~ to 
the doubling point 

TABLE 4. 	 Cloud fraction of 0.54 for an increase in C04 to 
the doubling point 

TABLE 5. 	 Cloud fraction of 0.59 for an increase in co~ to 
the doubling point 

TABLE 6a. 	Changes in depth of the ocean's mixed-layer 
(75- 175 m)for both lxCO~ and 2xCO~ 

TABLE 6b . 	 Changes in depth of the ocean's mixed-layer 
(225-275 m>for both lxCO~ and 2xC0 1 



====================================================== 
YEAR T T2 T3 

===================~=====;:::;======================== 

0. c0 15.00 1?.GO l? . 00 z.co 15.16 l<t . 67 1J . 4 3 
'1. 0 0 1 5 o Lb 14.<to 1J • .:l2 
6.00 15. 31 14.37 lL . 97 
8.00 15.34 14.j1 1 c::. 77 

10.CO 15.36 14. 27 lL . 65 
12.00 1 5 • .3 7 14.25 li . 59 
14.00 15.37 14 . 24 le:: . 5 5 
16.00 15. 38 14 . 23 12.?2 
lb.0') 15.38 i4 . 23 l t. • , 1 
20.00 15.33 14.23 lt. . 'JO 
22.00 15.38 14 . 23 lt. . 'JO 
24.01) 15. 38 14 . i J lc:: . ::>C 
26.CO 15.38 14 . 2.:l lL . ?0 
28.00 l ::>. 3 8 14 • L 3 lc:: . ?0 
30.00 15.J8 1 't • .:: 3 12 . 50 
32.00 1:;.. 38 14 . 2 3 lL . 49 
34.CO i:.. 38 J.<t . 23 1.:'. . 49 
3b.OO 15.38 14 . 23 12 . 49 
~b.00 1:,.35 14 . 23 1 t. . 4 q
4 o. 00 15. 38 14.l.:3 12 . 49 

~ 
4 (..co 15. 38 1'1 . 23 1 (. • 4 9 
4 ,, • c0 15.38 l<t.2J 1(. . 49 
46.00 15.38 1 4 . 2 3 lL . 49 
48 . 00 15.38 l<i . 23 1t. . 4 q
SC.CO 15. 38 14 . 23 lL . 49 

TABLE l. . Temperatures resulting from aec r eases i n ca r bon 
d1oxic" cor.centrations for a 50 yea r egui l ib riu m 
perioo. ~onc~ntrat1ons are 32v µpm ( Tll , 240 
pprn(T~, ' arid 160 pum(TJl cu.roon c 1ox 1de. 



------------------------------------------------------------------------------------------

============~============================================================================= 
Y E.l.R Cl CZ 	 C3 C4 C5 C6 

===========================================;============================================== 
o.co 15 . 00 l~.00 1'.00 15. 00 15 . 00 15.00 
z.co 15. 16 1?.26 l?.36 15. 44 1 5 .53 15.60 
4.00 15.26 15.41 1?. ?6 15.70 15. 8 3 15.95 
t.00 l '.:i. 31 15.50 l?.68 15.85 16.00 16.15 
8.00 1 5 I 34 15.55 l?.75 15. 9 3 16 . 10 1b.27 

10.00 15. 36 15.58 l?.79 l?.98 10.16 lb.3j
12.00 1 5. 3 7 l?.oO 1'.tsl lb.01 16.19 16 .37 
14.00 15.37 15.61 1?.62 16.02 16.21 16.39 
16.CO 15.38 15.bl l?.b3 16.03 16.22 lb .4 0 
18.00 15.3 8 l j. 61 l?. 0 3 · 16.04 16.23 16 .41 
20.00 15. 38 15.62 1? . 84 16 . 04 16 . 23 16.41 
22.00 15.38 15.62 l?.64 lb .04 16. 24 16 .42 
24.00 l '.). 38 1 5. 62 1? . b4 16.04 16.24 16.42 
26.00 15. 38 15.b2 l?.84 16 . 04 1b.24 16.42 
2ts.OO 15.38 15.o2 15. d4 16.04 16 . 24 lb.42 
30.00 15. 38 15.62 15.84 16 . 04 1 &. 24 lb.42 
32.CO 11).JB 15.62 l?.84 lb.04 1 b . 24 16. 4 2 
34.00 15. 38 15 .b Z 1 '.). b4 lb.04 16.24 lo.42 
36.00 15. 38 l '.:1. 6 2 l? . b4 1b.04 1 b . 24 lb.42 
38.00 15.38 1?. b 2 1? . 84 lb.04 16.24 lo.42 
4 0. 00 15. 33 l~.62 1 ~. d4 16 . 04 lb.24 lb.42 

'.)( 42.00 15 .J8 15.62 l?.84 lb.04 16. 24 16.42 
44.00 15.38 1 5 . 62 1?. 84 16. 04 16.24 lb.42 
46.CO 15. 38 15.b2 1?. d4 16.04 lb. 24 16.42 
48.00 15.38 l:...t.2 l '.:1. 84 lb.04 16.24 1b.42 
" O.CO 15. 3e 15.6i 1'.84 1b.04 16. 24 lo.42 

T ABLE 2 ~. 	 Tem peratures resulting from incredses in carbon dioxide concentrations 
for a 50 yedr egu1libr1um period . Concentrations range from 320 ppm
( C 1 l t 0 ': '- 0 p µ m I C 6 l ... 1 t h d n i n t e r v a l o f 2 0 p p m c a r b o n d i o x i a e • 



=== ====================;=========================== == ==== == ===== ========================= = 
YEAR C7 Cb 	 C9 Cl O Cl l Cl2 

==== ===== ================================= ==== ====== == ========== ========================== 
o.co 15.00 15 . 00 l :> . 00 1 ? . 00 1 5 . 0 0 15 . 00 
2 . 00 15.68 15. 74 1 5.l:ll 15. 87 1 5 . 93 15 . 99 
4 . 00 16.07 lb . 17 lb . 28 16 . 38 16.47 lo . 56 
6.CO 16.29 16.42 lb . ':> 5 16. 6 7 16 . 78 16 . 89 
8 . 00 lb.42 lt . 56 lb .7 0 16 . 8 3 16 . 96 17 . 08 

10.00 lb . 49 lo . b5 lb . 7 9 16. 9 3 17 . 06 17 . 18 
1 2 . 00 16 . 54 16 . 6 9 l b . 84 l b . 98 17.12 17 . 25 
14 . 00 16 . 56 lb . 72 lo . Cl 7 17. 01 17.15 17 . 2 8· 
16 . 00 16.57 16 . 7 3 16 . 89 17. 03 17 . 17 17 . 30 
1 8 . 00 16 . 58 1 6 . 74 1 6. 90 17. 04 17.1 8 17 . 31 
2 0.00 16.59 16 . 75 lo. 90 1 7 . 0 ') 1 7 .1 9 17 . 32 
22.00 16 . s 9 .1.6 . 7') l o . 90 1 7 . 0 5 17.19 17 . 32 
24 . 00 lb. 59 16.75 l b . 9 1 17 . 05 17.19 17 . 32 
26.CO lt . 59 lb . 7 5 lo. '1 1 17 .05 17 . 1 9 17 . 32
2e.oo 16.59 16.75 lb . 9 1 1 7 . 0 5 17 . 19 17 . 32 
30.CO 16 . 59 16 . 75 lo. 9 1 1 7 . 05 17 . 19 17 . 32 
32 . 00 lL.59 lti . 75 lb . 9 1 17. 0 5 17 . 19 17 . 32 
3 4.0 0 lb. 59 16 . 75 l b . 91 17 . 0 5 17.19 17 . 32 
3 6.CO ltJ . 59 lo . 75 lb. '1 1 17 . 0 5 17 . 19 17 . 32 
38 . 00 lti.59 :6 . 75 l o . 9 1 17 . 0 5 17 . 19 17 . 32 
40 . 00 16 . 59 lb . 7 5 lb. 9 1 17 . 0 5 17 . 19 17 . 32 
42.00 1b.'.;9 1 6 . 75 l o . 9 1 17 . 05 17 . 19 17 . 3 2 

)( 44 . 00 16. 59 16 . 75 l b . 9 1 17 . 0 5 17 . 19 17 . 32 
4 6.00 16 . 59 16 . 75 lo . 9 1 17 . 05 17 . 19 17 . 32 
4 8 . 00 lb.59 · 1 b . 75 lo . 91 17. 0 5 17.19 17 . 32 
50.CO 1t,, . 59 16 . 75 lo. 9 1 17.05 17.19 17 . 32 

TAB LE 2 b. 	 T emperatures resu l t i ng f r om i nc r ea s es in carbon d ioxi d e concentrations 
for a 50 year equ1 I i o riu m pe rio d . Concentrdtions range from 440 ppm
CC7) to 540 ppm!Cl2 ) ~ it h an 1n terv d l o f lO p pm c a rbon o iox i de. 



==========:==============~==================================================== 
YEAR Cd c14 c15 Cl6 C17 

=======================================:====================================== 

~.-· 

TAB LE 

o.oo 15.GO 
2.00 1b.04 
4.00 16.64 
t.co lb.99 
8.00 17.19 

10.00 17.30 
12.00 l 7. 3 7 
14.00 17.41 
16.00 17.43 
18.00 17.44 
20.00 17.45 
22.co 17. 45 
24.GO 17.45 
26.00 17.45 
28.CO 17.45 
30.00 17.45 
32.00 17.45 
34.CO 17.45 
36.00 l 7. 4 5 
3 8. 00 17.45 
40.00 17.45 
42.00 17.45 
44.00 17.45 
46.00 17.45 
48.00 17.45 
50.00 17.45 

2. c. Ternperatures.
for a 50 year
CC13) to 64u 

15.00 15.00 15.00 
16 . 09 1b .14 lb . 19 
16.72 lo.bO 16.88 
17.U9 
17.3 0 

1/ . 18 
l 7. 4 0 

l 7. 2 7 
17.50 

17.42 
17.49 
17.j2
17.55 

17.5:; 
11 . bO 
l (. 64 
17.66 

17 . 6 3 
17 . 71 
17 . 75 
17 .7 7 

17.56 17 . 68 17 . 79 
17.57 17.68 17.80 
17.57 l?.69 17.ao 
17.57 17 . 69 17.80 
17.58 17.69 17 . 80 
17.58 17.o9 17 . 80 
11.?8 17 .o 9 17 . 80 
17.58 1 1. 6 9 17 . 81 
11.?8 11.69 17 . 81 
l 7 . 5 6 17 .b9 17 . dl 
17 . ?8 l 7. b 9 17 . 81 
17.58 11.69 17 . 81 
17.58 17 . o9 17.81 
17.58 17 . 69 17 . 81 
17 . 58 l 1. 69 17 . 81 
l 7. 5 8 
17.58 

l /. b 9 
l 7. 6 9 

17 . tn 
17 . dl 

resulting from increases in carbon dioxide 
equiliorium period . Concentrations range

;:ipmCC17) ..iith dn interval of 20 ppm carbon 

15 . 00 
16 . 23 
16. 95 
l 7 . 36 
17.60 
17.73 
17.81 
17 . 8 5 
17.88 
17 . 69 
17.90 
17.91 
17.91 
17 . 91 
17.91 
17.91 
17.91 
17.91 
l 7 . 91 ,
17 . 91 
17.91 
17 .91 
17.91 
17.91 
17.91 
17 . 91 

concentrations 
trom 560 ppm
dioxiae. 

\ 



======= =============================================== ======= ====== ======================= 
El.IR 	 CFl CF2 CF3 CF4 CF5 CF6 

========================================================================================== 
o.oo 15.00 15 .0 0 l '.J. 00 P>.00 15.00 
2.00 16. 1 7 lt:J . 45 lt.i.b8 lb.88 17.05 

4.00 16.83 1 7 eL8 l I. o5 17.96 18.23 

6.00 1 7. 21 17 . 7 5 lb .19 18.57 18.23 

8.00 17.4? ld . 01 lo.50 lb . 91 18 . 89 


10.00 1 7. 54 lb . 16 lo.67 111.1 0 19.27 

12.00 17.t.l 1 o . 24 lo.77 19 . 21 19.48 

14.00 l 7. 64 15.29 lt!.d2 19 . L'.7 19.60 

16.00 17.67 lc.31 ' 10.05 19.31 19.66 

18.00 17.68 lb.33 lo.87 19.33 19.70 

20.00 17.68 lb.34 10 . 08 19.34 19.72 

22.00 17.69 16 . 34 lo.89 19 . 34 19.73 

24.00 17.69 ld . 34 lb.89 19 .3 5 19.74 

2b.CO 17.6 9 16.35 lo . t>9 19.35 19. 74 
28.00 1 7. t;,9 lC.35 10.09 19 . 35 19. 74 

30.00 17.69 18 . 35 lt! . 89 ,19.35 19. 74 

32.00 17.b9 18.j5 lo.tl9 19.35 19. 75 

34.00 17.o9 18.35 lo.89 19.35 19.75 

36.CO 17.69 18 . 35 lo.b9 19 . 35 19. 75 

38.00 17.69 1 lb . 35 lo.e9 19.35 19. 75 

40.00 17.b9 16.3? 18.89 1'1 . 35 19.75 

42.CO 17 . b9 ld.35 lo.89 1 9 .3 5 19. 75 

44.00 17.69 l.J.35 lb.d9 19 . 35 19 .75 

4 6 . 00 17.69 lc.35 10.0 9 19.35 19. 75:;.(-· 4 8.00 17.69 lo.35 lt>. d9 19.35 19. 75
-· -· 5 0.CO 17.t.9 lc.i.35 18.89 1c., .J5 19.75 


TABLE 3 . 	 Temperatures result1n~ from incre ases in carbon 01oxide 
f or a fixed cloud fractior1 of 0 . 49 . loncentrat1ons increase 
fro m a value of 3L0 pprr.(Cf-ll to b40 ppm<CF6) "'ith an 
interval of 6G ppm, except oetween 560 anu o4CJ ppm C0"2 • 

15.00 

l 7. 24 
18.53 

19.27 

19.68 

19.91 

20.04 

20.11 

2 o. 15 
20.17 

20.18 

20.19 

20.20 

2 o. t'.'.0 
20.20 

20.20 

2 o. 20 
20.20 

20.20 

20.20 

20.20 

2 o. 20 
20.20 

2 o. t'.'.0 
20.20 

20.20 




=== ====================================== == === ====== ==== ==== == ============================ 
Y E:AR CF7 CF8 CF9 CF1 0 CFll CF12 

=== ======================================= =========== ==== == === === =============== ======= === 
0 . (, 0 15.00 15 . 00 l? . 00 1 5 . oo 1 5 .00 15 . 00 
2 . 00 15.16 l'J.44 l ?. 08 l'J. 87 lo . 0 4 lo . 23 
4.00 15 . 26 15 . 70 l o . 07 16. 38 1 6 . 64 - lb . 9 5 
6.00 15 . 31 15 . 85 lb . ~9 16 . 67 1 6 . 99 17 . 36 
8 . 00 1 5. 34 l.'.; . 93 lo . -.2 l o . d3 17 . 19 17 . 60 

10.00 15.36 15 . 98 lo . 49 l 0. 9 3 17.30 1 7. 7 3 
12.00 15.37 16 . 01 lb . 54 1 6 . 98 17.3 7 17.81 
14 . 00 l? . 37 16 . 02 l 0. 56 l 7 . 01 1 7 . 4 1 17 . 8 5 
1 6.00 1?.38 16 . 03 lo . ?7 17 . 03 l 7. 4 3 17 . 88 
1 5 . 00 15.38 lb . 04 lo . 55 17 . 04 1 7 .44 17 . 59 
20. CO 15.38 lo.04 lo . 59 1 7. 05 17 . 4 5 17 . 90 
2 2.00 15.38 16. 04 l b . 59 1 7. 0 5 17 . 45 17 . 91 
2 4 . 00 15. 38 16 . 04 lb . 59 17 . 05 17 . 45 17 . 9 1 
2 6 . 00 15.38 1 t . (J4 lo . 59 17 . 05 17 . 45 17 . 91 
? 8 . 00 15 . 38 16 . 0 4 lo . 59 1 7 . 05 17 . 45 17 . 91 
30 . 00 1? . 38 16.04 l o . 59 1 7. 05 17 . 45 17 . 9 1 
3 2 . 00 15 . 38 16 . 04 l o . 59 17 . 05 17 . 45 17 . 9 1 
34 . CO 15.3e 16 . 04 lo . 59 17 . 05 17 . 45 17 . 91 
36.00 15.38 1b . 04 lb . 59 17 . 0 5 17 . 45 17 . 9 1 
3 8 . 00 l '.:>. 38 lo . 04 l b .5 9 17.0 5 17. 45 17 . 91 
4 0 . CO 15.38 16 . 04 l b . ':>9 17.0 5 17 . 45 17 . 91 
42.0') 15.38 16 . 04 1b . 5 9 17. 05 17 . 45 17 . 91 
4 4. 00 15. 38 lo . 04 lb . 59 1 7 . 0 5 17 . 45 1 -, • 91 
4b.OO 15.38 lb . 04 16 . 59 1 7 .0 5 17 . 45 17 . 9 1 ,c 4 8. 00 15. 38 16 . 04 1 G• 5 9 1 7.0 5 17 . 45 17 . 91 

<::-· 50 . 00 15.38 16 . 04 l b . 59 17.05 17 . 45 17 . 91 

-----------------------------------------------·------------------------------------------
TABLE ¥ . Temperatures resu l t t n~ fr om i nc r eas es i n c a rbon d ioxide 

tor a fixed cloud fract i on of 0 .5 4 . Co ncentra t io n s incre a se 
f rom a value of 3i0 ppm(C~7 ) to 6 40 ppm( CFli) with an 
interval of 60 ppm , except be t ween 'J60 an o b4 0 p pm co ... 2 . 



======= ========================;========================================================== 
YEAR CF 13 · CF14 CF15 ' CF16 CF17 CF18 

========= ================================================================================= 
o.oo 15.CO 15.00 l?.00 15.00 15 . 00 
2.00 1'4. 15 14.43 l "t. 66 14.86 15 . 0 3 
4 • 0 0 13.66 l"t. 10 14.47 14.77 15 . 04 
6.00 lJ . 37 l 3. 91 14.35 14 . 73 15 . 05 
8.CO 13. 2l 13.80 1"1 . i8 1'1.70 l?.05 

10.00 13.i1 13 . 73 l"toL5 14.b8 15 . 06 
12.CI) 13.05 13.o9 14.22 14 . b7 15.06 
14.CI) 13.02 13 . 67 1.., ••n 14.o7 15 . 06 
16.00 13. 00 l3 . b6 14 . ~0 14.06 15 . 06 
18.CO 12.98 13.65 l "t. 2 0 14.66 15 . 06 
20.00 12.~98 13. 64 14. 19 14.66 1 5 . 06 
22.00 12.97 1j.64 14.19 14.66 15.06 
24.CO 12.97 13 . 64 14.19 14.66 15 . 06 
26.00 12.97 l j. 6'+ 14.lq l"t . 66 1?.06 
2b.01) 12.97 l 3. 64 l 4 • .l 9 l4 . b6 15.06 
30. 01) 1i.::.9 7 l 3. b4 14 . 19 14 . 06 15.06 
32.00 12.97 l.; . ti4 14.19 l4.b6 b.06 
3 4 • G'.) 12.97 13 .o4 14.19 l4 . b6 15.06 
36.00 12.97 l 3 . 64 l<t.19 14 .66 15.063a.co 12.97 1 .j. b4 l "t. 19 14.66 15.06 
40.00 lZ.'17 l.;.b4 14. 19 14.b6 15.06 
42.00 12.97 l j. 04 l<t .1 9 14.b6 15. 06 
44.CO 12.97 lj . 64 14.19 14 . 66 l 5 . 06 
46.00 1Lo (;7 1 3. b4 14.19 14.66 15.06 
46.CO 12.97 1 3 . b4 14.19 14 . 66 15.06 

" 50.CO 12.97 l J . u4 l<t.19 l"1ob6 15.06 
<: 

TABLE= 5". Terriper2tur~s result1ns from increases in carbon dioxide 
tor a fixed cloud froction of 0 . ?~ . Concentrations incredse 
from a valut of 3i0 ppm(C~l.-'l to 040 ppm<CF18) ~ith an 
interval cf 6U ~pm, e~cept oetween 56U ana 640 ppm COA2. 

15.00 
15.22 
15. 34 
15.42 
1,.46 
15.49 
15.50 
1,.51 
15.52 
15.52 
15 . 52 
15.52 
l?.52 
15.52 
1?. 52 
l '.:i. 5 2 
l?.52 
15.52 
15.52 
15.52 
15.52 
15. '.:12 
15.52 
15. 52 
15. 52 
15.52 



============================= =========== ================================================ == 
YE AR "';i... l r~, L2 MU ML4 ML5 ML6 

=================== ================== ===================================================== 
0. 00 15.00 15.00 l :.i. 00 15.00 15.00 15.00 

1 r . 1 
..I ....2.co 16.2.:> l:>.11 15. 02 15 . 06 15.'19 

4.00 15.26 .6. '15 l?.19 lo.41 15.12 15.89 
b.00 15. 31 17.36 1 5. t'.4 1b . 84 15. 16 lb. 2 3 
8. cI) 1 ~. 34 17.60 l:i.28 l / .14 15. 20 lo.52 

1o. oa 15.3b 17.73 l':>.Jl 17.36 15.23 lb.75 
12.CO 15. 37 17.~l 1? •.n 17.52 15.26 16.95 
14.00 15.37 lt.b5 .l '.:1. 3 5 1 7. b j 15.28 17.11 
lb.OD 15.38 17.b6 l'.:>oj6 1 7. 71 15. 30 17 . 2 5 
1 c. GO l:i.3e 17.t l?.36 17.77 15 . 31 17.36 
?0.00 15.38 17.90 l?.37 17.dl 15 . 32 17 . 45 
22.co 15.38 17.91 l '.:>. 3 7 17.84 15.33 17.53 
24.00 15.3e 17.91 l?.38 l 7. tj6 15. 34 17 . 60 
26.00 15. 38 17.91 1:.i .3 8 17.88 15. 35 17 .b 5 
2 d. co l '::>. 3 8 17 . 41 l?. j8 17.89 15 . 35 17.70 
30.00 15.38 17.91 1::.i .38 17.89 15.36 17.73 
12.CO l':>.38 17.Yl 15.j8 1 7. 8 9 1 ::> . 36 17.76 
34.CO 15.38 17.·'1 l?.38 17 . o9 15 . 37 17.79 
36.00 15. 3e 17.91 l?. 3 8 1 7. o9 15 . 37 17. b 1 
'3b.C0 15.38 17.C,l l?.38 1 7. d9 15.37 1 7 . d 3 
40.00 15.38 17.'11 l:>.j8 17 . d9 15 . 37 1 7 .o4 
42.CO 15. 38 17. 9 i l? .38 17 . 89 15 . 37 17.85 
44.00 15.38 l 7. 41 l ::>. 38 17 . d 15. 3 8 17 .d6 
46.00 15.3 17.91 1?. 3 8 1 1. b 9 15 . 38 ll.87 
48.CO 15.38 17.'11 l;,.38 1 ? • 0 9 15.38 17.88 
50.00 15. '.jd 17.91 1:..38 17 . 89 15.38 17.89~. 

TA~LE 6 t:t. Temper.gture5 result1n9 from increases in carbon d1oxioe 
for the e~uivalent rnixeJ ocean depths of 75m (ML1 and ML2) 
to 175m(ML5 n3d M~6). The depth of the mixea layer increases 

1th ari int er val of 5Crn, while the C0"2 concentrations are 
set ~t 32L ppm and 64C ppm tor each depth. 



Paoe: g 

=========================================~======================== 
YEAR 	 ML7 i1L8 :1L9 VillO 

==========:======================================================= 
o.oo 15.00 15. (.; 0 1,. 00 15 . 00 
2.00 15.08 .i.:-.61 1?. 0 5 1?. it 0 
4.00 1 5 • l 't 1D.C9 l'.).10 l?.75 
6.00 15 • .:'.'. 0 1().48 l '.) .14 1 t.. 06 
8.CO 15 • .:'.'. 3 10. 18 15.17 1b . 3 2 

10.CI) 15.27 l 7. 0 2 l'.) . 20 16. 54 
12.00 1?.29 l 7. 2 1 l:;. • .:'.'. 3 lb.73 
14.00 1?. 31 17 . '36 1? . 25 16. 90 
16.C') 1 5 • :J 3 l ·1 • '1 a 1J oi7 17.04 
18.00 15.34 l 7. 5 7 1,.28 17 . 16 
20.00 15.35 1 I. 64 l '.'.I. 30 17 . 27 
22.co 15.35 17.70 l? . 31 17 . 36 
24.00 15.36 l 7 . l?.32 1 7. 44 
26.00 15.37 :i..7.78 1, . 3 3 17.51 
2e.co 15. 37 17.ol 1?. 34 17 . 5 6 
30.00 15.37 17.o3 1, . 34 17 . 61 
32.('f'\ 15.37 l 7. 0::; l? • .35 17 . b6 
34.CO 15. 38 17. b 6 l?.35 1 7 . b9 
3L. 15.38 l7.o7 lJo36 1 1 . 7 2 
31'.00 15.38 ~ (. 0 8 l '.J . 36 17 . 75~ 4 0. Of'l 15. JR 17.b9 l? . 3 6 l / . 77-· -· 	 42.CO 15. 38 17.89 l:;. .j 7 1 7. 79 
4 '1. 00 15.38 17.90 1?.37 17 . 81 
46.0 15.35 17.90 l '.J. 3 7 l 7. ti2 
4ti.CO 15. 3 17.'10 1? . 3 7 1 7 . a4 
50.00 15.38 17.Sl l?d7 17 . 85 

TABLE 6 b. Te"lµeraturF>s res\J tting from increcises 1n carbon diox i de 
for the equivdlent mixed ocean cepths of i25m(ML7 and ML8 l 
t o 2 7 5 m ( r1 L '"J n a d M L 1 0 l • T h e u e p t. n o f t he m r x e a I a y e r r n c r e a s e s 
..iith e:;n intt:rval of ?Gm, while the C.0"2 concentrations are 
~et at 320 ppm anu b40 ppm for each depth. 

I 
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The setup 
parameter

number 
1 
2 
3 
4 
5 
6 
7 
8 

. 9 
10 
11 
12 
13 

Enter the 

is now as follows: 
parameter 
name 

solar parameter (w/sq m)
cC12 concentration (ppm)
cloud fraction 
cloud albedo 
clear a lb edo 
t-albedo feedback (;:ler deg>
cloud emission factor 
above-cloud ir aosorotivity
clear emission factor 
clear sky ir absorption
equiv. mixe d oc ea n depth (ml
co2 ir effect 
t-cloud feedback (per deg) 

current 
value 

1360.0000 
320 .00 0 0 

0 . 54 0U 
0.4 3 0 0 
0 . 1 50 0 

-0.0040 
0.8000 
0.2500 
0. 310 0 
0.7000 

75.000 0 
1.0000 
0.0000 

standara percent 
value di ff 

1360 .oooo o.o 
320. 0000 o.o 

o . 540G 0 . 0 
0.430U o.o 
0 .1 500 o.o 

-0.0040 o.o 
0.8000 o.o 
0.250 0 o.o 
0.3100 o.o 
0.7000 o.o 

75.000(; o.o 
1.0000 o.o 
0.0000 o.o 

(0,0 for no change) ) 

Your response: 0 0 .0000 

Enter: 0-run 1 -n e w t emi- 2-ne .. par ms 3-ti me st e~ 4-exit > 
Your response: ' 1 

FIGURE 1. Table of model parameters listed on the screen . 

parameter number you want to change followed by its new value 

Global Ener~y Balance 
Copyright(,.,) James E. 

The temperature is 0 • I)
and a 11 parameters are 

Enter: 0-run 

Your response: 


year temp
o.o o.oo 

10.0 14.29 
20.0 15.31 
30.0 15. 3 8 
4 0 . 0 15.38 
50.0 15.38 

Enter .: 0-run 
Your response: 

1-new 
0 

Climate Model 
Bu rt, 1984 

degre es Ct l s iu s , 
a t the i r standard values. 


temp 2-ne w par ms 3-ti me step 4-exit ) 


dT/dt s cir s cld i r cir i r cld t ota I t ota I
de g/yr w/ so m wI sq m "' sq m ,... Is q m C I OU d albe d o 
3.714 
0.300 
0.019 
O . OO J. 
a. coo 
o.ooo 

1-new temp
2 

123.3 9 3.4 <38.6 10.2. 3 0.540 0.363 
132. 3 10 3. 9 108.6 125.4 0 .540 0.306 
132.9 104. 6 110.2 127.2 0.540 0.301 
13 2 . 9 1 04 . 6 1 10 • 3 1 27 . 3 0 .54 0 0.3 0 1 
1 32. 9 104. 7 110. 3 1 27.3 0.540 0.301
1 3 2. 9 104. 7 110.3 127.3 0 -. 540 0.301 

2-ne w par ms 3-time step 4- e x it ) 

FIGURE 2. Example of screen output for temperature results. 

:< i :·: 
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TABLE 7. 	 Temperature results for the 1/2xCO~ 
atmospheric scenario from selected 
Radiative Convective Models. 
C negative values indicate decreases> 

STUDY 

Manabe and Wetherald C1967) 
Fixed absolute humidity -1.25 

Manabe and Wetherald C1967> 
Fixed relative humidity -2.28 

Sellers <1974> 
Fixed relative humidity -1.64 

TABLE 8. 	 Temperature results for the 2xCO ~ 

atmospheric scenario from selected 
Radiative Convective Models. 

STUDY 

Manabe and Wetherald (1967) 1.33-2.92 

Manabe (1971) 1.9 

Augustsson and Ramanathan (1977> 1.98-3.20 

Hansen et al. <1981) 1.22-3.50 

Hunt (1981) 0. 69-1. 82 

http:1.22-3.50
http:1.98-3.20
http:1.33-2.92
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