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ABSTRACT 

 

A simple one-dimensional seasonal atmosphere-ocean energy balance model is used 

to study the seasonal and latitudinal response of the model climate to a doubling of the 

CO2 concentration.  A new climate feedback analysis method, formulated in Lu and Cai 

(2009a), is used to isolate contributions (partial temperature changes) of the external 

forcing alone and subsequent feedbacks to the total temperature change experienced by 

the model climate.  In this study, the relative importance of the external forcing alone (the 

CO2 doubling), surface ice-albedo feedback, water vapor feedback, changes in poleward 

heat transport, changes in vertical sensible heat flux, and changes in heat storage are 

analyzed. 

The partial temperature change due to the water vapor feedback is substantially the 

largest contributor to the globally averaged surface warming.  The ice-albedo feedback 

plays a smaller role, but also significantly contributes to the overall warming of the 

surface.  The most important negative feedback, counteracting the surface warming, is 

the change in the vertical sensible heat flux.  However, though the water vapor feedback 

is most responsible for the overall surface warming, it is not the feedback most 

responsible for the seasonal and spatial pattern of the surface warming.  The climate of 

this model indicates that there is a surface polar warming amplification, with a maximum 

occurring in late summer/early fall.  The feedback most responsible for this polar 

warming amplification and seasonal pattern in this model is the surface ice-albedo 

feedback, which is largest at high latitudes in summer.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Global Warming and Polar Amplification 

A consensus in the science community has formed, as the majority of climatologists 

now accept that climate change is happening in the form of global warming due to an 

anthropogenic increase in the concentration of greenhouse gases, especially carbon 

dioxide (CO2).  Understanding climate change is of utmost importance, as it can have 

profound impacts on ecosystems and human civilizations.  Effects of global warming 

might be seen in the form of a rise in global sea-level, as the higher temperatures would 

melt the ice and cause a thermal expansion of ocean water, and/or in a change of weather 

patterns and the hydrological cycle.  The profound effects this could have on coastlines, 

vegetation, people, and all life on Earth could be devastating and possibly irreversible.  

For this reason, climatologists in conjunction with other scientists have tried to model, 

study, and understand the causes of global warming and its possible consequences. 

Observations show that the concentration of CO2 has been increasing which has 

coincided with an increase in anthropogenic emissions of CO2 (Fig. 1.1).  This increase 

has incremented the atmospheric opacity to outgoing long-wave radiation (OLR) which 

has induced a warming of the Earth’s surface and troposphere, otherwise referred to as 

“the greenhouse effect”.  Observations indeed show that the increase in CO2 has been 

accompanied by an increase in the global mean temperature (Fig. 1.2). 
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Figure 1.1.  Recent CO2 concentrations and emissions. (a) CO2 concentrations (monthly averages) measured 

by continuous analyzers over the period 1970 to 2005 Mauna Loa, Hawaii (19°N, black) and Baring Head, 

New Zealand (41°S, blue).  Due to the larger amount of terrestrial biosphere in the NH, seasonal cycles in 

CO2 are larger there than in the SH.  In the lower right of the panel, atmospheric oxygen (O2) measurements 

from flask samples are shown from Alert, Canada (pink) and Cape Grim, Australia (cyan). (b) Annual 

global CO2 emissions from fossil fuel burning and cement manufacture in GtC  yr-1 (black) through 2005.  

Annual averages of the 13C/12C ratio measured in atmospheric CO2 at Mauna Loa from 1981 to 2002 (red) 

are also shown (Forster et al. 2007). 
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Figure 1.2.  Annual global mean observed temperatures (black dots) along with simple fits to the data.  The 

left hand axis shows anomalies relative to the 1961 to 1990 average the right hand axis shows the estimated 

actual temperature (°C).  Linear trend fits to the last 25 (yellow), 50 (orange), 100 (purple), and 150 years 

(red) are shown, and correspond to 1981 to 2005, 1956 to 2005, 1906 to 2005, and 1856 to 2005, 

respectively.  Note that for shorter recent periods, the slope is greater, indicating accelerated warming.  The 

blue curve is a smoothed depiction to capture the decadal variations.  To give an idea of whether the 

fluctuations are meaningful, decadal 5% to 95% error ranges (light grey) about that line are given 

(Trenberth et al. 2007).  

 

Most scientific studies on global warming have focused on the surface air temperature 

change to demonstrate and study global warming.  In fact, the global mean surface air 

temperature change response to a doubling of the atmospheric CO2 concentration is 

commonly referred to as the climate sensitivity.  The Fourth Assessment Report (AR4) of 

the Intergovernmental Panel on Climate Change (IPCC) projects the equilibrium climate 

sensitivity, which is the global mean surface air temperature change response of the 

climate system after it has reached a new equilibrium state due to a doubling of the 

atmospheric CO2 concentration, to be a warming between 2°C and 4.5°C (Meehl et al. 

2007).  An interesting feature of global warming is that high latitudes experience more 

warming than low latitudes (e.g. Manabe and Stouffer 1980; Holland and Bitz 2003; 

Meehl et al. 2007).  The surface temperature in high latitudes is estimated to have a 
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warming that is 2-3 times larger than the global mean temperature (e.g.  Jones et al. 1999; 

Trenberth et al. 2007).  Furthermore, studying the seasonality of the warming, studies 

have shown that the polar warming has a maximum around winter and a minimum 

around summer (e.g. Manabe and Stouffer 1980; Holland and Bitz 2003; Lu and Cai 

2009b). 

The polar warming amplification implies that the extratropics must have an enhanced 

sensitivity compared to the tropics, since the increase in greenhouse gases is 

approximately uniform over the globe.  Now the key is to try to understand why polar 

amplification happens and what leads to its seasonality.  To do so, the direct effect of the 

external forcing and the effects of the climate feedbacks on the climate system must be 

analyzed. 

Scientific conventional wisdom indicates that changes in ice/snow albedo are the 

leading cause for the surface polar warming amplification due to anthropogenic warming 

(Manabe and Stouffer 1980; Holland and Bitz 2003; Hall 2004).  The surface albedo of 

the high latitudes decreases substantially with the melting of ice/snow, allowing for a 

much greater absorption of solar radiation at high latitudes and therefore causing this 

polar amplification.  Another cause for this polar warming amplification can be attributed 

to the dynamical amplification theory proposed by Cai (2005, 2006) and Cai and Lu 

(2007), and confirmed by Lu and Cai (2010) in the context of a simple GCM model.  As 

elucidated in Cai (2006), the dynamical amplification theory requires two ingredients: (1) 

The radiative coupling between the atmosphere and surface, and (2) the poleward 

atmospheric heat transport.  An enhanced poleward atmospheric heat transport, will 

amplify (reduce) the warming of the atmosphere at high (low) latitudes, increasing 

(decreasing) the amount of downward longwave radiation received by the surface and 

therefore also amplifying (reducing) the warming experienced by the surface at high 

(low) latitudes.  This can cause a surface polar warming amplification even in the 

absence of ice/snow albedo feedback (Lu and Cai 2010). 

 

1.2 Climate Feedbacks 

In general, a feedback refers to ‘an induced input from the output’ (Lu and Cai 

2009a).  In climatology it usually refers to processes internal to the climate system that 
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either amplify or suppress the climate system’s response to an external forcing [National 

Research Council (NRC) 2003].  If the climate system is in radiative balance it is said to 

be in an equilibrium state, an external forcing (such as an increase of CO2) would perturb 

that balance and cause changes in the climate system (such as changes in atmospheric and 

surface temperatures, atmospheric and oceanic circulations, water vapor, clouds, 

precipitation, evaporation, etc…) that would try to return the system to a new equilibrium 

state.   

In climate literature the response of the climate system to the external forcing is 

usually measured by the surface temperature change.  It is understood that every climate 

variable that responds to a change in the global mean surface temperature and affects the 

earth’s radiation budget could constitute a climate feedback agent (Bony et al. 2006).  

Most climate feedback analysis methods are actually based on the premise that climate 

feedbacks are (radiative) energy flux perturbations, at the top of the atmosphere (TOA),  

directly or indirectly induced by the surface temperature change due to the external 

radiation perturbation at the TOA, which amplify or dampen the surface temperature 

change.  The ‘partial radiative perturbation’ (PRP) method (Wetherald and Manabe 

1988), the ‘cloud forcing analysis’ (CRF) method (Cess et al. 1990, 1996), and the 

‘radiative kernel’ method (Soden et al. 2008) are examples of such methods.  Another 

method that usually measures the strength of climate feedbacks in the same manner is the 

‘online feedback suppression’ method (Hall and Manabe 1999; Schneider et al. 1999; 

Soden et al. 2002).  The difference with this method is that the feedbacks do not 

necessarily have to be measured in the same manner, but are done so for comparison 

purposes and because that is the customary way to calculate climate feedbacks.  For a 

review of these methods, excluding the radiative kernel method, readers may refer to 

Bony et al. (2006). 

One of the main fallbacks of these feedback methods is that they only provide a 

measure of radiative climate feedbacks, but no measure of nonradiative feedbacks that 

can affect the climate sensitivity is given.  Of the methods mentioned, the online 

suppression feedback method is the exception.  Since the feedback suppression approach 

just suppresses one particular physical process in a model, which is then just compared to 

the full model run to evaluate the feedback of that specific physical process, nonradiative 
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feedbacks can also be studied.  The main problem with the online feedback suppression is 

that by suppressing a feedback there will be “compensating effects” by other feedbacks, 

giving an incorrect evaluation of the feedbacks (Cai and Lu 2009).   

A relatively new method, which sets up a new framework in which to study climate 

feedbacks, has been developed by Lu and Cai (2009a) and Cai and Lu (2009) called the 

‘climate feedback-response analysis method’ (CFRAM).  The framework for CFRAM 

differs from the norm for it no longer views feedbacks (the induced inputs of the output) 

as the response of the climate system to the surface temperature change (the output) due 

to the external forcing (the input).  Instead, it establishes a framework in which all 

changes in the climate system are system responses to an external forcing, and the 

feedbacks are the energy flux perturbations induced by the system responses collectively, 

not only by any specific variable individually, such as the surface temperature change (Lu 

and Cai 2009a).  While this framework does not allow for the effects of induced inputs 

from the output to be examined on the output itself, it does allow for examination of the 

effects of induced inputs from all outputs on one specific output, such as temperature (Lu 

and Cai 2009a).  Essentially, climate feedbacks in CFRAM can be any physical process 

that causes an energy perturbation in the climate system as a response to the external 

forcing, which means that nonradiative feedbacks, as well as radiative feedbacks can be 

estimated using CFRAM.  This generalized concept is what makes CFRAM so useful, as 

it allows us to calculate the partial temperature changes of each feedback, radiative and 

nonradiative, in response to the energy flux perturbations caused by the external forcing 

and subsequent feedbacks.  Furthermore, these are additive and their total can be 

compared to the actual temperature change.  Therefore, the partial temperature changes of 

each feedback are a measure of their respective strengths.  It is of note to mention that 

CFRAM is not based on the assumption that climate feedbacks are independent from one 

another, it is understood that the climate system is coupled, CFRAM just “isolates” the 

contributions to the (total) temperature change from the external forcing alone and 

individual feedbacks (Lu and Cai 2009a, Cai and Lu 2009, and Lu and Cai 2010). 

Partial temperature changes can also be calculated for other feedback analysis 

methods, such as the PRP and online feedback suppression methods.  However, as noted 

before, the feedback suppression method would include “compensating effects”, so these 
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partial temperature changes of individual feedbacks would not be expected to add up to 

the actual temperature change with all feedback agents included.  The feedback 

parameter in the PRP method can be converted into partial temperatures (Dufresne and 

Bony 2008), but these partial temperatures are calculated using the information of the 

total temperature change, so by definition they must exactly add up to the total 

temperature change.  Therefore the calculation of partial temperature changes based on 

the PRP method is merely symbolic.  CFRAM, on the other hand, allows us to estimate 

the partial temperature changes independently, without knowledge of the actual 

temperature change, and therefore the comparison of the sum of all the partial 

temperatures with the actual temperature change can be used as a validation of the 

feedback analysis.  We can refer the reader to Cai and Lu (2009) for a comparison of 

CFRAM to these two other methods.  

Another advantage of the CFRAM framework is that it allows us to quantify spatial 

variations of climate feedbacks.  In CFRAM, the external forcing energy perturbation has 

a vertical and horizontal structure, it is three-dimensional (3-D) in nature and so are the 

feedbacks.  The temperature change is calculated by taking advantage of the fact that the 

infrared radiation is explicitly and directly related to temperatures in the entire 

atmosphere-surface column.  This is advantageous for it lets us examine the 3-D 

sensitivity of the climate system, and lets us examine and explain significant climate 

questions such as polar surface warming amplification.  It is thought (e.g. Bony et al. 

2006) that a better understanding and evaluation of climate feedbacks would help reduce 

the uncertainty in the global mean climate sensitivity.  CFRAM would help achieve this 

by letting us study the 3-D sensitivity and giving us a better understanding of the 

feedbacks that are important in climate change simulations, so that we can better 

understand their contributions to the global mean climate sensitivity. 

Overall, CFRAM has three main unique features that differentiate it from other 

climate feedback analysis methods.  First, it creates a new framework, where any changes 

in the energy cycle of the climate system, radiative and nonradiative in nature, can be 

considered as climate feedbacks, instead of just the radiative energy flux changes at the 

TOA.  Secondly, it allows us to separately estimate the partial temperature changes of the 

external forcing and subsequent feedbacks, without relying on any information of the 
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actual temperature change, as offline and post-process diagnostic quantities without 

having to rerun the original climate model.  Finally, the user of CFRAM can validate the 

feedback analysis by adding up all the partial temperature changes and analyzing how 

well the total matches up with the actual temperature change given by the model 

projection. 

 

1.3 Objectives and Outline 

This research study has two main objectives.  The first objective being to demonstrate 

the capabilities of CFRAM and show that it can be used in a seasonal model so as to 

allow us to analyze not just the vertical and horizontal structure of climate feedbacks, but 

also the seasonality of climate feedbacks.  To do so, a simple seasonal energy balance 

model will be used.  The second objective is to gain a qualitative understanding of the 

seasonality of climate feedbacks, so as to obtain a better understanding of polar warming 

amplification and the climate sensitivity.  Due to the crudeness and simple nature of the 

model used, the quantitative estimates would not be expected to be reliable.  
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CHAPTER 2 

MODEL AND CFRAM APPLICATION 

 

2.1 Seasonal Atmosphere-Ocean Energy Balance Model 

2.1.1 Background 

The use of simple climate models has served as an important tool for understanding 

the climate system.  In particular, the one-dimensional (1-D) energy balance model 

(EBM), which is just the longitudinal and vertical  averaging of the flux form of the 

thermodynamic equation for the atmosphere, has given scientists the opportunity to study 

the effects of heat transport and ice-albedo feedback on the climate system going back to 

the pioneering work of Budyko (1969) and Sellers (1969).  Budyko and Sellers assumed 

that each term in the energy balance equation depended on surface temperature, and as 

such turned the climate system into a 1-D boundary-value problem that was solved, using 

analytical or numerical methods, for the surface temperature.  Though the 1-D EBM 

seems more sensitive than the actual climate (North et al. 1981), it is still shown that the 

observed present climate could be approximately obtained.  The 1-D EBM is a popular 

model for which to study the ice-albedo feedback and the effects of modifying the solar 

constant on the ice-caps.  For a thorough review on EBMs the reader is referred to North 

et al. (1981). 

In this study a seasonal atmosphere-ocean (AO) EBM is used to study the climate 

feedbacks using the CFRAM method.   The model is extended from the usual one layer 

EBM model to a two layer model that has an explicit atmosphere and ocean, with the 

lower layer representing the ocean and upper layer representing the atmosphere.  It also 

differs from the classical EBM by being a seasonal model instead of an annual one.  

Other studies have used a two layer EBM (Rose and Marshall 2009), or a seasonal EBM 

(North and Coakley 1979; Ramanathan et al. 1979), but as far as is known none have 

used an EBM which incorporates both.  As demonstrated in Cai (2005, 2006), the two-

layer configuration is the minimal in order to include the radiative coupling between the 

atmosphere and surface, which is one of the most important ingredients for the dynamical 

amplification of polar warming.  Furthermore, the main difference of this EBM, 
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compared to others, is that it is the first time, to the author’s knowledge, that an 

interactive radiative transfer model is coupled to the EBM.  It is of note to mention that 

Ramanathan et al. (1979) also used a radiative transfer model with their seasonal EBM, 

but their model was not interactive. 

2.1.2 Model Description 

The model used in this study is a two-layer coupled atmospheric-ocean seasonal 

EBM, here after referred to as the AO-EBM.  The AO-EBM is a globally symmetric 

aqua-planet model.  Due to the symmetry of the model, results will only be given for the 

northern hemisphere.  The governing equations of the AO-EBM, made in the most 

straightforward way possible for the purposes of this study, are given by: 

 (2.1), 

 (2.2), 

where x is the sine of latitude; t is the time dependence; Ta(x,t) and Ts(x,t) are the 

atmospheric and surface temperatures, respectively; Ca and Cs are the column heat 

capacities, assumed to be constant, of the atmosphere and ocean (25m deep), 

respectively; Da and Ds are the thermal diffusion coefficients, also assumed to be 

constant, of the atmosphere and ocean, respectively;  and  are the net 

solar or shortwave (SW) radiation fluxes absorbed by the atmospheric and surface layers, 

respectively;  and  are the net infrared or longwave (LW) radiation 

fluxes leaving the atmospheric and surface layers, respectively.  The two, coupled 

equations are solved using a finite differences scheme with a time interval of 5 minutes 

for the integration, and an interval of 0.01 for ∆x.  It is also of note to mention that the 

year is assumed to be 360 days long, instead of 365.  The values of the constant 

coefficients used in the AO-EBM are listed in table 1. 
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Table 1.  Values and units of constant parameters used in the AO-EBM. 

Parameter Units Value 

Ca J m
-2

 K
-1 

10
7 

Cs J m
-2

 K
-1

 10
8 

Da W m
-2

 K
-1

 1.48 

Ds W m
-2

 K
-1

 0.148 

s2  -0.482 

S0 W m
-2 

1366 

 

The terms on the left hand side of eqs. (2.1) and (2.2) are representative of the heat 

storage terms of the two layers.  The first term on the right hand side (RHS) is the large-

scale heat transport term and as done in the past by Sellers (1969), North (1975 a, b), and 

others it is parameterized as a diffusive transport. 

The second and third terms on the RHS of eqs. (2.1) and (2.2) are the SW and LW net 

radiation terms, which are given by the radiative transfer model developed by Fu and 

Liou (1992, 1993). The radiation model acts interactively with the AO-EBM and is called 

at every 3-hour interval during the integration of the AO-EBM.  The important 

information and parameters along with an explanation of small modifications made to the 

radiative model are given in the appendix.  However, a few of the most important 

parameters implemented in the radiative transfer model are worth noting now. 

The CO2 concentration is assumed to be 330ppm for the 1xCO2 case, and double that 

for the 2xCO2 case.  The relative humidity is assumed to be constant in time and at all 

latitudes with a value of 77%.  Atmospheric water vapor is dependent on the surface 

temperature through the Clausius-Clapeyron equation and is represented by its specific 

humidity (or mixing ratio).  The solar constant (S0) is assumed to be 1366 W/m
2
 and the 

daily solar insolation (S) is given by, 

                              (2.3), 

where � is the period, in this case equaling to 360 days (1 model year), and s2 is a 

coefficient with a value of -0.482.  The first term on the RHS of eq. (2.3) is a function  



  12

 
Figure 2.1.  Contour graph of the daily average insolation at the top of the atmosphere as a function of 

latitude and month.  The contour interval is 50 Wm-2.  The shaded region indicates no solar radiation is 

received during that time period. 
 

that approximates the annual-mean insolation distribution fairly accurately (North, 

1975b), while the second term is a sinusoidal function meant to mimic the daily average 

insolation about the annual-mean insolation.  Figure 2.1 shows that it captures the daily 

average insolation for the northern hemisphere adequately well when compared to the 

actual daily average insolation at the TOA, see Hartmann (1994). 

The surface albedo is also a key part of the radiative transfer model and AO-EBM.  

An extremely simple representation of the ice-albedo feedback is given by assuming a 

constant albedo of 0.25 if the surface temperature is above 265.15 K (-12
0
C) and 0.5 if 

the surface temperature is below 261.15 K (-8
0
C), with a linear interpolation between the 

two temperatures.  This is based of the Budyko (1969) placement of the ice-line at 263.15 

K (-10
0
C), but for the purposes of this study a discontinuous albedo was not desired so a 

linear smoothing around this temperature is made to keep it as simple as possible. 

Finally, the final terms on the RHS of eqs. (2.1) and (2.2) are representative of the 

surface sensible heat flux, which is parameterized as a simple mixing between the surface 

and atmosphere. 
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2.2 Application of CFRAM 

The mathematical formulation of CFRAM is based on the conservation of total 

energy (Lu and Cai 2009a).  In the model used in this study, there are only two layers, an 

atmosphere and ocean, and in each layer the energy balance equation in the atmosphere-

surface column is (in units of Wm
-2

): 

R = S + Q
turb 

– D
h 
– Q                                                 (2.4), 

where R is the net infrared radiation leaving each layer; S is the solar radiation absorbed 

by each layer; Q
turb

 is representative of the transfer of sensible heat from the surface to 

the atmosphere; D
h
 is the transport of energy out the horizontal box into its neighbor 

boxes in the same layer, for each layer; Q is the energy storage of each layer, for an 

equilibrium steady state this term is zero.   

Equation (2.4) is representative of the energy balance in this AO-EBM model (for 

both before and after a change in the external forcing).  As mentioned in the previous 

section, before the CO2 concentration is increased and after it has doubled, the climate 

system is assumed to just change seasonally, but in the annual sense it has reached 

equilibrium as the year to year climate does not change.  Once the climate response to the 

external forcing has reached this same kind of equilibrium state, the difference in the 

energy flux terms between the new and unperturbed equilibrium states is given by: 

∆R = ∆S + ∆Q
turb

 - ∆D
h
 - ∆Q                                             (2.5), 

where ‘∆’ stands for the difference between the two equilibrium states.  To separate the 

different feedback processes, a linear decomposition of the solar and infrared radiation 

flux terms can be made giving: 

                                               (2.6),  

and                                                                                                                                                 

                                         (2.7). 

In eq. (2.6), , , , are the solar radiation fluxes due to the external 

forcing (CO2 increase), water vapor feedback, and surface-albedo feedback (SAF), 

respectively.  In eq. (2.7),  and  are the changes in the infrared radiative 

fluxes due to the external forcing and water vapor feedback, respectively, and  is 
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the change in the infrared radiation flux divergence in each layer due to temperature 

changes throughout the entire atmosphere-surface column.  This linearization is 

essentially a Taylor series expansion of the radiative fluxes, which does neglect the 

higher order terms that represent the interactions between the feedbacks in equations 

(2.6) and (2.7).  This does introduce some error into the CFRAM, but as will be seen this 

error will usually be small for a small perturbation in external forcing, and the CFRAM 

method allows for a quantification of this error through its validation process. 

Substituting eqs. (2.6) and (2.7) into (2.5), and rearranging terms, we obtain 

                                      

          2.8), 

which states that the infrared radiative energy flux perturbation due to the coupled 

atmosphere-surface temperature change balances the sum of the energy flux perturbations 

caused by the external forcing and subsequent feedbacks in each layer of the atmosphere-

surface column. For the model used in this study, the terms in eq. (2.8) depend not only 

on the layer (in this case atmosphere or ocean), but also vary with latitude and time of 

year.  

The first three terms on the right-hand side (RHS) of eq. (2.8) are estimated by 

subtracting the 1xCO2 value of the energy flux term from the value of the energy flux 

term keeping all variables fixed at the 1xCO2, except for the variable responsible for the 

energy flux perturbation, which is set to its 2xCO2 value.  The calculations are done 

according to 

          (2.9), 

           (2.10), 

and 

                          (2.11), 

where q is the specific humidity.  The rest of the terms on the RHS of eq. (2.8) are 

calculated directly from the difference between the 2xCO2 and 1xCO2 states.  It is of note 

to mention that these differences must be taken at a given latitude for a given time of 
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year, and therefore this process must be done for all latitudes and days of the year used in 

the model. 

Now, to determine the partial temperature changes associated with each of the energy 

flux perturbations given on the RHS of eq. (2.8) the matrix , also known as the Planck 

feedback matrix, must be computed.  The Planck feedback matrix in this AO-EBM is 

given by: 

                                                 (2.12), 

where the subscripts ‘a’ and ‘s’ represent the atmosphere and surface, respectively.  The 

first (second) column represents the infrared radiation flux divergence in the atmospheric 

and surface layers due to a change in the atmospheric (surface) temperature, which is 

calculated by estimating the infrared radiation flux divergence at each layer due to a 1 K 

increase of the atmospheric (surface) temperature from its 1xCO2value, using the 1xCO2 

values for all other variables, and then subtracting from it the infrared radiation flux 

divergence from the 1xCO2 state for each corresponding layer.  From here the inverse of 

the Planck feedback matrix can be calculated and it follows that the temperature 

perturbations can be solved for according to: 

  2.13). 

The partial temperature perturbation due to the external forcing and each feedback agent, 

‘n’, can then be evaluated by, 

                                              (2.14), 

where  represents one of the energy flux perturbation terms on the RHS of (2.8) and 

 is the coupled atmosphere-surface temperature response to that specific energy 

flux perturbation. 
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In this study the effects of the external forcing and five different feedbacks will be 

analyzed.  The external forcing in this study is the doubling of the CO2 concentration, and 

the partial temperature response attributed directly to the external forcing is given by, 

                                      (2.15). 

The radiation related thermodynamic feedbacks in this study are the water vapor and 

surface albedo feedbacks.  The partial temperature response attributed to the water vapor 

feedback is given by, 

                                    (2.16), 

and that of the SAF by, 

                                             (2.17). 

The partial temperature response due to the large-scale dynamical feedback, given by the 

horizontal heat transport change, is given by, 

                                          2.18), 

and that due to the local dynamical feedback, given by the sensible heat flux change, by, 

                                        2.19), 

which are non-radiative feedbacks.  Finally, there is the partial temperature response due 

to the heat storage feedback, which is given by, 

                                        (2.20). 

The sum of eq. (2.15-2.20) gives the total temperature response of the climate system to 

the external forcing: 

    (2.21). 

This is the temperature total that will be compared to the actual temperature change at 

each layer, so as to verify the validity of using CFRAM.  The difference between the total 
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and actual temperature changes will give an indication of how much error was introduced 

by the linearization of the radiative terms. 
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CHAPTER 3 

MODEL CLIMATOLOGY 

 

3.1 1xCO2 Model Run 

The 1xCO2 model run was made to roughly simulate the current climate.  For the 

purposes of this study a comparable climate to the current one is needed, as only 

qualitative results are desired, therefore allowing for a very simple model.  We will 

analyze the temperature, atmospheric water vapor, TOA radiation, horizontal large-scale 

heat transport, and vertical sensible heat flux fields for the 1CO2 case. 

The atmospheric seasonal and annual mean temperature profiles are given in Fig. 3.1.  

The seasonal field shows that the highest temperatures are seen in August and the lowest 

in February, which is reasonable compared to the observed climatology.  The annual 

mean temperature field demonstrates that the atmospheric temperature in this model is 

approximately representative of the observed 500 mb level annual mean temperature (e.g. 

Peixoto and Oort 1992). 

The surface seasonal and annual temperature profiles are given in Fig. 3.2.  The 

seasonal field indicates that the warmest temperatures are observed in October and the 

coldest in April, which differs from the current climatology.  The climatology of the 

current climate indicates that the surface air temperature should be warmest during 

July/August and coldest during January in the NH.  The main difference is due to the fact 

that the EBM does not differentiate between the surface air temperature and the ocean 

surface temperature, and the high heat capacity of the ocean compared to the atmosphere 

causes the surface temperature to be warmest and coldest at a later time of year.  

Approximating the iceline by the -10
0
C isotherm in the seasonal surface temperature field 

indicates that the iceline oscillates between 49
0
N and 63

0
N with the annual mean being at 

approximately 55
0
N.  This is at much lower latitudes than classical EBM results and that 

of the current climate, which could be due to the sinusoidal approximation of the daily 

average insolation and other simplified parameterizations.  However, analyzing the 

annual mean surface temperature profile, the annual mean temperature is comparable to  
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Fig. 3.1.  Shown here is the atmospheric temperature for the NH, where a) is the seasonal atmospheric 

temperature (0C) and b) is the annual mean atmospheric temperature (0C). 

 

 

Fig. 3.2.  As in Fig. 3.1, but for the surface temperature. 

 

that of other annual EBM temperature profiles and the observed climate (e.g. North 

1975b).  As for the iceline, the important thing for this study is that it is still at high 

latitudes and will still show the importance of the ice-albedo feedback. 

The water vapor seasonal field follows that of the surface temperature field, as 

expected from our parameterization that the water vapor specific humidity depends on the 

surface temperature through the Clausius-Clapeyron equation (Fig. 3.3).  Therefore, we 

still have the same issues as with the surface temperature profile, with a maximum 

specific humidity observed at low latitudes in October/November and minimum specific 

humidity seen at high latitudes in April.  Once again, however, the annual mean specific 

humidity profile (Fig. 3.3) is similar to that of the current climate (e.g. Peixoto and Oort 

1992). 
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Fig. 3.3.  Shown here is the a) seasonal and b) annual mean water vapor mixing ratio (specific humidity) in 

g/kg for the NH.  

 

   

Fig. 3.4.  Shown here is the a) seasonal and b) annual mean vertical sensible heat flux leaving the surface 

(or absorbed by the atmospheric layer) in Wm-2 as a function of latitude (NH). 

 

The seasonal and annual sensible heat flux of the 1xCO2 case for this model is seen in 

Fig. 3.4.  Figure 3.4 shows the sensible heat flux leaving the surface, which is the same as 

that received by the atmosphere, since there is only one atmospheric layer.  The annual 

mean profile indicates that the sensible heat flux is too large compared to the current 

climatology, but the sensible heat flux in this model is used to approximate the 

contributions of both the latent and sensible heat fluxes in the real climate, so the sensible 

heat flux in this model is comparable to the addition of latent and sensible heat fluxes in 

the observed climate, as indicated by the data from Sellers (1965).  The seasonal field 

indicates that the largest sensible heat flux occurs during winter (DJF), and smallest 

during summer (JJA), with the low latitudes having larger values than the high latitudes. 
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Fig. 3.5.  NH annual mean atmospheric heat transport (red), ocean heat transport (blue), and their sum 

(black) for the 1xCO2 run (in units of petawatts).  

 

 

Fig. 3.6.  Seasonal net radiation absorbed in the NH by the (a) atmospheric layer and (b) surface layer in 

units of W/m2. 

 

Fig. 3.7.  Seasonal mean (left) and annual mean (right) of NH absorbed solar radiation (red), emitted 

longwave radiation (blue), and net radiation at the TOA (in units of W/m2). 
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The atmospheric and oceanic heat transports are shown in Fig. 3.5.  The annual mean 

profiles are similar to those obtained in the AO-EBM of Rose and Marshall (2009), and 

the sum of these is comparable to the observed (e.g. Peixoto and  Oort 1992).  It is of 

importance to mention that ocean heat transport still occurs where there is ice, and is 

therefore non-insulating.  

Analyzing the seasonal net radiation absorbed by both the surface and atmospheric 

layers (Fig. 3.6) a couple of observations can be made.  First, it is seen that the 

atmospheric layer has a negative value everywhere, indicating that this layer is 

radiatively cooling, with minimum values at high latitudes in December/January.  

Secondly, the surface layer has a net radiative warming, except at high latitudes in winter 

(DJF), with maximum values in summer (JJA).  Also, the iceline seems to play a key 

role, as there is a unique distinction in the net surface radiation field in Fig. 3.6 where the 

iceline would be. Figure 3.7 shows the seasonal mean and annual mean distributions of 

the absorbed solar, emitted long-wave, and net radiation given by the AO-EBM at the 

TOA.  Both profiles demonstrate that the absorbed solar, emitted long-wave, and net 

radiation of the AO-EBM used in this study is comparable to other models and 

observations of the current climate (e.g. Manabe and Stouffer 1980, Hartmann 1994).  

The biggest differences come from the absorbed radiation, which is once again probably 

due to the simple sinusoidal modeling of the daily average insolation. 

 

3.2 2xCO2 Model Run 

Here the climate of the 2xCO2 model run will be analyzed and compared to the 1xCO2 

case.  The differences will hopefully guide us into the next chapter, in which hopefully 

CFRAM can corroborate and help us understand these differences. 

Figure 3.8 illustrates the seasonal atmospheric and surface temperatures, and the 

changes in both due to CO2 doubling.  For both layers, the CO2 doubling has caused an 

increase in temperature throughout (Fig. 3.8c, d).  The increase in surface temperature is 

substantially larger than the increase in atmospheric temperature.  It can also be seen that 

the largest temperature change occurs at high latitudes for the surface, but at low latitudes 

for the atmosphere, though the atmospheric temperature change does not vary much by  
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Fig. 3.8.  Seasonal (a) atmospheric and (b) surface temperature fields for the 2xCO2 run.  Also shown is the 

temperature difference between the 2xCO2 and 1xCO2 runs for the (c) atmosphere and (d) surface. (Units: 

Kelvin) 

 

   
Fig. 3.9.  Seasonal (a) water vapor specific humidity (g/kg) for the 2xCO2 run and the (b) change in specific 

humidity (g/kg) from the 1xCO2 run for the NH. 
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latitude.  Furthermore, the maximum atmospheric temperature change occurs 

approximately in June, while for the surface temperature, the maximum change occurs in 

summer/ early fall (JAS).  In the next chapter CFRAM will give insight into 

understanding the structure of these seasonal temperature changes and the roles of 

different feedbacks in causing these temperature changes. 

The seasonal water vapor mixing ratio (specific humidity) for the 2xCO2 case and the 

change due to the CO2 doubling are shown in Fig. 3.9.  The water vapor is shown to have 

increased throughout, which makes sense since the surface temperature has increased 

throughout and water vapor is dependent on it (Fig. 3.9b).  However, unlike the surface 

temperature change, the maximum water vapor change occurs at low latitudes, which is 

due to its exponential dependence on surface temperature (non-linear).  The largest 

increases are seen around September/ October, and the smallest around March/April, 

which coincides with the warmest and coldest surface temperatures, respectively.  It is of 

note to mention that the change in water vapor mixing ratio (specific humidity) in the 

seasonal AO-EBM is a by-product of the temperature change due to the fixed relative 

humidity in the model, instead of resulting from a change in the hydrological cycle, 

which this simple model does not have. 

The seasonal sensible heat flux field for the 2xCO2 case (Fig. 3.10a) has essentially 

the same characteristics as that of the 1xCO2 case.  However, when analyzing the change 

in sensible heat flux (Fig. 3.10b), small differences can be appreciated.  It is seen that the 

maximum change in sensible heat flux occurs at high latitudes during summer/fall.  This 

seems to occur where the iceline retreats because of the parameterization of sensible heat 

flux as a simple mixing between the surface and atmosphere.  When the ice retreats the 

ocean surface is able to absorb more solar radiation, which increases the surface 

temperature, which creates a larger gradient between the surface and atmosphere, and as 

seen in Fig. 3.8d the maximum surface temperature change is greater than the 

atmospheric temperature change and in the same region as the largest increase in sensible 

heat flux. 

The annual mean profiles of heat transport for the 2xCO2 case are shown in Fig. 3.11, 

along with the changes from the annual mean profiles of the 1xCO2 case.  One can 

observe that the ocean heat transport has weakened overall, except at high latitudes where 
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Fig. 3.10.  Seasonal (a) sensible heat flux emitted by the surface (or absorbed by the atmospheric layer) for 

the 2xCO2 run and (b) the difference in the sensible heat flux emitted by the surface between the 2xCO2 and 

1xCO2 runs. (Units: W/m2) 

 

   
Fig. 3.11.  Shown here (left) is the annual mean atmospheric heat transport (red), ocean heat transport 

(blue), and their sum (black) for the 2xCO2 run.  The differences in the annual mean atmospheric heat 

transport (dashed) and ocean heat transport (solid) between the 2xCO2 and 1xCO2 runs are shown on the 

right. (Units: Petawatts) 

 

the ice is, and that the large-scale atmospheric heat transport has strengthened.  Since the 

large-scale ocean and atmospheric heat transports here have been modeled as diffusion 

processes based on the surface and atmospheric temperature gradients, respectively, it 

follows that these changes have occurred as the overall temperature gradient of the 

surface has decreased, while that of the atmosphere has increased. 

The features of the seasonal net radiation flux of each layer for the 2xCO2 case do not 

differ much from the 1xCO2 case, but while the main features may not change there still 

are some differences, as can be seen from taking the difference between them (Fig. 3.12).  
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Fig. 3.12.  Shown is the seasonal net radiation flux absorbed by the (a) atmospheric layer and (b) surface 

layer for the 2xCO2 run, and the changes in these fluxes, (c) and (d), from the 1xCO2 run for both layers. 

(Units: W/m2) 

 

In the atmospheric layer the net convergence of radiation has decreased throughout, 

implying greater radiative cooling, with the greatest change occurring at high latitudes 

during summer (JJA) near the iceline.  For the surface layer there is an overall increase in 

the net convergence of radiation, implying greater radiative warming, with a maximum 

increase located in summer where the iceline retreats, but there are small regions around 

this maximum increase where there are slightly negative values.  These results seem to 

indicate that the ice-albedo feedback is significant in establishing the differences in the 

net radiation flux of each layer between the 2xCO2 case and 1xCO2 case, which CFRAM 

should be able to corroborate. 
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CHAPTER 4 

CFRAM RESULTS 

 

4.1 CFRAM Validation 

In the next few sections the temperature responses attributed to each of the feedbacks 

and the external forcing in the seasonal AO-EBM will be studied and analyzed, but 

before this is done, the CFRAM method must be validated so as to be sure of the 

robustness of our results and analysis.   

Figure 4.1 shows the seasonal temperature changes due to the doubling of CO2 for 

both the atmosphere and surface.  The colored contours indicate the actual temperature 

changes experienced by both the atmospheric and surface layers, while the black contours 

are indicative of the total temperature calculated using CFRAM.  As can be seen, the 

black contours match up very well with the colored contours for both layers.  In fact, the 

spatial correlation between the actual temperature change and the total temperature 

change given by CFRAM is 0.985 and 0.999 for the atmosphere and surface, 

respectively.  The actual global mean temperature change is a 1.65
0
C and 4.48

0
C 

warming for the atmosphere and surface, respectively, while the CFRAM global mean 

total temperature change is a 1.59
0
C and 4.52

0
C warming.  Therefore, it is quite clear that 

the CFRAM is able to accurately reproduce the actual temperature change that has 

occurred.  Most of the small error can probably be attributed to the almost discontinuous 

and thus highly non-linear parameterization of surface albedo. 

 

4.2 External Forcing and its Temperature Response 

First let us study the radiative energy perturbation and subsequent (partial) 

temperature change due to the external forcing (the CO2 doubling) alone.  The radiative 

energy perturbation due to the doubling of CO2 is evaluated according to eq. (2.9), and 

the results are shown in Fig. 4.2.  In the atmosphere, the seasonal and annual mean fields 

indicate the radiative energy perturbation (Fig. 4.2a, b), due to the external forcing alone, 

is negative throughout.  The tropics have the smallest change and the largest  
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Fig. 4.1.  Seasonal (a) atmospheric and (b) surface temperature changes due to the doubling of CO2, where 

the colored contours are the actual temperature changes and the black contours are that calculated using 

CFRAM (in 
0
C). 

 

 

 

Fig. 4.2.  Convergence of radiative energy flux perturbations, in units of W/m2, due to the doubling of CO2 

alone:  In the atmosphere in the (a) seasonal and (b) annual mean sense, and at the surface in the (c) 

seasonal and (d) annual mean sense. 
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negative values are found in the polar region.  Furthermore, the seasonal distribution 

indicates the most negative values in the polar region are found in late spring/early 

summer. 

For the surface layer, the opposite of the atmospheric layer is observed.  The radiative 

energy perturbation for the surface is positive throughout, with minimum values found in 

the tropics and maximum values found in the polar region (Fig. 4.2c, d).  These results 

indicate that the latitudinal profile is mostly determined by the climatological mean 

meridional profile of water vapor (Lu and Cai 2010).  Specifically, water vapor tends to 

limit the effectiveness of the CO2 doubling due to the overlapping of the H2O and CO2 

absorption bands (e.g. Ellingson et al. 1991).  The maximum energy perturbation for the 

external forcing is found in the polar region, where the overlapping effect is a minimum, 

even though there is a smaller availability of infrared radiation to be absorbed due to the 

colder temperatures of the polar region, which implies that the overlapping effect is quite 

dominant.  The seasonal distribution for the surface shows that the maximum radiative 

energy perturbation at high latitudes occurs in late winter/early spring. 

The temperature change attributed to the external forcing alone is shown in Fig. 4.3.  

The atmospheric temperature change is negative throughout, which follows from the 

radiative cooling due to the energy perturbation of the external forcing.  The spatial 

variation of the seasonal atmospheric temperature change (Fig. 4.3a) is consistent with 

the atmospheric energy perturbation of the external forcing, with the largest cooling 

happening at high latitudes in late spring/early winter.  The latitudinal profile clearly 

demonstrates that the largest cooling happens at high latitudes with almost no 

temperature change in the tropics (Fig. 4.3b).  The overall contribution of the external 

forcing alone to the global (hemispheric) atmospheric temperature change is small and 

negative (-0.15
0
C). 

The surface temperature change due to the external forcing on the other hand is 

positive throughout, with a larger warming in the polar region than in the tropics (Fig. 

4.3c, d).  The spatial variation of Fig. 4.3c also follows that of the surface energy 

perturbation of the external forcing, with a maximum warming occurring in the polar 

region in late winter/early spring.  In this model, the total contribution of the external 

forcing alone to the global surface temperature change is a warming of 0.48
0
C. 
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Fig. 4.3.  Shown here are the partial temperature changes, in 
0
C, due to the doubling of CO2 alone. a. 

Seasonal atmospheric temperature change; b. annual mean atmospheric temperature change; c. seasonal 

surface temperature change; and d. annual mean surface temperature change. 

 

 

4.3 Water Vapor Feedback 

The radiative energy perturbation due to changes in water vapor alone was calculated 

using eq. (2.10).  The seasonal and annual mean atmospheric energy changes due to the 

water vapor feedback indicate an increase in net radiative energy flux convergence for 

the tropics, but a reduction for higher latitudes (Fig. 4.4a, b).  The seasonal distribution 

does not change much in the tropics, though a slight maximum is seen around September.  

In the high latitudes, the largest negative values are observed in late autumn/early winter. 

 As with the greenhouse effect of CO2, the surface radiative energy perturbation due 

to water vapor changes alone is positive throughout (Fig. 4.4c, d).  However, unlike the 

external forcing, the largest increase is found near the tropics (about 28
0
N) and the 

minimum is located in the polar region.  Another key difference between the water vapor 
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Fig. 4.4.  As in Fig. 4.2, but for convergence of radiative energy flux perturbations due to changes in water 

vapor alone. 

 

change and that due to the external forcing is that the quantitative increase in net radiative 

energy flux convergence at the surface due to the water vapor feedback is much greater 

than that of the external forcing.  Therefore, the greenhouse effect due to the water vapor 

is much larger than that due to the doubling of CO2 alone.  This also demonstrates the 

dominating effects of water vapor over CO2, as was indicated before due to the 

overlapping effect of the two greenhouse gases.  Analyzing the seasonal distribution (Fig. 

4.4c) we see that the maximum increase occurs between 25
0
N and 35

0
N in late 

autumn/winter, with a minimum in the polar region in summer.  One key thing that is 

noticed is that the maximum increase does not occur near the equator, where the greatest 

increase in water vapor is observed.  This is most likely due to the oversaturation of the 

radiative effect of water vapor to the surface, so that much of the radiation that was  
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Fig. 4.5.  As in Fig. 4.3, but this is the partial temperature changes due to the water vapor feedback. 

 

available to be absorbed was already absorbed near the equator in the 1xCO2 run, so that 

a greater increase in water vapor due to the doubling of CO2 near the equator would not 

increase the net radiative energy convergence at the surface as much as would be 

expected.   

The atmospheric temperature change due to the water vapor feedback follows the 

atmospheric radiative energy perturbation due to the water vapor change alone 

reasonably well (Fig. 4.5a, b).  The water vapor feedback causes a warming in the tropics, 

and a cooling at high latitudes in the atmospheric layer.  Figure 4.5a indicates that there is 

not much variation in the warming trend of the tropics for the atmospheric layer, but at 

high latitudes we do see seasonal changes, with the largest cooling taking place in winter 

and essentially no change in summer.  The contribution of the water vapor feedback to 

the global atmospheric temperature change of this model is a warming of 0.40
0
C. 
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When analyzing the effects of the water vapor feedback on surface temperature, we 

once again see that the temperature change follows the surface radiative energy 

perturbation closely, showing a warming throughout, with a maximum between 20
0
N and 

30
0
N in late autumn/ winter and a minimum at the pole in summer (Fig. 4.5c, d).  The 

contribution of the water vapor feedback to the global surface temperature change of this 

model is a warming of 5.45
0
C.  The maximum surface temperature change due to the 

water vapor feedback should most likely be closer to the equator (Lu and Cai 2010), for 

the same reasons described for the surface radiative energy change.  It is also of note to 

mention that the seasonality of these results might be slightly delayed, due to the fact that 

in this model the surface temperatures are warmest in fall instead of summer and 

therefore the water vapor maximum also occurs in fall instead of summer. 

 

4.4 Ice-Albedo Feedback 

Some of the results shown thus far have already implied that the iceline and its retreat 

due to surface warming play an important role.  To estimate and see how important of a 

role it plays, the radiative energy perturbation due to the ice-albedo feedback was 

calculated using eq. (2.11).  Figure 4.6a shows a negative atmospheric radiative energy 

perturbation at high latitudes over the region where the iceline has receded with a 

maximum decrease in summer.  The atmospheric temperature change due to surface ice-

albedo change follows the spatial variation of the energy perturbation, with the largest 

cooling happening during summer, but there is a very small warming noticed away from 

this cooling at high latitudes (Fig. 4.6b).  Overall, the atmospheric temperature change 

due to the ice-albedo feedback is quite small, with the contribution to the global 

atmospheric temperature change being almost zero. 

While the ice-albedo feedback contribution to the overall atmospheric temperature 

change is small, it does play a large role at the surface.  The surface net radiative energy 

convergence increases substantially at high latitudes, where the iceline has drawn back, 

with a maximum in summer (Fig. 4.7a).  The surface temperature change due to the ice-

albedo feedback very closely follows that of the surface radiative energy perturbation due 

to the surface ice-albedo change alone, with a substantial maximum warming at high 

latitudes in summer (Fig. 4.7b).  This also matches the qualitative results of Lu and Cai  
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Fig. 4.6.  The (a) seasonal convergence of radiative energy flux perturbation (W/m2) in the atmosphere and 

(b) partial atmospheric temperature change (0C) due to changes in surface ice-albedo alone. 

 

 

Fig. 4.7.  As in Fig. 4.6, but for the surface. 

 

(2009b), which also found the surface albedo feedback to be strongest in summer.  The 

observation that the surface temperature change due to the ice-albedo feedback is greatest 

in summer is due to the fact that this is when the greatest amount of insolation arrives at 

the surface at high latitudes, and therefore since the iceline has receded, more of the solar 

radiation is available to be absorbed during this time.  The large amount of surface 

warming observed in this model due to the ice-albedo feedback implies that this feedback 

is highly responsible for the larger climate sensitivity of high latitudes compared to low 

latitudes (polar amplification).  Other studies back up this result by indicating that the 

ice-albedo feedback plays an important role in causing the polar amplification seen in 

most global warming projections (e.g. Holland and Bitz 2003, Hall 2004).  The 
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contribution of the ice-albedo feedback to the global mean surface temperature change is 

1.13
0
C for this simple model. 

 

4.5 Non-Radiative Feedbacks 

The non-radiative energy perturbations due to the large-scale heat transport change, 

the sensible heat flux change, and the heat storage change were calculated by directly 

taking the difference between the 2xCO2 and 1x CO2 states.  These are the feedbacks that 

are usually neglected by other feedback analysis methods, as they are non-radiative. 

The seasonal atmospheric energy perturbation and temperature change due to the 

poleward heat transport change alone are shown in Fig. 4.8.  The seasonal patterns of 

both match up quite well, with a negative energy perturbation and a corresponding slight 

cooling found in the tropics, and a general increase in the net energy convergence and 

corresponding warming at high latitudes.  The large-scale atmospheric heat transport 

dominates the changes seen in the atmospheric layer due to the heat transport change.  

Therefore the observation that there is a general warming at high latitudes and a slight 

cooling in the tropics makes sense, since in section 3.2 the large-scale atmospheric heat 

transport is shown to have intensified due to CO2 doubling.  The heat transport change 

contributes a warming of 0.09
0
C to the global mean atmospheric temperature change. 

Figure 4.9 shows the seasonal surface energy perturbation and temperature change 

due to the large-scale heat transport.  As with the atmospheric layer, the seasonal patterns 

of both coincide quite well, but here the most significant changes due to the heat transport 

change are isolated to the region of the iceline, with a negative energy perturbation and 

corresponding cooling where the ice has melted, and a positive energy perturbation and 

corresponding warming north of this where ice still exists in summer.  This is due to the 

parameterization of the ocean heat transport as a diffusion process dependent on the 

temperature gradient and there is a large increase in the temperature gradient where the 

iceline is, due to the large difference in surface albedo between the ice and non-ice 

covered surfaces.  The movement of the iceline north in summer causes this large 

temperature gradient to move north and as such increase the ocean heat transport where 

the ice has melted.  The ocean heat transport change is primarily responsible for the 

changes observed in Fig. 4.9, but these features are not necessarily reliable, as the ice is  
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Fig. 4.8.  The (a) seasonal convergence of energy flux perturbation (W/m2) in the atmosphere and (b) 

partial atmospheric temperature change (0C) due to changes in both the large-scale poleward atmospheric 

and oceanic heat transports alone. 

 

   
Fig. 4.9.  As in Fig. 4.8, but for the surface. 

 

non-insulating and the parameterization of the ocean heat transport as a diffusion process 

is not as good an approximation as it is for the atmospheric heat transport.  This is also, 

why a slight cooling is observed near the iceline in summer for the atmospheric layer 

(Fig. 4.8b).  The atmospheric heat transport, however, does have an effect on the surface 

temperature.  Figure 4.10 shows the annual mean surface temperature change due to the 

atmospheric heat transport alone, and as is shown, the surface temperature change is 

slightly negative at low latitudes and slightly positive at high latitudes.  While this 

temperature change is small it does follow other studies that have indicated that the 

atmospheric heat transport could reduce the warming at low latitudes and amplify the 

warming at high latitudes (e.g. Cai 2006, Lu and Cai 2010).  The overall contribution of  
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Fig. 4.10.  The annual mean of the partial surface temperature change (0C) due to the large-scale 

atmospheric heat transport alone.  

 

the heat transport change to the global mean surface temperature change is an 

approximate warming of 0.03
0
C. 

The energy perturbation due to the sensible heat flux change alone is the same for 

both the atmosphere and surface, except with opposite signs (Fig. 4.11a, b).  The 

atmosphere has an increase in the net energy convergence throughout, while the surface  

has a decrease.  The largest energy changes for both the atmosphere and surface occur 

during summer/early fall at high latitudes.  The atmospheric and surface temperature 

changes due to the sensible heat flux change alone, however, are not the same with 

opposite signs (Fig. 4.11c, d).  There is an atmospheric warming throughout due to the 

sensible heat flux change, which follows the positive atmospheric energy perturbation 

seen in Fig. 4.11a.  However, the patterns do show differences, with the maximum 

atmospheric temperature change due to the sensible heat flux change located at high 

latitudes but without much seasonality, except perhaps for a small peak during winter.  

The surface temperature change due to the sensible heat flux change follows the surface 

energy perturbation better, as the negative energy perturbation throughout implies a 

cooling of the surface temperature throughout, which is observed, and the largest cooling 

occurs at high latitudes in summer/early fall (Fig. 4.11b, d).  However, differences in the 

patterns are still observed as there is also a maximum cooling in the tropics during fall.  

The contribution of the sensible heat flux change to the global mean atmospheric  
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Fig. 4.11.  The seasonal energy flux perturbation (W/m2) due to the vertical sensible heat flux change alone 

for the (a) atmosphere and (b) surface.  The partial (c) atmospheric and (d) surface temperature changes 

(0C) due to the vertical sensible heat flux change alone are also shown. 

 

temperature change and surface temperature change is a warming of 1.23
0
C and a cooling 

of 2.60
0
C, respectively. 

The energy perturbation and temperature change due to the heat storage feedback 

alone, for both the atmospheric layer and surface, are displayed in Fig. 4.12.  The 

atmospheric energy perturbation is quite small, but the surface energy perturbation due to 

the heat storage feedback is substantial.  There is a large decrease in net surface energy 

convergence in summer, followed by an increase in net surface energy convergence in 

fall/winter at high latitudes (Fig. 4.12b).  This is due to the high heat capacity of the 

ocean, which essentially counteracts the ice-albedo feedback, and takes the energy 

absorbed by the surface in summer at high latitudes and releases it during the course of 

the year.  The atmospheric temperature change due to the heat storage feedback is not  
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Fig. 4.12.  As in Fig. 4.11, but due to the heat storage feedback alone. 

 

large, but actually follows the pattern of the surface energy perturbation as opposed to the 

atmospheric energy perturbation (Fig. 4.12b, c).  The surface temperature change due to 

the heat storage feedback also follows the pattern of the surface energy perturbation with 

a maximum cooling in summer followed by a warming in fall/winter at high latitudes 

(Fig. 4.12b, d), again due to the high heat capacity of the ocean.   

 

4.6 Summary 

  The CFRAM method was validated for this seasonal AO-EBM by adding of all the 

partial temperature changes due to the external forcing alone, radiative feedbacks, and 

non-radiative feedbacks and comparing this total temperature change to the actual 

temperature change due to the doubling of CO2 for both the atmosphere and surface.  As 

is shown in Fig. 4.1, the CFRAM total temperature change matched the actual 
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temperature change for both the atmospheric and surface layers quite well.  The 

atmospheric temperature change is shown to have warming throughout, with a maximum 

warming at low latitudes and a minimum warming at high latitudes in winter.  There is 

also a surface warming throughout, with a minimum in the tropics (with little seasonality) 

and a maximum at high latitudes during late summer/early fall, demonstrating the polar 

warming amplification seen in many other studies (e.g. Manabe and Stouffer 1980, 

Holland and Bitz 2003, Meehl et al. 2007, Lu and Cai 2010).  The global mean 

atmospheric and surface temperature changes were warmings of 1.65
0
C and 4.48

0
C, 

respectively.  Now, the key is to use CFRAM to try and understand these temperature 

changes due to CO2 doubling.      

  The seasonal pattern of the atmospheric temperature change is not followed by any 

specific feedback or that due to the external forcing alone. The warmer atmospheric 

temperature change at low latitudes seems to be due primarily to the water vapor 

feedback and vertical sensible heat flux change, as these feedbacks cause a warming in 

the atmosphere at low latitudes (Fig. 4.5a and Fig. 4.11b).  The atmospheric temperature 

change due to the vertical sensible heat flux might lead one to think that the atmospheric 

temperature warming at high latitudes should be larger than that at low latitudes, but the 

external forcing and other feedbacks counteract this warming, while at low latitudes the 

external forcing and other feedbacks have negligible effects on the atmospheric 

temperature change at low latitudes.  In fact, the vertical sensible heat flux change and 

the large-scale horizontal heat transport change try to warm the atmosphere more at high 

latitudes, but the external forcing alone and the water vapor feedback counteract this 

warming, with the water vapor feedback having a large cooling effect in winter at high 

latitudes, where the minimum warming in the atmosphere was observed.  The largest 

role, though, seems to be played by the vertical sensible heat flux change, as the global 

mean atmospheric temperature warming caused by it is 1.23
0
C, which accounts for most 

of the global mean warming of the atmospheric layer.   

The seasonal pattern of surface temperature warming also does not match the 

seasonal pattern of any specific feedback or that due to the external forcing alone.  The 

ice-albedo feedback, however, does seem to be the principal feedback causing the polar 

amplification and its seasonality.  As was shown in Fig. 4.7b, there is a large warming at 
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high latitudes in summer due to the ice-albedo feedback.  The reason the greatest total 

surface warming is not observed during summer, but during late summer/early fall, is due 

to the counteracting effects of the heat transport change, the vertical sensible heat flux 

change, and especially the heat storage change, which cool the same region at high 

latitudes that the ice-albedo feedback warms in summer.  That combined with the 

substantial surface temperature warming at high latitudes due to the water vapor feedback 

during fall/early winter, helps shift the large warming due to the ice-albedo feedback in 

summer to late summer/early fall.  It should be mentioned, however, that the water vapor 

feedback warms the low latitudes more than the high latitudes.  Besides the fact that the 

ice-albedo feedback warms the high latitudes greatly, the polar amplification is seen 

because the greater warming at low latitudes due to the water vapor feedback is partially 

offset by the heat storage change and more principally by the surface sensible heat flux 

change. The global mean contribution to the total surface temperature change is 

approximately 0.48
0
C, 5.45

0
C, 1.13

0
C, 0.03

0
C, and -2.60

0
C due to the external forcing 

alone, the water vapor feedback, the ice-albedo feedback, the heat transport change, and 

the surface sensible heat flux change, respectively.  This implies that the water vapor 

feedback is the most important factor in the overall surface warming of the NH, which 

has been found to be the case in other feedback studies (e.g. Bony et al. 2006), with the 

ice-albedo feedback also being an important feedback to the overall surface warming and 

the sensible heat flux change playing an important role in counteracting the surface 

warming.  Therefore, we conclude that the water vapor feedback is the most important 

feedback when it comes to the overall warming of the surface, but the ice-albedo 

feedback is the main feedback when it comes to explaining the polar amplification and 

the seasonality of this polar amplification. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

 

In this study there are two main objectives.  The first and main objective, is to use a 

simple seasonal model to show that CFRAM can allow us to analyze climate forcings and 

feedbacks not just in the vertical and horizontal but also in time, so as to allow us to study 

their seasonality.  The other is to use the capabilities of CFRAM to obtain a qualitative 

understanding of the contributions of the external forcing and climate feedbacks to the 

climate temperature change.  Only a qualitative understanding, in terms of comparing to 

actual climate change, can be expected as the seasonal AO-EBM used in this study is 

such a simple seasonal climate model that its quantitative results cannot be expected to be 

reliable. 

For the atmospheric layer of the simple seasonal AO-EBM, doubling the CO2 causes 

an overall warming with a slightly larger warming occurring at low latitudes than at high 

latitudes.  CFRAM demonstrated that the feedbacks most responsible for the seasonality 

and overall warming of the atmosphere where the water vapor and sensible heat flux 

feedbacks.  However, this model is extremely simplified, and therefore the reliability of 

these results can be called into question when talking about the actual climate.  The main 

thing is that the EBM of this study has just one vertical level for the atmosphere, more 

vertical levels must be added for more reliable results.  In Lu and Cai (2010), CFRAM is 

used on a model with multiple vertical levels, and in the annual mean sense they 

demonstrate that the upper troposphere warms largest in the tropics than at the poles but 

for the lower troposphere the opposite is true.  This model is unable to produce this clear 

of a picture for the atmosphere, however, the results of this simple model can still make 

sense, as a vertical averaging of the model used by Lu and Cai (2010) or perhaps looking 

at the 500 mb level, would show an atmosphere with slightly warmer low latitudes than 

high latitudes, as seen in this study.  The seemingly exaggerated overlapping effect 

between water vapor and CO2, would most likely also be due to the lack of vertical 

levels, as would the atmospheric cooling observed due to the external forcing alone.  

Therefore, it is clear that more vertical levels are needed to obtain a more robust and 
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reliable picture of the atmospheric climate changes due to CO2 doubling, so as to better 

understand actual climate change. 

The simple seasonal AO-EBM is successful in recreating the surface polar warming 

amplification seen in other more sophisticated climate prediction models (e.g. Meehl et 

al. 2007).  Furthermore, the simple model indicates that the largest warming at high 

latitudes due to the doubling of CO2 occurs during late summer/early winter.  Using 

CFRAM, the results indicate that the feedback most responsible for the surface polar 

amplification and its seasonality is the surface ice-albedo feedback.  However, in terms of 

the overall surface warming, the most significant feedback is the water vapor feedback, 

with the ice-albedo feedback playing a secondary role. 

Other seasonal models used in other climate studies of anthropogenic warming have 

indicated that the surface polar warming amplification occurs in winter (Manabe and 

Stouffer 1980; Holland and Bitz 2003; Hall 2004; Meehl et al. 2007; Lu and Cai 2009b), 

which differs from what was found here.  One possible reason for this discrepancy may 

be due to the lack of clouds in the seasonal AO-EBM, which according to Lu and Cai 

(2009b) the addition of clouds would cancel out in part the surface ice-albedo feedback 

by increasing the reflection of solar radiation in summer.  This would indicate that the 

role of ice-albedo feedback would be diminished and no longer play a significant role in 

the seasonality of surface polar warming amplification.  However, other studies also 

indicate that the largest polar warming occurs in winter while still indicating that the ice-

albedo feedback is the key to surface polar warming amplification (Manabe and Stouffer 

1980; Hall 2004).  These studies highlight the importance of the “ice thickness 

feedback.”  Though the CO2 increase, the water vapor increase, and the decrease in 

surface albedo all act to increase the downward radiative fluxes at the surface throughout 

the year, during the ice melt season in summer most of this additional energy goes into 

melting more ice, with relatively little effect on surface temperature.  The melting of the 

ice leads to substantially thinner ice throughout the icepack when it grows again in fall 

and winter, which facilitates the larger transfer of vertical sensible and latent heat fluxes 

from the warm ocean to the colder atmosphere in winter and as a consequence the largest 

warming is observed in winter for the surface.  Therefore, according to these studies the 

ice-albedo feedback is the main cause of surface polar warming amplification, with the 
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ice thickness feedback being the mechanism that determines how this additional warming 

is distributed seasonally.  The model used in this study does not include clouds or ice 

thickness, which could explain the difference in timing of the maximum warming at high 

latitudes due to CO2 doubling.  It should be pointed out that Ramanathan et al. (1979), 

who also used a seasonal EBM, also found that the largest polar warming occurs in 

summer due to the doubling of CO2. 

As was mentioned, an EBM model does not distinguish between the surface air 

temperature and the ocean surface temperature.  Taking this into account, some of the 

results obtained, such as those of the water vapor feedback, might slightly change or be 

delayed, due to the high heat capacity of the ocean.  Overall, though, while the simple 

parameterizations of the AO-EBM used in this study make the quantitative results 

unreliable, there are important qualitative results such as those of the ice-albedo 

feedback, which could really help us better understand climate change due to 

anthropogenic warming. 

In all, CFRAM is validated as an extremely useful feedback analysis method.  The 

total temperature change calculated by adding all the CFRAM partial temperature 

changes due to the external forcing and resulting feedbacks matched the actual 

temperature change of the seasonal AO-EBM due to the doubling of CO2 quite well.  The 

insight CFRAM gave, at least qualitatively, to the effects of anthropogenic warming on 

climate are very important.  It is clear CFRAM can be used on a seasonal model with 

confidence to help us understand climate change and its seasonal pattern better.  The next 

step would be to use CFRAM on a more sophisticated seasonal model to build upon the 

basic knowledge obtained using the simple seasonal AO-EBM of this study.        
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APPENDIX 

RADIATIVE TRANSFER MODEL 

 

The radiative model used in this study was developed by Fu and Liou (1992, 1993), 

so for a full description of the radiative transfer model the reader is referred to Fu and 

Liou (1992, 1993).  What will be discussed here are the input parameters needed for the 

model and the modifications made to it.   The input parameters needed are 

as(mbs)   solar surface albedo, mbs = 6 

u0        cosine of solar zenith angle 

ss        solar constant ( W / m ** 2 ) 

pts       surface temperature ( K ) 

ee(mbir)  IR surface emissivity, mbir = 12 

pp(nv1)   atmospheric pressure ( mb ) 

pt(nv1)   atmospheric temperature ( K ) 

ph(nv1)   water vapor mixing ratio ( kg / kg ) 

po(nv1)   ozone mixing ratio ( kg / kg ) 

pre(nv)   effective radius of water cloud ( um ) 

plwc(nv)  liquid water content ( g / m ** 3 ) 

pde(nv)   effective size of ice cloud ( um ) 

piwc(nv)  ice water content ( g / m ** 3 ) 

prwc(nv)  rain water content ( g / m ** 3 ) 

pgwc(nv)  graupel water content ( g / m ** 3 ) 

umco2     concentration of CO2 (ppmv) 

umch4     concentration of CH4 (ppmv) 

umn2o     concentration of N2O (ppmv), 

where ‘nv1’ is the total number of layers, and ‘nv’ is the total number of atmospheric 

layers.  The surface albedo allows for six types of surface albedos to be used in the 

radiative model, but in this case only one is needed and was mentioned in chapter 2 

section 2.1.2.  The solar constant, ss, is assumed to be 1366 Wm
-2

, and u0 is calculated 

through the use of eq. (2.3) and dividing it by the solar constant. The infrared (IR) surface 
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emissivity, ee, is assumed to be 1.0 for all cases in this study.   All the cloud or water 

content parameters are assumed to be 0 in the AO-EBM.  The concentration of CO2 is 

330 ppmv for the 1xCO2 case and 660 ppmv for the 2xCO2 case, while the standard 

concentrations of 1.6 ppmv for CH4 and 0.28 for ppmv N2O were used. 

   The model has been changed into a two-layer model by simply specifying only a 

value of 1 for the number of atmospheric layers (nv).  For the surface, the model always 

assumes only one surface layer exists.   Therefore, the atmospheric layer only has a top 

and a bottom.  The pressure level, pp, is set to be 1 mb at the top of the atmosphere and 

1000 mb at the surface.  The atmospheric water vapor mixing ratio (or specific humidity), 

ph, is only calculated at the surface using the surface temperature in the Clausius –

Clapeyron equation, and is set to zero at the top of the atmosphere.  The water vapor 

mixing ratio is made dependent on the surface temperature instead of the atmospheric 

temperature, because most of the water vapor in the actual atmosphere lies below the 850 

mb level and since the atmospheric temperature in this model is roughly representative of 

the 500 mb level, using the atmospheric temperature would leave the model with 

insufficient water vapor.  Finally, the ozone mixing ratio, po, is set to 0.015 g/kg at the 

top of the atmosphere and to zero at the surface.  

It is of note to also give a simple overlook of how the radiative flux terms are 

calculated for use in equations (2.1) and (2.2).  The surface radiative flux terms are 

calculated by simply taking the net shortwave (SW) and longwave (LW) radiation fluxes 

values at the surface given by the radiative transfer model.   The atmospheric shortwave 

(longwave) radiation flux term is calculated by computing the upward and downward SW 

(LW) fluxes at the top and surface boundaries, and adding up all the SW (LW) fluxes 

going into (out of) the atmospheric layer and subtracting all the SW (LW) fluxes going 

out of (into) the atmospheric layer. 
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