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Abstract

Simulating the Response of the Ocean for a Doubling
of Carbon Dioxide in the Atmosphere

Marcus Lindkvist

The uptake of carbon in the ocean may change with global warming, 
which can have significant feedback effects on the climate. To 
investigate the change, a two box ocean model has been used to 
simulate the temperature and carbon content in the atmosphere, in a 
shallow and deep layer of the ocean, when doubling the amount of
carbon dioxide in the atmosphere. The results were compared with a 
low-resolution Earth system model called cGENIE, which is a more 
complex model. The two box ocean model showed an increase of 
temperature in the ocean by 1.2°C. A similar response was simulated 
in cGENIE where the shallow ocean (0-80 meters depth) increased by 
0.22°C. The deep ocean (down to 3600 meters) warmed by 0.48°C. The 
carbon content followed the same behavior in both models. Carbon 
dioxide in the atmosphere was absorbed by the ocean after the initial 
doubling. As the ocean absorbed carbon dioxide the radiative forcing 
decreased again, reducing the warming effect. The two box model is a 
conceptual model of the carbon cycle in the ocean that can provide a 
useful illustration of the key balance of carbon in the climate 
system, despite the many simplifications.
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Populärvetenskaplig sammanfattning. 

Syftet med projektet var att undersöka hur havet kommer att reagera på att man dubblar mängden                
koldioxid i atmosfären. Vad skulle det innebära för det framtida klimatet om havet reagerar på en                
fördubbling av koldioxid i atmosfären? Den första gissningen var att temperaturen skulle gå upp när               
koldioxiden i atmosfären fördubblades. Eftersom temperaturen skulle öka borde kapaciteten hos           
havet att lagra kol minska, vilket innebär att mer kol stannar i atmosfären. Ökad mängd koldioxid i                 
atmosfären i sin tur har en värmande effekt vilket skulle öka temperaturen ytterligare. En katastrofal               
temperaturökning var därför att förvänta sig. Resultaten visade att temperaturen ökade efter att man              
har dubblerat mängden koldioxid i atmosfären. Kol lagras också i havet precis som den första               
gissningen antydde. Dock ökade temperaturen inte lika mycket som förväntat. Detta på grund av att               
havet lagrar mer värme samt binder mer koldioxid än väntat. Temperaturen i den grunda delen av                
havet (0-80 meter djupt) ökade med ca 0.48°C medan djuphavet (ner till 3600 meter) ökade med                
0.22°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

3 



 

 

Table of contents 
1.Introduction 5 
1.1 Background 5 
1.2 Climate models 6 
1.3 Simulations from the IPCC (Intergovernmental Panel on Climate Change) 7 
1.4 Objective. 8 
1.5 Hypothesis 8 

2. Theory 9 
2.1 Oceanic currents 9 
2.2 Radiative forcing. 9 
2.3 Temperature of a two-box ocean 11 
2.4 Carbon in a two-box ocean and in the atmosphere. 1 2 

3. Model description. 15 
3.1 Temperature version 1 5 
3.2 The carbon version 1 5 
3.3 The Coupled model 1 6 
3.4 Low-resolution Earth System Model, cGENIE. 1 6 

4. Method. 17 

5. Results 18 
5.1 “Temperature version” with doubling of CO2 in the atmosphere. 1 8 
5.2 The “carbon version”  with doubling of CO2. 1 8 
5.3 The coupled model with doubling of CO2 in the atmosphere. 19 
5.4 Low-resolution Earth System Model with doubling of CO2 in the atmosphere. 2 0 

6. Discussion 23 
6.1 Carbon response to a doubling of CO2 in the atmosphere. 2 3 
6.2 Temperature response to a doubling of CO2 in the atmosphere. 2 4 
6.3 Climate with feedback 2 5 
6.4 Consequences of climate feedback. 2 6 
6.5 Shortcomings. 2 6 

7. Conclusions 27 

8. References. 28 

9. Appendix 29 
9.1 Initial values 29 
9.2 Code used in the coupled model 3 0 

 

4 



 

1.Introduction 

1.1 Background 
Global warming due to human interaction with nature is an accepted concept all over the world.                
Since the industrial revolution, between year 1730 and 1850, carbon dioxide ( ) has been           CO2    
outgassed into the atmosphere at an unusually rapid rate, most likely due to emissions from human                
activity [1]. The pre-industrial concentration of in the atmosphere was approximately 278 ppm      CO2        
and it has increased by about 50% between 1700-2015 (figure 1). Along with increased              
concentration of , the average temperature on Earth has increased by 1.1 degrees celsius (°C)  CO2              
since late 19th century [2]. One of the main questions climate scientist now try to answer is if the                   
increased carbon dioxide is the cause of the increased temperature and, if so, what we can assume to                  
happen with the climate in the future. 
 

 
Figure 1: Observed concentration of (ppm) in the atmosphere between year 1700- 2017, using ice-core     CO2           
data before 1958. Data from Mauna Loa has been used since 1958. [3] 
 
What many people do not know is that the ocean is storing large quantities of outgassed carbon. The                  
ocean stores around 50 times the amount of carbon compared to the atmosphere [4]. If the capacity                 
of the ocean to store carbon would decrease, along with global warming, the amount of in the               CO2    
atmosphere would drastically increase. This could lead to a runaway effect, where the temperature              
rises due to even higher amounts of carbon dioxide in the atmosphere, making the temperature to                
increase exponentially until the ocean evaporates, as believed to have happened on Venus [5]. It is                
therefore of great interest to investigate how the ocean responds to emitted .CO2  
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1.2 Climate models 
An important way of understanding processes in nature is to gather data from measurements.              
Measurements of the temperature of the ocean, longwave radiation out to space, humidity of the air                
and much more are being collected. Analysing the measurements gives information of the current              
state of a natural process. Together with previously collected measurements it is possible to get an                
understanding of how it has changed. 
 
However, it can be difficult to predict what the measurements will look like in the future, especially                 
since the processes in nature are intertwined and depend on each other. This is where global climate                 
models are being used. The models can use the collected data as an initial value but the major part is                    
built on equations to describe the processes. They are then used to simulate current state processes,                
such as the temperature of the ocean, into the future as well as backwards in history.  
 
General circulation models, as seen in figure 2, can simulate responses to changes in the               
environment under long periods of time. For this to be possible some simplifications need to be                
made since the computational power today can not sustain all the parameters of the real climate. This                 
is one of the main reasons why predicting the climate to sufficient accuracy is so difficult.  
 

 
 
Figure 2: General circulation model used by the IPCC. It represents a 3-dimensional grid over the                
atmosphere, land and the ocean were many physical processes are incorporated. [6] 
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1.3 Simulations from the IPCC (Intergovernmental Panel on        
Climate Change)  
The IPCC has synthesized published information and climate simulations of the future temperature             
change for the next 100 years (see figure 3). These simulation are considered to be the most accurate                  
today because the results come from averaging multiple, highly complex climate models. They base              
the result on realistic predictions of carbon dioxide emissions. 
 

 
Figure 3. Simulations from different multi-model global averages of surface warming with different emission              
scenarios. [7] 
 
The change of surface temperature ranges from +0.6 to +4.0°C for the most realistic scenarios, as                
seen in figure 3. However, due to the run time of the models and increasing uncertainties, it is not                   
possible to see how the temperature changes on larger time scales. Since many parameters are               
considered, at each time step, it takes a long time to run a simulation. Less complex models can be                   
used to look at the response on longer time scales but give a less accurate prediction. 

1.4 Objective. 
This project aims to investigate how, and if, a doubling of carbon dioxide in the atmosphere will                 
change the temperature and carbon content in the ocean, using a two box ocean model (see chapter 3                  
for description of the model). It is of interest to see if the ocean has an effect on the future climate                     
and also to see if different climate models will simulate different results. 
 
The results from the two box model will also be compared with simulations from the global climate                 
model called cGENIE (the carbon system centric version of the Grid ENabled Integrated Earth              
system model) to assess how realistic the two box model is. In this study, cGENIE is used to                  
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simulate the response of the ocean for doubling the concentration of carbon dioxide in the               
atmosphere.  

1.5 Hypothesis 
The temperature of the ocean will increase as the amount of carbon dioxide in the atmosphere                
increases. Also, the amount of carbon uptake in the ocean will be less for higher temperatures, which                 
will give a positive feedback on the temperature. This should create a higher temperature increase as                
time goes on.  

2. Theory 
In this section, the theory to understand how the temperature and carbon content in the ocean                
changes, is presented.  

2.1 Oceanic currents  
A current in the ocean is a large scale movement of water, which in some cases can be traced from                    
the north pole to the south pole, and back again. The movement is mainly caused by winds, water                  
density differences and the rotation of Earth [4]. It is these large distances of moving water that can                  
transport cold and warm water around the globe since water at the poles are much colder than at the                   
equator. 
 
When looking at figure 4, warm water from the equator moves near the surface towards the north                 
pole. As it cools down the density of the water increases, making it sink in a process called                  
downwelling. The cold water is then transported as a deep current towards the equator. The same                
behavior is observed at the south pole where cold water sinks and gives rise to the cold, deep water                   
current seen at the very bottom in figure 4. 
 

 
Figure 4: A slice of the Atlantic Ocean from from south to north showing the major movement of the currents.                    
NADW stands for “North Atlantic Deep Water”. AABW stands for “Antarctic Bottom Water”. The              
thermocline is a layer where the temperature changes rapidly from warm to cold. [8] 
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2.2 Radiative forcing.  
The major source of energy entering the Earth comes from the sun in the form of radiation (visible                  
light). Not all radiation stays on Earth but is reflected back to space by clouds, particles in the                  
atmosphere and the surface of Earth etc, as illustrated in figure 5. Some radiation will however stay                 
on Earth as it is absorbed by the atmosphere and the surface, which play important roles for the                  
temperature on Earth. The absorbed radiation will heat up the surface, which in turn will start to                 
radiate infrared radiation. If the same amount of energy is radiated out as enters, we have a climate                  
without a change in global mean temperature. 
 

 
Figure 5. Incoming radiation from space is being reflected and absorbed by the Earth. Values are of global                  
averages. [9] 
 
However, carbon dioxide can be looked at as a black body for infrared radiation [10], meaning that it                  
absorbs radiation with wavelengths in the infrared spectrum. Instead of leaving the atmosphere, the              
infrared radiation that comes in contact with carbon dioxide in the atmosphere, will be absorbed (see                
figure 6). 
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Figure 6: Black body radiation at the top of the atmosphere (blue) and theoretical value (red line) of a black                    
body with surface temperature (Ts) of 294 K. [10] 
 
The Earth can also be looked at as a black body. At a given temperature (294 Kelvin in the case of                     
figure 6) Earth will radiate out a spectrum of wavelengths which can be calculated from Planck's                
law: 
 

,Bλ =
λ5

2hc2 1

e −1
hc

λk TB
 (Eq 1) 

 
where is the spectral radiance of a body, c is the speed of light in vacuum, is the wavelength, Bλ                λ     h  
is Planck’s constant, is Boltzmann's constant and T is the temperature in Kelvin. However, a gap   kB              
of outgoing wavelengths can be observed in the infrared spectrum. This gap is caused by carbon                
dioxide. makes some of the incoming infrared radiation stay on Earth, creating a positive CO2              
feedback of heating because more infrared radiation enters than leaves. This is called radiative              
forcing due to  in the atmosphere. The radiative forcing is given by:CO2  
 

     F (t) .6log ( ),Δ = 3 2
pCO2

(pCO2)0

 

 
(Eq 2) 

 
where is the change in radiative forcing measured in watts per squared meters , is F (t)  Δ             )  ( w

m2  CO2  p   
the concentration of carbon dioxide in part per million (ppm) at any moment and is the              pCO2)( 0   
reference concentration of in ppm. If the concentration of carbon dioxide in the atmosphere is   CO2              
bigger than the reference concentration there will be a positive radiative forcing, meaning that more               
energy is added to the ocean. The added energy in the ocean will have a warming effect which will                   
increase the temperature of the ocean. 

2.3 Temperature of a two-box ocean 
In the two-box “temperature version”, a shallow upper ocean layer on top of a deep ocean layer is                  
simulated (see figure 7). 
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Figure 7: Representation of a two-box ocean where heat is being transported as described in Eq 3 and 4.  
 
Most properties of the ocean such as oceanic currents, waves, variation in depth, heat distribution               
and more, are neglected. Also, the heat transport is assumed to take place exclusively in the up- and                  
downward direction. The only property of interest is the rate of heat exchange to determine the                
temperature of the two layers. The two equations to describe the rate of heat exchange in 1 -                  
dimension is given as follows:  

 
T ( T ) F  μ1 dt

dT 1 =  − λ 1 − γ 2 − T 1 + d (Eq 3) 

( T ) μ2 dt
dT 2 = γ 2 − T 1  (Eq 4) 

 
where is the temperature anomaly of the shallow ocean layer (which is assumed to be the same asT 1                   
the air on the surface), is the temperature anomaly of the deep ocean, determines how much     T 2          λ     
heat radiation from the surface will radiate to space (climate sensibility factor), determines how             γ   
fast heat is transported between the shallow and deep ocean and is the radiative forcing (see           F (t)Δ       
chapter 2.2). is defined as follows: μ  
 

= , μ1 ρ * cp * H1 (Eq 5) 
= , μ2 ρ * cp * H2 (Eq 6) 

 
where is the density of liquid water (1000 ), is the specific heat capacity of water (4183  ρ         m³

kg   cp        
is the depth of the shallow ocean (80 m)  and  is the depth of the deep ocean (3600 m).),  J

kgK  H1  H2   
 
The heat capacity of water is related to its mass. Therefore it requires more energy to heat up a larger                    
body of water compared to a small body. Since is much smaller that we get that will be          H1     H2     μ1   
much smaller than , meaning it requires more energy to heat up the deep ocean. This indicates    μ2               
that the deep ocean layer will take a longer time to heat up than the shallow layer since it takes time                     
to add more energy.  
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2.4 Carbon in a two-box ocean and in the atmosphere. 
In this model, carbon in the atmosphere is in the form of . A flux of gaseous will enter the            CO2      CO2    
ocean if the carbon content in the ocean and atmosphere is not at equilibrium with each other. The                  
gaseous in the atmosphere dissolves into the ocean and separates into a mixture of carbonic CO2               
acid, bicarbonate anion and carbonate, also called Dissolved Inorganic Carbon (DIC). The amount             
of DIC in the ocean is highly dependent on the temperature of the ocean, pH and the partial pressure                   
of in the atmosphere. It is temperature dependent because the solubility of in the ocean is CO2            CO2     
reduced with increased temperature [1]. Cold water around the north and south pole have a tendency                
to take up more from the atmosphere compared to in the tropics, where it is warmer and the    CO2               
solubility of is smaller. If the solubility of carbon is reduced, more carbon will be kept in the  CO2                 
atmosphere as less will dissolve into the ocean.  
 
The three most relevant reactions in the ocean regarding the concentration of carbon dioxide and pH                
are [11]:  
 

 
,O CO  CO2 + H2 ⇔ H2 3  (Reaction 1) 

 
,CO CO  H2 3 ⇔ H+ + H −

3 (Reaction 2) 
 

 .CO  H −
3 ⇔  H+ + O C 3

2− (Reaction 3) 
 
The gaseous carbon dioxide reacts with water to form carbonic acid . As they are separated          H CO )  ( 2 3      
into smaller components (dissociates) they are formed into hydrogen ions, bicarbonate and           HCO )  ( 3

−   
carbonate ( (reaction 2 and 3). The ratio between the carbon species, in a specific reaction, is O )C 3

2−                 
determined by an equilibrium constant according to Henry’s law: 
 

,K x =  px
Cx

(Eq 8) 
 
where is the equilibrium constant for a given solvation process, is the partial pressure in the  Kx          px        
same solvation of species x and is the concentration of species x. As for the case in Reaction 1 the     Cx               
equilibrium constant ( is given by the partial pressure of between the ocean and atmosphere  )  K1         CO2      
and the concentration of . The equilibrium constant is highly temperature dependent and    COH2 3          
increases with higher temperature [1]. For higher temperature in the ocean becomes smaller           K1    
which will decrease the concentration of . More will therefore stay in the atmosphere.CO  H2 3 CO2  
 
The ratio between the forms of DIC, as a function of the pH of the water, is demonstrated in the                    
Bjerrum plot (figure 8) when at equilibrium. Since the rate of reactions are so fast, the species are                  
assumed to be at equilibrium at all times. The pH of the ocean is given by: 
 

pH = ,og ( H  ) og ( )  − l 10 [ +] = l 10
1

H  [ +]   (Eq 9) 
 
where  is the concentration of hydrogen ions in the ocean. H  [ +]  
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Figure 8: Bjerrum plot showing the ratios of aqueous carbon dioxide ( ), bicarbonate           CO2 (liquid)   

) and carbonate ( when at equilibrium in the ocean.HCO  ( 3
− O )C 3

2−  
 
If more of one species would be added or taken away, the equilibrium state would change. For                 
example, when carbon dioxide is added less bicarbonate and more hydrogen ions will form in the                
ocean (see reaction 1 and 2), meaning that the pH of the water decreases.  
 
The concentration of in the Bjerrum plot can be determined by the following equation: CO2  
 

,ICCO[ 2]  (Liquid) = H   [ +] 2

H   +K H  +K K [ +] 2
1[ +] 1 2

* D (Eq 10) 

 
where K2 is the temperature dependent dissociation constant in Reaction 2. Eq 10 is used in the two                  
box ocean models that will be explained in next chapter. 
 
The carbon enters first the shallow, upper layer of the ocean and is later transported down to the                  
deep ocean (see figure 9). The rates of change of carbon in the atmosphere, and in the shallow and                   
deep layers of the ocean respectively can be expressed by the following three equations: 

 

, − (Ndt
dN atmosphere = 5

1
atmosphere − )  CO2shallow  (Eq 11) 

, (Ndt
dN shallow = 5

1
atmosphere − ) (N N )  CO2shallow − 1

20 shallow − 1
50 deep  (Eq 12) 

,(N  N )dt
dN deep = 1

20 shallow − 1
50 deep (Eq 13) 

 
where is the amount of carbon dioxide in the atmosphere, is the amount of N atmosphere          CO2shallow     CO2

in the shallow upper layer of the ocean, is the amount of DIC in the shallow upper layer of        N shallow            
the ocean and is the amount of DIC in the deep ocean. The amount of can be   N deep             CO2shallow   
determined by multiplying Eq 10 by the upper layer volume, hence converting it from a               
concentration to mass. Eq 11, 12 and 13 are used in the two box ocean models that will be explained                    
in next chapter. 
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Figure 9: Carbon exchange between the atmosphere, upper ocean layer and the deep ocean. The rate of                 
change is determined by Eq 11, 12 and 13. Nup is the total amount of carbon in the upper box, CO2up is the                       
amount of carbon dioxide in the upper box and Ndeep is the amount of carbon in the deep ocean. 

3. Model description. 
In this section, the two original versions of the two-box model, the coupled two-box model, and the                 
cGENIE model will be explained. The base code in the two-box model versions has been taken from                 
the PhD course “Introduction to climate modeling”  at Stockholm University. 

3.1 Temperature version 
The two-box ocean “temperature version” simulates how the temperature of a shallow upper layer of               
the ocean and a deep lower layer of the ocean changes over time, as seen in figure 7. All outputs are                     
of global averages, meaning it can only be used on a global scale. 
 
Factors of interest when running the model are the depth of the shallow and deep ocean layers, how                  
much radiation that radiates to space as the temperature of the shallow layer changes, the rate of heat                  
mixing between the two layers and how the radiative forcing (see chapter 2.1) affects the               
temperature of the ocean.  
 
In the model, heat is assumed to be transported only in the vertical part of the simulated ocean. No                   
oceanic currents, waves, variation in depth, heat distribution, interaction of land or else are              
simulated. The only part of interest is the change of temperature that can be described by a set of                   
equations, which will be presented in detail in the theory part.  
 
Combining the two layers and the vertical transportation of heat creates a one-dimensional, two-box              
model that is made up by a set of simple equations. It is used to simulate the temperature when                   
carbon dioxide in the atmosphere is instantaneously doubled, which corresponds to a radiative             
forcing of 3.6. 
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Due to its simplicity, it can not be used for accurate predictions of how the temperature of the ocean                   
will change in the future. It can only give a general understanding of how the temperature changes                 
for different initial conditions. 

3.2 The carbon version 
The two-box ocean “carbon version” simulates the amount of carbon in the atmosphere, and in the                
shallow upper and deep ocean layers over time for a doubling of in the atmosphere. The ocean            CO2      
in this model has the same physical proportions as the “temperature version” (see section 3.1). 
 
The model is used to simulate the response of the carbon storage in the atmosphere and the ocean                  
when in the atmosphere is instantaneously doubled (see figure 9). The response is based on CO2               
three major chemical reactions in the ocean that occur when from the atmosphere dissolves in          CO2      
the ocean (see section 2.4, reactions 1-3). In this model, the temperature dependence of the chemical                
reactions is not represented, so the parameters and that usually change with temperature are        K 1    K 2        
kept constant.  
 
Due to its simplicity, it can not be used for accurate predictions of how the amount of carbon in the                    
atmosphere, or in the shallow upper and deep ocean will change in the future. It can only give a                   
general understanding of how carbon storage in the atmosphere and in the ocean changes for               
different initial conditions. 

3.3 The Coupled model 
The coupled model is simply a combination of the “temperature version” (section 3.1) and the               
“carbon version” (section 3.2). To simulate climate feedback, the “temperature version” has been             
coupled with the “carbon version”, allowing temperature dependent chemistry and radiative forcing            
that changes with time as the concentration of in the atmosphere changes (see figure 10).CO2   
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Figure 10: The coupled model which is a combination of the “temperature version” and the “carbon                
version”. The radiative forcing changes as the amount of CO 2 changes. The solubility of carbon is also                 
changing with the temperature. 
 
The coupled model is still too general to draw any conclusions from, regarding temperature and               
ocean carbon content in the future. It can only give a general understanding of what happens when                 

is doubled in the atmosphere when looking at the interaction between the ocean and theCO2                
atmosphere. It is, however, more accurate than the “temperature version” and the “carbon version”              
separately, since these two are now interacting with each other, allowing for feedback between the               
two processes. 

3.4 Low-resolution Earth System Model, cGENIE.  
cGENIE is not a two-box model, but a global Earth system model. It incorporates a grid over the                  
oceans and the atmosphere instead of just one box to represent the entire layer. The grid is made up                   
of boxes in a three-dimensional field (36x36 boxes in the horizontal and 16 levels in the vertical). In                  
the boxes, processes and properties such as the carbon cycle, oceanic currents, heat transport in three                
dimensions, air humidity, effects of sea-ice, the biological pump and much more are simulated. For               
comparison with the two-box models, the properties (averages and totals) of the uppermost level of               
grid boxes (0-80 m depth) are used for representing the shallow upper layer, and the properties                
(averages and totals) of all grid boxes below 80 m are representing the deep layer. 
 
cGENIE is a more realistic model compared to the three versions of the two box model described in                  
the sections above, since it incorporates more processes and properties. More processes contribute to              
a more realistic climate response. The model is however of low resolution, meaning that the boxes                
that make up the grid, are large. This implies that simplifications have been made, since many of the                  
processes in the ocean and atmosphere are on a smaller scale than the resolution can uphold. One of                  
the more important factors acting on a smaller scale are clouds. They are a key factor in climate                  
science but are not simulated in this model. Because of the low resolution and the simplified                
atmosphere, it can be difficult to draw detailed conclusions from the simulation. 

4. Method. 
The base code for the “temperature version” and “carbon version” was further developed. The task               
of the models was to simulate the response of the ocean and the atmosphere for a double amount of                   
carbon dioxide in the atmosphere. The base code was developed in python by adding more relevant                
code.  
 
When the versions were able to simulate a doubling of in the atmosphere, separately, the          CO2      
results were compared. When sufficient data was gathered, the models were coupled by connecting              
them in a script. All versions of the model were used to simulate the response of the ocean and the                    
atmosphere for a double amount of  in the atmosphere.OC 2  
 
cGENIE was run to a pre-industrial equilibrium state with 278 ppm of in the atmosphere and            CO2      
with ocean circulation and ocean carbon storage representative of such climate conditions. Starting             
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from this equilibrium state, we then simulated a doubling of atmospheric in a model version           CO2     
where there was no climate feedback. In this case, the increase in atmospheric only affects the            OC 2     
carbon storage through the increased partial pressure in the atmosphere, which forces more into             OC 2   
the ocean. In a separate simulation, also starting from the pre-industrial equilibrium state, we              
simulated a doubling of atmospheric in a version of the model with climate feedback, where     CO2            
the increase in atmospheric also affects the radiative equilibrium and thus temperature in the    CO2           
model, which in turn influences ocean circulation and the capacity for ocean carbon storage.              
cGENIE runs were prepared by Malin Ödalen and I used the outputs to analyse the variations in                 
temperature and carbon content. 
 
During the code development of the two-box models, most of the parameters in the base model were                 
updated with values taken from the pre-industrial simulation in cGENIE in order to be able to                
compare results.  

5. Results  
The results from the simulations are presented in this section. The initial values are kept the same for                  
all simulations. See appendix for initial conditions. All simulations were run for 10,000 years, but               
the graphs are cut when the system has reached equilibrium and no more changes occur.  
  
The “carbon version” simulates results that can be compared with the “no feedback” in cGENIE.               
The coupled model results can be compared to the “climate feedback” scenario.  

5.1 “Temperature version” with doubling of in the      OC 2    
atmosphere. 
In this section the results from the simulation of the “temperature version” are presented. The               
simulation shows the response of the shallow (upper) and deep layer of the ocean for a radiative                 
forcing that represents a doubling of in the atmosphere. Figure 11 shows a rapid increase in      CO2           
temperature, for the ocean upper layer, in the first 20 years in the simulation. The temperature                
change eventually stabilizes at an increase of 1.8 °C. 
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Figure 11: Temperature change of the shallow and deep ocean during a period of 4,000 years with a                  
fixed radiative forcing, representing a doubling of in the atmosphere. The initial temperature       OC 2       
for the shallow and deep ocean was 19.2 and 3.58 degrees respectively.  

5.2 The “carbon version”  with doubling of .OC 2  
In this section, the results from the simulation of the “carbon version” is presented. The simulation                
shows the response of the shallow (upper) and deep layer of the ocean, along with the atmosphere,                 
when the carbon dioxide in the atmosphere has been instantaneously doubled. Figure 12 shows that               
some of the emitted carbon in the atmosphere is taken up by the deep ocean. 
 

 
Figure 12: Change of carbon in the atmosphere, upper ocean and deep ocean during 4,000 years                
with doubling of carbon dioxide in the atmosphere. The temperature of the shallow ocean is assumed                
to be 30 degrees. 
 

5.3 The coupled model with doubling of in the       OC 2    
atmosphere. 
In this section the results from the simulation of the coupled model is presented. The simulation                
simulates the response of the shallow (upper) and deep layer of the ocean, along with the                
atmosphere, when the carbon dioxide in the atmosphere has been instantaneously doubled. Figure 13              
shows a rapid increase of temperature in the first 20 years. The temperature change eventually               
stabilizes at an increase of approximately 1.2 °C. Figure 14 shows that some of the emitted in                CO2  
the atmosphere is taken up by the deep ocean. 
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Figure 13: The temperature change of the shallow and deep ocean during 4,000 years for doubling                
of CO2 in the atmosphere with climate feedback. The initial temperature for the shallow and deep                
ocean was 19.2 and 3.58 degrees respectively.  
 

 
Figure 14: Change of carbon in the atmosphere, shallow and deep ocean during 4,000 years with                
climate feedback. The initial temperature for the shallow and deep ocean was 19.2 and 3.58 degrees                
respectively.  
 

5.4 Low-resolution Earth System Model with doubling of        OC 2  
in the atmosphere.  
In this section the results from the simulations of cGENIE is presented. The simulations show the                
response of the shallow (upper) and deep volume of water in the ocean, along with the atmosphere,                 
in two cases when the carbon dioxide in the atmosphere has been instantaneously doubled; one case                
without climate feedback (only increased gas pressure) and one case with climate feedback             
(increased gas pressure and changed radiative balance). The figures compare the two cases to clarify               
the result of the feedback effects.  
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Figure 15: Comparison between the amount of carbon in the atmosphere, with climate feedback and               
without climate feedback, during the first 4,000 years with doubling of  in the atmosphere.OC 2  
 

 
Figure 16: Comparison between the amount of carbon in the shallow upper ocean with climate               
feedback and without climate feedback during the first 4,000 years with doubling of in the             OC 2    
atmosphere.  
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Figure 17: Comparison between the amount of carbon in the deep ocean with climate feedback and                
without climate feedback during the first 4,000 years with doubling of  in the atmosphere.OC 2  

 
Figure 18: Comparison between the temperature evolution of the shallow upper ocean with and              
without climate feedback , during 3,500 years with doubling of  in the atmosphere.OC 2  
 

 
 
Figure 19: Comparison between the temperature evolution of the deep ocean with and without              
climate feedback, during 6,000 years with doubling of  in the atmosphere.OC 2   
 
Table 1. Average temperatures in the upper ocean (uppermost 80 m) and the deep ocean during                
10,000 years, with and without climate feedback when doubling the concentration of carbon dioxide              
in the atmosphere.  

 Temperature at 
pre-industrial time (°C) 

Temperature 
without climate 
feedback (°C) 

Temperature with 
climate feedback (°C) 

Temperature 
change (°C) 

Upper ocean  19.19 19.19 19.67 + 0.48 

Deep ocean 3.24 3.24  3.46 + 0.22 

 

21 



 

 

 
Figure 20. Change of temperature in the ocean for doubling of carbon dioxide in the atmosphere                
with climate feedback. The picture shows a slice of the Atlantic Ocean (upper picture) and the                
Pacific Ocean (lower picture) at longitude 25 °W and 135 °W respectively. Picture is taken from                
cGENIE after 10,000 years of simulation. 

6. Discussion 
In this section the results from the models are being explained. The outputs of the models will be                  
compared with each other. The comparison will be between the “temperature version” and the              
coupled model, the coupled model and the “with feedback” scenario in cGENIE, the “carbon              
version” and the “no feedback” scenario in cGENIE. Some consequences of climate feedback will              
be discussed.  

6.1 Carbon response to a doubling of in the atmosphere.CO2  
By looking at figure 12 and 14 one can observe a change of carbon content in the atmosphere, as                   
well as in the shallow upper ocean and in the deep ocean, after carbon dioxide has been doubled in                   
the atmosphere, when simulated in the “carbon version” and the coupled model respectively. The              
amount of in the atmosphere is decreasing by a similar amount as the carbon in the deep ocean   CO2                 
is increasing. This is because the in the atmosphere is being absorbed by the ocean. This result       CO2            
is strongly backed by the theory used in Reaction 1, where dissolves into the ocean and           CO2      
dissociates into carbonic acid . The ratio of dissolved is determined by the temperature    H CO )  ( 2 3       CO2      
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dependent equilibrium constant in Eq 8, the partial pressure of between the atmosphere and the           CO2      
ocean and also by the concentration of in the water.COH2 3  
 
The total amount of change in the two-box models is not of importance since the carbon and coupled                  
model are too simple to achieve simulations with enough accuracy. However, the general behavior is               
of great interest. The change of carbon in the coupled model is smaller than in the “carbon version”                  
which can be explained by the temperature. From figure 13 one can observe a temperature increase                
in the shallow and deep layer of the ocean, in the coupled model, but the temperature is fixed in the                    
“carbon version”. With increased temperature the solubility (which is the inverse of in Eq 8) of            Kx     
carbon in the ocean decreases, which explains why there is a smaller change of carbon in the coupled                  
model compared to the “carbon version”. Due to the reduced solubility more carbon stays in the                
atmosphere. 
 
A similar behavior, for the two-box models, is observed when looking at the re-distribution of               
carbon in cGENIE. The carbon content in the atmosphere is dropping (see figure 15) by a similar                 
amount as the deep ocean is taking up (see figure 17). The shallow ocean seems to be a                  
transportation medium for carbon in cGENIE, the “carbon version” and the coupled model. The              
change is not nearly as large as the change in the atmosphere and the deep ocean, which is to be                    
expected. The volume of the deep ocean is much larger than the shallow ocean so most carbon                 
should end up there.  

6.2 Temperature response to a doubling of in the       CO2   
atmosphere. 
As observed in figure 11, the temperature anomaly in the “temperature version” is increasing for               
both the shallow upper and the deep ocean layer. After around 3,500 years the temperature is                
stabilizing at a total change of +1.8 °C for both layers. A delay of heating is observed between the                   
layers which has to do with the heat transport rate ( ) in Eq 3 and 4. Since the heat transport rate is           γ             
not infinite it will take some time for heat to reach the deep ocean. The delay between the upper and                    
deep ocean makes it possible for the shallow upper layer to heat up very fast if, for example, the                   
radiative forcing is increased. The delay is also observed in the coupled model (figure 13). After an                 
initial 20 years, the upper layer drastically slows down its heating because the deep ocean starts to                 
heat up. Since the deep ocean is much bigger, it requires more energy to heat up by 1 °C compared                    
to the shallow upper layer. All energy to heat up the deep ocean layer comes from the shallow upper                   
ocean layer, where the energy loss in the upper layer reduces its temperature increase.  
 
The temperature in the coupled model stabilizes after around 4,000 years (figure 13) with a total                
change of approximately +1.2 °C for both the shallow and deep ocean. When coupling the “carbon                
version” with temperature, as was done in this case, the temperature is warmer in both the upper and                  
deep ocean after a doubling of in the atmosphere. By looking at Eq 2 one can see that the      CO2               
radiative forcing will decrease as the concentration of in the atmosphere goes down, which is        CO2         
another explanation why the increase of temperature, in the shallow upper layer, slows down. The               
ocean takes up carbon as soon as atmospheric has been doubled, creating a radiative forcing        CO2         
that decreases as is removed from the atmosphere. In the “temperature version”, the radiative   CO2             
forcing is held constant (3.6, representing a forcing for doubled amount of in the atmosphere),           CO2     
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giving a greater increase in temperature compared to the coupled model. The radiative forcing, in the                
coupled model, is decreasing as the concentration of atmospheric is being absorbed by the        CO2       
ocean. 
 
A similar temperature behavior can also be observed in the cGENIE simulation with climate              
feedback (figure 18 and 19). Allowing climate feedback simply means that the radiative forcing, and               
thus the model climate, changes as the concentration of in the atmosphere changes. It does,         CO2        
however, stabilize at a smaller temperature increase than the two box models. The average              
temperature, after 10,000 years, is 0.22°C warmer in the deep ocean, while it is 0.48°C warmer in                 
the upper ocean (see table 1).  
 

The temperature in the ocean without climate feedback is unchanged (table 1) even though has              CO2   
been doubled in the atmosphere. It comes as no surprise, since the radiative forcing in this scenario                 
is kept the same as at pre-industrial times, which is the only factor that could change the                 
temperature.  

6.3 Climate with feedback  
To compare climate feedback with no feedback, cGENIE was used. cGENIE is a more realistic               
Earth system model since it incorporates processes such as heat transport in 3 dimensions, ocean               
circulation, air humidity, the biological pump and more. When comparing the coupled model and              
cGENIE, the most significant difference affecting temperature and carbon content in the ocean is the               
existence of oceanic currents in cGENIE.  
  
When allowing for climate feedback, after a doubling of in the atmosphere, the water in the         CO2         
upper ocean gets warmer. (The change in temperature of the ocean is distributed as seen in figure                 
20.) The waters that sink near the poles are therefore warmer than before and should bring less                 
carbon down to the deep ocean. This signal is seen in the deep ocean temperature as well as in the                    
smaller storage of carbon in the "with feedback"-simulation compared to the "no feedback". 
 
We have seen that the deep ocean absorbs more carbon, in the “carbon version”, compared to the                 
coupled model, so it is expected that the “no feedback” simulation should have more carbon stored                
in the ocean compared to the “with feedback” simulation. This is exactly what is seen in figure 15,16                  
and 17. When there is climate feedback less carbon is stored in the ocean, and vice versa, which                  
again can be explained by temperature dependence of solubility of carbon in the ocean. With climate                
feedback the temperature is higher than in a scenario without climate feedback so the solubility of                
carbon in the ocean is less. More will therefore stay in the atmosphere in a simulation with        CO2           
climate feedback (Figure 15). This gives rise to a higher radiative forcing than before. However, the                
runaway effect mentioned in the introduction is not seen. Even though more stays in the             CO2    
atmosphere, the temperature only increases by a certain amount. It does not increase uncontrollably              
due to climate feedback. The reason why is mostly because the ocean takes up from the              CO2   
atmosphere after an initial doubling, reducing the heating effect. 
 
Also, deepwater formation in the North Atlantic becomes weaker, in a simulation with feedback, by               
1-10 % (result from cGENIE) so less cold water from the Arctic Ocean travels towards the southern                 
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hemisphere. Cold deepwater from the Southern Ocean (around the south pole) is then able to travel                
further north which can explain why one part of the deep ocean in figure 20 is actually getting colder                   
instead of warmer. It is not so much about a cooling but simply a change of distributed deep water.  

6.4 Consequences of climate feedback. 
Due to climate feedbacks, the temperature in the Arctic region is increasing almost twice as fast as                 
the average temperature on Earth [12]. This is partly due to melting of ice, reducing the reflectivity                 
of the surface, allowing for increased absorption of heat in the ocean, which further increases ice                
melt. This self-reinforcing cycle is called the ice-albedo feedback. Ice will decrease more             
significantly in summer which can have negative effects on local and global scale. Carrying out local                
traditions and ways of transportation, such as dog-sledding, may become more difficult, causing             
major problems for people who depend on traveling long distances for collecting food and              
communication. A global concern is increasing sea-level when the polar ice melts. Habited shore              
lines will need to be moved or protected against incoming sea water, especially in places such as                 
Holland and the Maldives that are almost leveled with the sea at present times.  
 
Warmer water around the poles allow for more living organisms, such as plankton [13]. Animals that                
feed on plankton may move further north which could cause an imbalance in the ecosystems they                
originate from. With disturbances in ecosystems comes problems for people who depend on these              
animals as a food source who may need to move along with the animals or find different food                  
supplies.  
 
As the biota moves towards the poles more carbon can be stored in living organism and eventually in                  
the deep sea and bottom sediments. With increased carbon uptake around the poles the radiative               
forcing in this area may be reduced, causing a cooling effect.  
 
With increased amount of comes ocean acidification as the pH is lowered and can have negative     CO2             
effects on marine life. For example, coral reefs start to bleach when the pH gets too low [14]. Coral                   
reefs are sometimes referred to as the forests of the ocean and when they start to bleach huge                  
amounts of animals will disappear from these areas. 

6.5 Shortcomings. 
The climate is a very complex system which is extremely difficult to simulate to sufficient accuracy.                
Even the most advanced models today use simplifications that reduce their reliability. There are even               
processes we have trouble understanding, such as cloud feedbacks. We are uncertain on how              
increasing temperature on Earth will affect the formation of clouds. Therefore it is difficult to               
simulate how much radiation will be reflected and trapped on Earth. 
 
The two-box ocean models need to be improved by incorporating more processes such as land               
effects, circulation in the ocean and atmosphere. Also there has to be some kind of grid of much                  
higher resolution than two boxes representing the entire ocean, to allow for simulation of realistic               
ocean circulation. 
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There is an initial disequilibrium in the coupled model since we get a cooling effect even without                 
doubling of in the atmosphere. The cooling effect is converging towards a change of -0.4   CO2               
degrees.  
 
The atmospheric volume in cGENIE is larger than the atmosphere in the coupled model. Therefore               
the total changes in carbon between the models will differ significantly. As explained earlier, the               
total quantities are not of great importance due to the simplicity of the coupled model. The general                 
behavior can still be compared, even though the total amounts are different. 

7. Conclusions 
With increased amount of carbon dioxide in the atmosphere comes an increase of ocean temperature,               
when climate feedback is applied. It does, however, not increase as much as in a runaway scenario                 
where a higher temperature implies even more in the atmosphere, creating a heating feedback        CO2         
that is increasing until the oceans evaporate. Instead, the temperature stabilizes at an increase of               
+0.22 °C for the deep ocean and +0.48 °C in the upper ocean when simulated in the low-resolution                  
Earth System Model called cGENIE. The two-box model shows an increase between 1.2-1.8 degrees              
after 3,000 years. Also, currents in the ocean change as the temperature of the ocean increases.                
Deepwater formation in the North Atlantic becomes weaker.  
 
Even though the two-box model is simple, it can simulate a complex process, such as the carbon                 
cycle, and its effect on temperature in the ocean. This can be useful when trying to understand the                  
effects of human emissions of carbon dioxide on future climate. The main reason why the results in                 
the two-box model differ to the cGENIE has to do with that cGENIE is simulating more processes                 
and has a higher resolution. Therefore, to improve the results in the two-box model, more processes                
need to be added.  
 
 
 

 

 

 

 

 

 

 

 

 

 

26 



 

8. References. 
[1] J.L. Sarmiento och N. Gruber. Ocean Biogeochemical Dynamics, 2006, Princeton University 
Press. 73 -80. 
 
[2] NASA. Climate change: How do we know? 15/05-17 (https://climate.nasa.gov/evidence/) 
(downloaded 23/05-17) 
 
[3] Scripps Institution of Oceanography (USA). The Keeling Curve. 21/05-17 
https://scripps.ucsd.edu/programs/keelingcurve/ (downloaded 21/05-17)  
 
[4] Water Encyclopedia. Carbon Dioxide in the Ocean and Atmosphere.  
(http://www.waterencyclopedia.com/Bi-Ca/Carbon-Dioxide-in-the-Ocean-and-Atmosphere.html) 
(dowloaded 23/05-17) 
 
[5] NASA. “NASA Climate Modeling Suggests Venus May Have Been Habitable”. Aug. 11, 2016. 
https://www.nasa.gov/feature/goddard/2016/nasa-climate-modeling-suggests-venus-may-have-been-
habitable (Downloaded 02/06-17) 
 
[6] NOAA. 11 November 2007 
http://celebrating200years.noaa.gov/breakthroughs/climate_model/AtmosphericModelSchematic.png 
(Downloaded 01/06-2017) 
 
[7] Intergovernmental panel on climate change. Projections of Future Changes in Climate. 2007 
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/spmsspm-projections-of.html 
(downloaded 20/05-17) 
 
[8] Science Education through Earth Observation for High Schools. The High Latitidue 'Engine 
Rooms'. http://www.seos-project.eu/modules/oceancurrents/oceancurrents-c03-p03.html 
(downloaded 22/05-17) 
 
[9] Intergovernmental panel on climate change. What Factors Determine Earth’s Climate? 
http://wg1.ipcc.ch/publications/wg1-ar4/faq/wg1_faq-1.1.html (dowloaded 23/05-17) 
 
[10] NASA. Gavin Schmidt. Taking the Measure of the Greenhouse Effect. October 2010 
https://www.giss.nasa.gov/research/briefs/schmidt_05/ (Downloaded 17/04-17) 
 
[11] Hugues Goosse, “Climate System Dynamics and Modeling,  2015 
 
[12] WWF. Arctic climate change. 
http://wwf.panda.org/what_we_do/where_we_work/arctic/what_we_do/climate/ (Dowloaded 
27/05-17) 
 

27 



 

[13] ScienceDaily. “Warmer future oceans could cause phytoplankton to thrive near poles, shrink in 
tropics”. October 25, 2012. https://www.sciencedaily.com/releases/2012/10/121025161747.htm 
(Dawnloaded 08/06-2017) 
 
[14] K. R. N. Anthony, D. I. Kline, G. Diaz-Pulido, S. Dove  and O. Hoegh-Guldberg. Ocean acidification 
causes bleaching and productivity loss in coral reef builders. November 6, 2008.  

9. Appendix 
In this section the initial parameters for the two box models are presented. The code used in the                  
coupled model is also presented. 

9.1 Initial values 
Values of initial constants for the experiment: lam = 2, gam =1, dF = 3.6, H1 = 80, H2 = 3,600. 
These are the same parameters used in the coupled model, except for the fixed radiative forcing here. 

9.2 Code used in the coupled model 
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