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ABSTRACT 
 

Climate feedback mechanisms are known to substantially affect the surface temperature 

response to an external forcing. This study aims to advance our physical and quantitative 

understanding of forcing and feedback contributions to the surface temperature response to an 

external forcing. The dissertation begins with a comprehensive overview of the climate feedback 

concept and the frameworks used to interpret the effects of forcing and feedbacks on surface 

temperature. The climate feedback-response analysis method (CFRAM), a relatively new climate 

feedback framework whose advantages over the traditional climate feedback analysis framework 

are delineated, is then used to study the seasonal surface temperature response to a doubling of 

CO2 in a global warming simulation of the NCAR CCSM4. This allows us for the first time to 

explain the major features of the seasonal warming structure quantitatively. Polar regions, for 

example, experience the largest warming and the greatest seasonal variation, with maximum 

warming in fall/winter and minimum warming in summer. In summer, the large cancelations 

between the shortwave and longwave cloud feedbacks and between the surface albedo feedback 

warming and the cooling from the ocean heat storage/dynamics feedback lead to a warming 

minimum. In polar winter, surface albedo and shortwave cloud feedbacks are nearly absent due 

to a lack of insolation. However, the ocean heat storage feedback relays the polar warming due to 

the surface albedo feedback from summer to winter, and the longwave cloud feedback warms the 

polar surface. Therefore, the seasonal variations in the cloud feedback, surface albedo feedback, 

and ocean heat storage/dynamics feedback, directly caused by the strong annual cycle of 

insolation, contribute primarily to the large seasonal variation of polar warming. Furthermore, 

the CO2 forcing, and water vapor and atmospheric dynamics feedbacks add to the maximum 

polar warming in fall/winter. 
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The CFRAM allows for a process-based decomposition of the temperature response into 

individual contributions by the forcing and non-temperature feedbacks, which implicitly include 

the thermal-radiative coupling (i.e., temperature feedback) effects between the surface and 

atmosphere. To uncover this hidden effect in the CFRAM, this study develops and introduces a 

method known as the surface feedback-response analysis method (SFRAM) to isolate the 

temperature feedback effects on surface temperature, allowing for a physical and quantitative 

understanding of the temperature feedback effects. The temperature feedback effect is found to 

be the most important contributor to the surface temperature change, accounting for nearly 76% 

of the global mean surface warming. From the CFRAM perspective, the temperature feedback 

effect is just the indirect effects of the forcing and non-temperature feedbacks. The SFRAM 

analysis, in conjunction with the CFRAM results, indicates that in general the indirect effects of 

the forcing and non-temperature feedbacks on the surface temperature change are larger than the 

direct effects; thus demonstrating the influence and strength of the temperature feedback effect in 

the CFRAM results. By isolating the temperature feedback loop, an understanding of why the 

indirect effects are generally larger than direct effects is achieved. 

The SFRAM also serves as a bridge to the traditional TOA feedback analysis. A 

comparison of the SFRAM results with those of the traditional TOA feedback analysis indicates 

the largest disparity in interpretation is given for the lapse-rate feedback, which is shown to just 

stem from a misinterpretation of the temperature feedback effects on surface temperature. A 

better and more intuitive explanation is achieved through the surface perspective of the SFRAM 

than the TOA perspective of the traditional feedback analysis. A reconciliation of the surface and 

TOA perspectives is achieved once the temperature feedback effects are included with the effects 

of the forcing and non-temperature feedbacks, as in the CFRAM analysis. 
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CHAPTER ONE 

INTRODUCTION 

 Over the past century there has been a clear global surface warming trend. The 

Intergovernmental Panel on Climate Change (IPCC) Assessment Report (AR) 5 indicates this 

assertion is certain, with a globally averaged combined land and ocean surface warming of 0.85 

[0.65 to 1.06] 
o
C, calculated by a linear trend over the period 1880-2012 (Hartmann et al. 2013). 

Over this same period of time there has been a pronounced increase in well-mixed greenhouse 

gases, particularly carbon dioxide (CO2), due mainly to human influence in the industrial age 

(Hartmann et al. 2013). This anthropogenic increase in CO2 is thought to be a leading climate 

forcing causing the surface warming. Simple climate models to complex coupled global climate 

models have demonstrated that increasing the CO2 concentration leads to a warming of the 

surface (Manabe and Wetherald 1975; Ramanathan et al. 1979; Collins et al. 2013).  

The relatively rapid warming of the surface and troposphere is of great consequence for it 

causes an expeditious melting of glacial ice and thus rising sea levels. Climate change also 

affects land cover and use, agriculture, precipitation, and increases the likelihood of extreme 

climate events and weather (Kirtman et al. 2013; Myhre et al. 2013). These changes affect all life 

on Earth but particularly affect human civilization, as climate change is occurring at a rate too 

quick for civilizations to adapt. Therefore it is of upmost importance to understand how forcings, 

such as an increase in CO2, change the complex interactions among the atmosphere, ocean, and 

land. A particular emphasis is placed in understanding how the complex interactions between 

perturbed variables of the climate system feedback on each other and lead to the observed 

response. 
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1.1 Background on the Climate Feedback Concept 

A climate feedback is “an interaction in which a perturbation in one climate quantity 

causes a change in a second, and the change in the second quantity ultimately leads to an 

additional change in the first,” as defined in the IPCC AR5. Quantifying the strength of climate 

feedbacks and their effects on the climate system is a complex task, as many feedback 

interactions are not yet fully understood and the extensive interdependence among the different 

variables makes it hard to isolate the effects of individual feedback processes (e.g. Aires and 

Rossow 2003). What complicates the matter even further is the different usages of the term 

‘climate feedback’ in the literature, which usually narrow the general definition of climate 

feedback given above to describe what they are quantifying. However, as described by Bates 

(2007) the usage of the term ‘climate feedback’ falls into two general categories, stability-

altering or sensitivity-altering climate feedback. The stability-altering feedback “describes the 

effect of an interaction between physical processes that influences the asymptotic stability of 

impulsively-forced perturbations in the global climate system or its components” (Bates 2007). 

In other words, a positive feedback is an unstable interaction between processes that attempts to 

move the climate system further and further away from equilibrium, and a negative feedback is 

an interaction between processes that attempts to return the perturbed climate system to 

equilibrium. The sensitivity-altering feedback describes the effect of interactions between 

processes on the magnitude of the climate system response (generally the temperature response) 

to a forcing. In other words, a positive or negative feedback is an interaction between processes 

that increases or decreases the magnitude of the climate system response to a forcing, 

respectively. Thus a positive feedback increases the sensitivity of the climate system to a forcing, 

while a negative feedback decreases the sensitivity of the climate system to a forcing. 
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Generally in the climate literature it is assumed that the two usages of the term ‘climate 

feedback’ are interchangeable, implying a positive (negative) stability-altering feedback is also a 

positive (negative) sensitivity-altering feedback and vice-versa. However, as demonstrated by 

Bates (2007), this is not necessarily always true, as there is a possibility for differing signs for 

the same feedback process depending on whether you define it as stability-altering or sensitivity-

altering. For example, a feedback process can increase the stability of the climate system (a 

negative stability-altering feedback) and at the same time increase the magnitude of the climate 

system response to a forcing (a positive sensitivity-altering feedback); this just implies the 

climate system has multiple equilibrium states.  

The remainder of this manuscript will focus only on sensitivity-altering climate 

feedbacks. However, even narrowing the concept of climate feedbacks to sensitivity-altering 

feedbacks, there are still different definitions and frameworks used to understand climate 

feedbacks and their contributions to the climate system response. In particular two different 

climate feedback frameworks will be described; the traditional top of atmosphere (TOA) climate 

feedback framework, and a relatively new climate feedback framework set forth by Lu and Cai 

(2009a). 

1.1.1 The TOA Climate Feedback Framework 

  The traditional climate feedback framework is based on the concept of feedback as used 

in electronics (Hansen et al. 1984; Zhang 2004). Given a forcing ΔQ on the climate system, the 

response without feedback would be ΔT0 (Fig. 1.1a). Mathematically this relationship can be 

written as 

                                                                    ΔT
0
=G

0
ΔQ                                                           (1.1), 
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Figure 1.1. Schematic of climate system response to an external forcing: (a) without feedback, 

and (b) with feedback. 

 

 

where G0 is defined as the zero-feedback gain. If the response induces changes in the forcing 

(i.e., an induced input from the output), and if the induced forcing is proportional to the final 

(i.e., equilibrium) response ΔTeq by a factor F, namely FΔTeq, then F is called the feedback 

parameter (Fig. 1.1b). This assumes both the forcing and response are small perturbations, so that 

a linear approximation holds and thus G0 is independent of the magnitude of the forcing (Zhang 

2004). Additionally Fig. 1.1b assumes there is only one feedback process, additional feedbacks 

can be added linearly and treated independently from one another (i.e., in parallel) assuming the 

linear approximation holds. As a result, Eq. (1.1) with feedbacks becomes 

                                                       ΔTeq =G0
ΔQ +ΔTeq Fx

x

∑








                                                (1.2), 

where ‘x’ represents a radiative feedback process. It follows that (1.2) can be modified to 

                                               ΔTeq =
G
0
ΔQ

1−G
0

Fx
x

∑










=
ΔT

0

1−G
0

Fx
x

∑










                                         (1.3). 
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Eq. (1.3) is similar to the now-classical formula in electronics for the amplification with 

feedback derived by H. S. Black (Bates 2007). If the feedback parameter is positive the feedback 

will amplify the response without feedback (i.e., positive feedback), and if the feedback factor is 

negative the feedback will suppress the response without feedback. 

 In the traditional climate feedback framework the forcing ΔQ is a change in global net 

radiative flux at the TOA or tropopause due to a change in an external driver of the climate 

system (e.g., changes in insolation, anthropogenic greenhouse gases, aerosols). The perturbation 

from equilibrium of the global net radiative balance, caused by an external forcing ΔQ, to a new 

equilibrium state is given by 

                                 

ΔF
ext

TOA +

∂ S
wv

TOA − R
wv

TOA( )
∂wv

dwv

dT
s

+
∂ S

cld

TOA − R
cld

TOA( )
∂cld

dcld

dT
s

+
∂S

alb

TOA

∂alb

dalb

dT
s

+ −
∂RTOA

∂T
kk=1

M +1

∑
dT

k

dT
s

































ΔT
s
= 0                   (1.4), 

where the overbar denotes global and annual means, S
TOA

 represents the net downward solar 

radiative flux at the TOA, R
TOA

 represents the net outgoing longwave radiation (OLR) at the 

TOA, and ΔF
ext

TOA  is ΔQ. Additionally, Eq. (1.4) assumes the perturbation of the TOA net 

radiative flux is small enough that the individual contributions of the external forcing (ext), water 

vapor (wv), cloud properties (cld), albedo (alb), and temperature can be linearly separated and 

that all variables are dependent on surface temperature (Wetherald and Manabe 1988). The 

summation for the temperature term in Eq. (1.4) depicts the contribution of all vertical layers in 

the atmosphere (M layers) and the surface layer (the M+1
th

 layer) to the net change in OLR due 

to the temperature change of those layers.  
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Returning to Eq. (1.3) the traditional TOA framework assumes the surface temperature is 

the response or output of the climate system (i.e., ΔTs is equivalent to ΔTeq). Rearranging Eq. 

(1.4) to the form of Eq. (1.3), one can derive that the zero-feedback gain is 

                                                                 G
0
=
∂RTOA

∂T
s











−1

                                                          (1.5) 

and the summation of feedback parameters is 

            

F
x

x

∑ =
∂ S

wv

TOA − R
wv

TOA( )
∂wv

dwv

dT
s

+
∂ S

cld

TOA − R
cld

TOA( )
∂cld

dcld

dT
s

+
∂S

alb

TOA

∂alb

dalb

dT
s

+ −
∂RTOA

∂T
kk=1

M

∑
dT

k

dT
s



























  (1.6). 

The most popular feedback analysis methods based on the traditional TOA feedback framework 

are the partial radiative perturbation (PRP; Wetherald and Manabe 1988) and radiative kernel 

(Soden and Held 2006; Soden et al. 2008) methods. Although the feedback parameters are 

formally defined in terms of partial derivatives, in practice in the PRP method they are evaluated 

directly without going through the partial derivatives according to F
x
=
Δ
(x )

S
TOA

− R
TOA( )

ΔT
s

, where 

the numerator denotes the TOA radiative energy flux perturbation induced by the change in 

feedback agent ‘x’ only. The radiative kernel method, on the other hand, does compute 

∂ S
TOA

− R
TOA( )

∂x
 (i.e., the radiative kernel), but instead of 

dx

dT
s

, computes 
Δx

ΔT
s

 by differencing the 

climate simulated at two different time periods. By doing so, the causal relation between the 

surface temperature Ts and ‘x’ no longer holds anymore since such changes in ‘x’ cannot be 

proved rigorously to be due to Ts only. Additionally, these two methods separate the temperature 

feedback parameter F
T
= −

∂RTOA

∂T
k

dT
k

dT
sk=1

M

∑








  into a uniform temperature response equal to the 
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surface temperature change and the deviation away from uniformity of the atmospheric 

temperature change (i.e., the lapse-rate feedback parameter) 

                                

−
∂RTOA

∂Tkk=1

M

∑
dT j

dTs











A
! "## $##

≈ −
∂RTOA

∂Tkk=1

M

∑










B
! "# $#

+ −
∂RTOA

∂Tkk=1

M

∑
ΔTk − ΔTs( )

ΔTs











C
! "#### $####

                       (1.7), 

where term A is FT, term B is the uniform temperature response, and term C is the lapse-rate 

feedback parameter. Furthermore, these methods then add the uniform temperature response to 

the zero-feedback gain  

                                             

G
0
=
∂RTOA

∂T
s

+
∂RTOA

∂T
kk=1

M

∑










−1

=
∂RTOA

∂T
kk=1

M +1

∑










−1

                                   (1.8). 

This new definition for G0 implies the temperature response without feedback ΔT0 includes an 

atmospheric temperature change equal to the surface temperature change (Bony et al. 2006). This 

is problematic for many reasons: (1) The output is supposed to be the surface temperature 

response, now an atmospheric temperature response is included; (2) the atmospheric temperature 

is assumed dependent on the surface temperature, however, this new definition implies a 

contradictory independence from surface temperature, otherwise the atmospheric temperature 

change would be a feedback and should not be included (even if assumed to be equal to the 

surface temperature change) as part of the no feedback response; and (3) the uniform temperature 

response without feedback will be different than the surface temperature response with feedback 

from which the uniform temperature response is originally derived from (i.e., Eq. (1.7)). 

 Beyond the issues the PRP and radiative kernel methods have, there are major 

deficiencies within the traditional TOA climate feedback framework itself. First of all, the use of 

the amplification formula of electronics as applied to climate change (i.e., Eq. (1.3)) is only 

figurative and “must not be seen as implying that some general physical principle is being 
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invoked” (Bates 2007). Second, the traditional framework assumes the feedback processes are 

independent of one another, when in fact feedback processes are known to be highly coupled 

(e.g., Aires and Rossow 2003). Third, it only takes into account radiative feedbacks but neglects 

important dynamical components of the response (Hallegatte et al. 2006; Lu and Cai 2009a). For 

example, an increase in atmospheric poleward heat transport is thought to be an important 

contributor to polar warming amplification (PWA; Alexeev et al. 2005; Cai 2006; Cai and Lu 

2007; Lu and Cai 2010).  In addition, the use of global surface temperature as a control variable 

is an assumption and the appropriateness of using this as a control variable has been challenged 

(Aires and Rossow 2003; Stephens 2005; Lu and Cai 2009a). Furthermore, the classical 

framework is set up to study a climate response from one equilibrium state to another, so it 

cannot be used to study a transient response. Finally, this feedback analysis framework does not 

allow for a three-dimensional (3-D) analysis of the contributions of the different feedbacks to the 

simulated 3-D total temperature change. 

1.1.2 A New Climate Feedback Framework 

Lu and Cai (2009a) introduced a new climate feedback analysis framework.  In this 

framework the concept of feedback is not based on the concept of feedback in electronics, and 

instead of just the TOA global radiation budget the 3-D energy budget is taken into account. It is 

based on the physical principle that changes in energy flux convergence at any atmospheric or 

surface layer will cause a temperature change at that layer. In Lu and Cai (2009a) the external 

forcing or climate forcing is defined as “the change in the vertical difference in net radiative 

energy flux (Wm
-2

) in the atmosphere and the change in net radiative energy flux (Wm
-2

) at the 

surface, due to a change in the external factors of the climate system, such as a change in CO2, 

aerosols, or the solar energy flux.” They then define climate feedbacks as “the subsequent 
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changes in both non-temperature induced radiative and non-radiative energy fluxes of the climate 

system that either strengthen, weaken, or even oppose the original climate forcing.”  Here the 

definition of climate feedbacks will be slightly modified to represent the subsequent changes in 

temperature induced by changes in both radiative and non-radiative energy flux convergence, 

caused by feedback processes, that either strengthen, weaken, or even oppose the temperature 

response due to the external forcing alone with no feedbacks
1
. This means that unlike the 

conventional feedback framework, non-radiative feedbacks such as those due to changes in 

convection, surface turbulent fluxes, and atmospheric and oceanic circulations among others are 

taken into account.  In this framework there is no control variable (say the surface temperature 

change), instead all changes (radiative and non-radiative) in the climate system are system 

responses to an external forcing. However, “the effects of induced inputs from all outputs (i.e., 

system responses) on one specific output alone,” namely the temperature response, can be 

examined (Lu and Cai 2009a). The change of one specific feedback agent (i.e., water vapor), 

induced by the system responses collectively, leads to a temperature change, which can amplify 

(positive feedback) or dampen (negative feedback) the no-feedback temperature response of the 

climate system to an external forcing. Unlike the traditional climate feedback framework, notice 

this implies feedback processes are understood to be highly coupled in this new climate feedback 

framework. The climate response is then the 3-D temperature change in response to changes in 

energy flux convergence caused by the external forcing and the feedback processes it triggers. 

                                                
1
 The definition of climate feedbacks is modified because this new feedback framework focuses 

on the temperature response to the forcing and feedback processes and not the energy flux 

perturbations caused by the forcing and feedbacks. Thus, for clarity, a feedback should represent 

a process that amplifies, suppresses, or even opposes the temperature response due to the 

external forcing alone with no feedbacks.  
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Following this new framework Lu and Cai (2009a) introduced the coupled atmosphere-

surface climate feedback-response analysis method (CFRAM). Notice the method explicitly 

states it is a feedback-response and not a feedback analysis method. This implies the effects (on 

temperature) of the feedback processes are analyzed and not the feedback processes themselves. 

The main advantage of the CFRAM is that it allows for a calculation of the individual (partial) 

temperature change contributions of the external forcing alone and each of the radiative and non-

radiative feedback processes to the (total) 3-D temperature response as offline and post-process 

diagnostic quantities without re-running the original climate model.  Furthermore, these (partial) 

temperature changes (hereafter PTC) are additive and the summation of all of them can be 

directly compared to the (total) temperature change derived from the original climate 

simulations; since the PTCs are calculated with no need for a priori knowledge of the simulated 

(total) temperature change, the convergence of the sum of all PTCs to the simulated temperature 

change is used as validation of the accuracy of the CFRAM analysis. The online feedback 

suppression method (Hall and Manabe 1999; Schneider et al. 1999) can also be used to estimate 

3-D PTCs due to individual feedbacks, but unlike the CFRAM these PTCs do not add up to the 

simulated (total) temperature change due to compensating effects between feedbacks (Cai and Lu 

2009). Additionally, the online feedback suppression method is computationally more expensive 

as the original climate model needs to be re-run multiple times. Note that the derivation of the 

CFRAM is exactly consistent with the actual practice of the PRP method, namely, changes of all 

feedback agents are not predicted by the method itself but instead are accounted for, implying it 

is a diagnostic method and not a predictive one. The derivation of the PRP method, however, 

appears to require the prediction of changes in all feedback agents from the change in surface 
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temperature (thereby implying a causal relation). For a thorough comparison of the CFRAM to 

the PRP and online feedback suppression methods the reader is referred to Cai and Lu (2009). 

1.2 Research Objectives 

 The overall objective of this dissertation is to advance the physical and quantitative 

understanding of forcing and feedback contributions to the surface temperature response to an 

external forcing. To do so, using a coupled atmosphere-ocean general circulation model (GCM), 

a global warming simulation due to an increase in CO2 will be analyzed. First the seasonal 

surface temperature response will be analyzed using the CFRAM, with which the seasonal 

contributions of the forcing and non-temperature feedbacks will be identified and analyzed. 

Then, using the CFRAM analysis, the major features of the seasonal surface warming response 

will be explained. Next, a surface variant of the CFRAM based on the surface energy budget is 

developed and introduced, which allows for a better understanding of how the forcing and 

feedback processes contribute to the surface temperature response under the new climate 

feedback framework set forth with the CFRAM. Specifically, the surface variant of the CFRAM 

will allow for a calculation of the direct contributions of the forcing and non-temperature 

feedbacks to the surface temperature response. Thus, isolating the thermal-radiative coupling 

effect or temperature feedback process from the calculation of the surface PTCs of the forcing 

and non-temperature feedbacks, included in the CFRAM analysis. As a result, this surface 

variant also allows for an examination of the contribution of the temperature feedback to the 

surface temperature response. Furthermore, when used in conjunction with the CFRAM the 

surface variant allows for an analysis of the contributions of the forcing and non-temperature 

feedbacks to the PTC given by the temperature feedback; otherwise known as the indirect 

contributions of the forcing and non-temperature feedbacks to the surface temperature response. 
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Finally, the surface perspective of the new method can be compared to the traditional TOA 

feedback perspective, to compare and contrast the results given by the differing perspectives in 

trying to explain the effects of radiative feedbacks on the surface temperature response. 
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CHAPTER TWO 

METHODOLOGY 

This chapter begins with a discussion of the main characteristics of the National Center 

for Atmospheric Research (NCAR) Community Climate System Model version 4 (CCSM4) 

including components and resolution.  Furthermore, the CCSM4 simulations used for this study 

will be described in detail. This discussion is then followed by a presentation of the diagnostic 

feedback-response analysis method used to evaluate the contributions of the forcing alone and 

feedback processes to the change in surface temperature. 

2.1 Description of Model Characteristics and Simulations 

 The data used in this study are derived from the climate simulations of the NCAR 

CCSM4. The atmospheric component of the CCSM4 is the Community Atmospheric Model 

version 4 (CAM4) with a finite volume dynamic core, 1
o
 horizontal resolution, and 26 vertical 

levels. The ocean model is the Parallel Ocean Program version 2 (POP2) with 1
o
 horizontal 

resolution enhanced to 0.27
o
 in the equatorial region and 60 levels vertically. The CCSM4 is also 

made up of the Community Land Model version 4 (CLM4), and the Community Sea Ice Code 

version 4 (CICE4).  Please see Gent et al. (2011) for more CCSM4 details.  

In this study two model simulations are analyzed: (1) A pre-industrial control simulation 

and (2) a simulation with a 1% yr
-1

 increase in the CO2 concentration.  The CCSM4 pre-

industrial control simulation runs for 1300 years holding all forcings constant at year 1850 

levels, with a CO2 concentration of 284.7 ppm.  After year 200, the pre-industrial run reaches a 

quasi-equilibrium state as indicated by the small global mean temperature trend afterwards. 

Therefore, the 20-year mean between years 311 and 330 in the industrial control simulation is 

used to define the climatological annual cycle of the control climate simulation. The 1% yr
-1

 CO2 
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increase simulation branches out at year 251 of the pre-industrial control simulation. In this 

transient simulation, the CO2 increases 1% per year until the CO2 concentration quadruples. The 

difference between the 20-year mean annual cycle centered at the time of CO2 doubling, which 

corresponds to years 61-80 of the transient simulation (corresponding to the same 20 year span 

as the control run), and the climatological annual cycle of the control simulation is defined as the 

transient climate response to the CO2 forcing (hereafter known as the transient response). 

2.2 The Climate Feedback-Response Analysis Method 

The CFRAM technique (Lu and Cai 2009a; Cai and Lu 2009), formulated for quantifying 

contributions to the 3D global warming pattern, is applied to the transient CCSM4 climate 

response. The CFRAM equation is derived from the atmosphere-surface column energy balance 

equation and at each grid point, when forced by an increase of CO2, can be written as  

                                                    Δ
∂E

∂t









 = Δ S −R( )+ΔQnon _ rad

                                          (2.1)
2
,  

where Δ
∂E

∂t









  is the change in the tendency or heat storage term, Δ S −R( )  is the change in net 

radiative energy flux convergence, and ΔQnon _ rad  is the change in non-radiative energy flux 

convergence, all in units of W m
-2

. At a given location, the atmospheric column is divided into M 

layers with the convention that the first layer represents the top layer of the atmosphere (for 

CCSM4, M=26) and the surface (either land or ocean) is the (M+1)
th

 layer. The vector S 

represents the solar or shortwave (SW) radiation absorbed by the m
th

 atmospheric layer for m ≤ 

M and at the surface layer (m=M+1) and R is the net longwave (LW) radiative flux divergence 

                                                
2
 Note that Lu and Cai (2009a) compares two annual mean equilibrium states. Here we deal with 

a transient response and a seasonal cycle, meaning the tendency term Δ
∂E

∂t









  is not zero, and 

thus has to be taken into account. The tendency term or heat storage term is part of the 

ΔQ
ocn_dyn+storage

 term and assumed negligible in the atmosphere, as explained in the text below. 
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at each atmospheric layer and at the surface layer. Similar to the partial radiative perturbation 

(PRP; Wetherald and Manabe 1988) and radiative kernel methods (Soden and Held 2006; Soden 

et al. 2008) a multivariable Taylor series expansion of ΔS  and ΔR  leads to the decomposition 

of the radiative term into, 

                 

Δ(S −R) ≈ ΔFext +Δwv
(S −R)+Δc

(S −R)+Δalb
S −

∂R

∂T









ΔT − Δ

err
S −R( )             (2.2), 

where ΔF
ext

 is the change in radiative energy flux convergence at each atmospheric layer and at 

the surface layer due to the CO2 forcing alone; Δ
wv

(S-R) and Δ
c
(S-R) correspond to the vertical 

profiles of changes in radiative flux convergence due to changes in atmospheric water vapor and 

cloud properties, respectively; Δ
alb

S is the vertical profile of changes in solar energy absorbed by 

atmospheric layers and the surface layer due to changes in surface albedo; Δ
Err

(S-R) is the error 

in the offline radiative transfer calculation (to be discussed further below); 
∂R

∂T









ΔT  is the 

vertical profile of changes in net LW radiative flux divergence due to changes in atmospheric 

and surface temperature; (∂R/∂T) is called the Planck feedback matrix whose j
th

 column 

represents the vertical profile of the change in divergence of LW radiative energy fluxes due to a 

1 K warming at the j
th

 layer alone.  Readers may consult Fig. 1 in Lu and Cai (2009a) for an 

illustration of (∂R/∂T).  

The Fu-Liou radiative transfer model (Fu and Liou 1992, 1993) is used for all radiation 

calculations in Eq. (2.2) for each longitude-latitude grid point using the 20-year monthly mean 

outputs from the control and transient climate simulations. Clouds are handled in this study using 

a variation of the Monte Carlo Independent Column Approximation (MCICA) (Pincus et al. 

2003) used previously by Taylor et al. (2011a,b) to diagnose cloud feedback; MCICA is 

performed by subdividing each model grid box into 100 sub-columns and then generating cloud 
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profiles for each. The sub-column cloud profiles are generated using a maximum-random 

overlap cloud generator (Räisänen et al. 2004) based on the monthly mean climatological cloud 

properties (fractional cloud area, liquid and ice cloud mixing ratios) derived from the CCSM4 

simulations. Radiative terms on the right-hand side (RHS) of Eq. (2.2) are evaluated by taking 

the perturbed 20-yr monthly mean field of the radiative process in question, with all other 

variables being held at their unperturbed 20-yr monthly mean fields, and using these fields as 

input in our offline radiative flux calculations (Cai and Lu 2009). Calculating each radiative term 

on the RHS of Eq. (2.2), using the Fu-Liou radiative transfer model, over all grids results in a 

series of 3D radiative energy flux perturbations.  As was shown in Taylor et al. (2013; Fig. 1), 

using the same radiative transfer model, the linearity assumption invoked by the CFRAM 

method has been validated.  

Standard CCSM4 outputs include 3D solar heating and LW cooling rates in the 

atmosphere and all radiative energy fluxes at the surface. The solar heating and LW cooling rates 

in the CCSM4 outputs are provided in units of K day
-1

. The heating/cooling rates in each 

atmospheric layer have been converted to units of W m
-2

 from units of K day
-1

 by multiplying 

the heating/cooling rates with a factor equaling to (cpδm)/86400, where cp is heat capacity of air 

at constant pressure, 86400 is the length of a day in seconds, and δm is the monthly 

climatological mean mass of the atmospheric layer under consideration. These outputs enable us 

to directly quantify the errors in the offline calculations defined as 

                                        ΔErr
S −R( ) = Δ S −R( ) − Δ SCCSM 4 −RCCSM 4( )⎡

⎣
⎤
⎦                                 (2.3), 

where the superscript “CCSM4” indicates the results derived directly from CCSM4 output and 

the terms without the superscript are derived from the offline calculation. This is the error taken 

into account in Eq. (2.2).  Note that the errors calculated from Eq. (2.3) are not due to the 
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linearization of the radiative transfer model, but are from (i) differences between the radiation 

models used, (ii) using 20-year monthly mean fields as inputs for our offline radiation 

calculations versus instantaneous fields, and (iii) the conversion from the unit of K day
-1

 to 

Wm
-2

, which should be done before taking any time mean since δm changes with time. Note that 

(iii) also introduces errors in inferring the dynamical heating field in the atmosphere from the 

mean CCSM4 solar heating and LW cooling rate output.  Previous studies, discussed later, 

indicate that the main source of error is due to (ii), which represents the total impacts of sub-

monthly variations of all the radiative processes (i.e., diurnal cycle) neglected by the use of 

monthly mean data. As currently aware, only Taylor et al. (2013) has attempted to explicitly 

calculate the 3D pattern of the error term while other studies only examined the error pattern at 

the TOA (e.g., Shell et al. 2008). As discussed later, the comparison of the error pattern with 

each of the partial temperature changes (PTCs) caused by the forcing and feedbacks, enables us 

to identify the impact of using the long time mean field in estimating the strength and spatial 

pattern of each feedback process. 

The non-radiative term ΔQ
non _ rad  in Eq. (2.2) can be expanded into individual 

contributions by specific non-radiative processes if outputted by the model simulations. The non-

radiative energy fluxes included in the standard CCSM4 output are associated with turbulent 

fluxes at the surface (i.e., surface sensible (SH) and latent heat (LH) fluxes), so that 

                                      ΔQnon _ rad
= ΔQ

LH
+ΔQ

SH
+ΔQ

dyn                                           (2.4). 

ΔQ
LH

 and ΔQ
SH

 are changes in the energy flux convergence at the surface due to changes in 

latent and sensible heat fluxes. ΔQ
LH

=(0,…,0,-ΔLH)
T
 and ΔQ

SH
=(0,…,0,-ΔSH)

T
, following the 

sign convention that positive values mean upward energy flux leaving from the surface to the 

atmosphere. All other changes in non-radiative energy flux convergence ΔQ
dyn

, mostly 
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associated with dynamical processes such as convection and large-scale advective energy 

transport, are not standard output, but can be estimated by taking advantage of Eq. (2.1).  Non-

radiative energy flux perturbations and changes in heat storage are inferred using 3D solar 

heating and LW cooling rates in an atmospheric layer m (1 ≤ m≤ M) from the standard output of 

the CCSM4 as 

                 

ΔQm

atmos _ dyn+storage
= ΔQm

atmos _ dyn − Δ
∂E
∂t

⎛
⎝
⎜

⎞
⎠
⎟
m

= −Δ Sm
CCSM 4 − Rm

CCSM 4( ) ≈ ΔQm

atmos _ dyn

        

(2.5), 

where Δ
∂E
∂t

⎛
⎝
⎜

⎞
⎠
⎟
m

 is the change in heat storage at atmospheric layer m. In Eq. (2.5), the non-

radiative or atmospheric dynamical energy flux convergence change is used to approximate the 

contributions from both the dynamical and heat storage term; since the heat storage term in the 

atmosphere is quite small it is assumed negligible.  At the surface layer (m = M +1), the sum of 

the changes in net downward solar and LW radiation fluxes at the surface (m = M +1) and 

surface latent and sensible heat fluxes can be obtained from the CCSM4 standard output, namely 

Δ S
M +1

CCSM 4
− R

M +1

CCSM 4( ) − ΔLH − ΔSH .  Over ocean, this term can be used to infer the change in net 

convergence of non-radiative energy fluxes by the ocean dynamics, sea ice, and ocean heat 

storage,  

                 

ΔQM +1

ocn _ dyn+storage
= ΔQM +1

ocn _ dyn − Δ
∂E
∂t

⎛
⎝
⎜

⎞
⎠
⎟
M +1

= −Δ SM +1

CCSM 4 − RM +1

CCSM 4( )+ΔLH +ΔSH
       

(2.6), 

where Δ
∂E
∂t

⎛
⎝
⎜

⎞
⎠
⎟
M +1

 is the change in heat storage at the surface layer. Over land, ΔQM +1

ocn _ dyn+storage  

should be close to zero because of the small land heat storage and the near absence of energy 

transport for land (i.e., energy transport by river and stream is negligible). For this reason, 
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ΔQM +1

ocn _ dyn+storage  is mainly associated with changes in ocean dynamics, sea ice, and ocean heat 

storage.   

CFRAM goes beyond traditional feedback diagnostic methods by considering the 

temperature response to energy perturbations over the entire atmospheric column and surface 

instead of just focusing on radiative energy perturbations at the top of the atmosphere (TOA), 

and by considering the contributions of both radiative and non-radiative feedback processes 

explicitly, whereas the TOA-based feedback analysis can only consider radiative feedback 

processes with non-radiative feedback processes hidden in the “lapse-rate” feedback (Lu and Cai 

2009a; Cai and Lu 2009). Substituting Eqs. (2.2) and (2.4) into Eq. (2.1) and solving for the 

vertical profile of temperature change at each grid point gives, 

           ΔT = (
∂R

∂T
)
−1

ΔFext
+Δwv

S −R( )+Δc
S −R( )+Δalb

S+ΔQatmos _ dyn

  +ΔQocn _ dyn+storage
+ΔQLH

+ΔQSH − ΔErr
S −R( )

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪                 

(2.7a). 

Eq. (2.7a) is for an analysis of the temperature change at every layer in the atmosphere and at the 

surface. For this study only the surface temperature response (ΔTM+1) is analyzed, which is 

evaluated according to 

       

ΔTM +1
=

∂R
∂T
⎛
⎝
⎜

⎞
⎠
⎟
M +1

−1 ΔFext
+Δwv

S −R( )+Δc
S −R( )+Δalb

S+ΔQatmos _ dyn

  +ΔQocn _ dyn+storage
+ΔQLH

+ΔQSH − ΔErr
S −R( )

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪             

(2.7b), 

where the RHS is the same as before, except 
∂R
∂T

⎛
⎝
⎜

⎞
⎠
⎟
M +1

−1

is a row vector corresponding to the M+1
th

 

or last row of 
∂R
∂T

⎛
⎝
⎜

⎞
⎠
⎟
−1

.  In Eq. (2.7b) the last row of the inverse Planck feedback matrix is 

multiplied with each of the terms in brackets to obtain the partial surface temperature changes 

due to the CO2 forcing alone and respective feedbacks, 
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ΔT
M +1

(x )
=

∂R
∂T

⎛
⎝
⎜

⎞
⎠
⎟
M +1

−1

ΔF(x )

                                                  

(2.8). 

For easy reference, PTCs are denoted as ΔT
M +1

(x )

 with the superscript “x” representing one of the 

nine superscripts from Eq. (2.7b). Solving Eq. (2.8) grid point by grid point enables us to obtain 

the individual contributions of the forcing alone and feedbacks to the simulated surface 

temperature response. Comparing the total sum of all individual contributions with the actual 

surface temperature change predicted by the original CCSM4 simulations verifies the accuracy 

of the CFRAM decomposition, since it is calculated independently without any need for a priori 

knowledge of the model simulated surface temperature change. Note that Eq. (2.8) implicitly 

assumes the surface temperature change, caused by a change in energy flux convergence at the 

surface, is that needed to balance the change in energy flux convergence through a change in 

thermal emission. 



21 

 

CHAPTER THREE 

CCSM4 DATA 

This chapter focuses on the CCSM4 data used for this study. First the unperturbed 

climate time mean state will be analyzed, with a focus on temperature, water vapor 

concentration, cloud properties, surface albedo, and latent and sensible heat fluxes. This 

discussion is then followed by a presentation of the transient response of these same variables to 

a doubling of CO2. 

3.1 Unperturbed Time Mean State 

3.1.1 Radiative Variables 

Variables that directly affect radiative fluxes are analyzed here. The unperturbed annual 

mean temperature vertical profile (Fig. 3.1a) is as expected, with a maximum near the surface 

and a minimum at the tropopause, and then an increasing with height temperature in the 

stratosphere. At the surface (Fig. 3.1b), the temperature is maximum near the equator, which 

decreases meridionally all the way to the poles. The southern hemisphere (SH) polar region, 

however, is shown to be substantially colder than the northern hemisphere (NH) polar region. 

Seasonally, the tropics demonstrate the warmest surface temperatures and least variability (Fig. 

3.1c). Polar regions demonstrate the largest seasonal variability with warmest and coldest surface 

temperatures in summer and winter, respectively; the NH polar region, however, does show a 

larger seasonal variability than the SH polar region. Seasonally, the water vapor concentration 

follows the pattern of the surface temperature (Fig. 3.2b). This is due to the dependence of water 

vapor on temperature and the realization that the column water vapor is representative mainly of  
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Figure 3.1. The annual zonal mean (a) atmospheric temperature profile and (b) surface 

temperature profile for the unperturbed time mean state. Also shown is the (c) seasonal surface 

temperature pattern for the unperturbed time mean state. (Units: K) 

 

 

Figure 3.2. The (a) annual zonal mean specific humidity profile (in g/kg) and (b) seasonal 

column water vapor content (in kg m
-2

) for the unperturbed time mean state.   
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Figure 3.3. The annual zonal mean (a) cloud water path (in g m
-2

) and (c) cloud fraction for the 

unperturbed time mean state. Also plotted is the seasonal (b) column cloud liquid water path (in 

g m
-2

) and (d) column cloud fraction for the unperturbed time mean state. 

 

the lower troposphere due to the high concentration of water vapor in the lower troposphere (Fig. 

3.2a). Fig. 3.2a demonstrates this by showing the largest concentration of water vapor is in the 

tropics and decreases exponentially with height. 

The unperturbed time mean cloud fields (Fig. 3.3) demonstrate clouds are most prevalent 

around 60
0
 latitude in both hemispheres; here clouds are both thick and widespread. Significant 

cloud coverage and thickness is also seen in the tropics near the equator over the intertropical  
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Figure 3.4. The annual zonal mean surface albedo for the unperturbed time mean state. Values 

for regions that experience polar night are not included since these areas do not contribute to the 

surface albedo feedback. 

 

convergence zone (ITCZ). Over the subsidence region in the subtropics (around 30
0
 latitude) 

there is a relative lack of clouds. In polar regions cloud thickness is greater in the Arctic than the 

Antarctic, even though cloud fraction is larger in the Antarctic but mainly as a result of thin ice 

clouds; overall polar regions are less cloudy compared to other regions. Seasonally, around 60
0
 

latitude, there is a significant increase in cloud thickness during fall. The largest seasonal 

variability is observed in the Arctic with a minimum in cloud coverage and thickness in winter 

and maximum in summer (Figs. 3.3b,d). 

The unperturbed time mean state surface albedo (Fig. 3.4) demonstrates a maximum in 

polar regions and minimum in the tropics mainly due to the existence and nonexistence of sea ice 

in polar regions and tropics, respectively. Seasonally, polar regions demonstrate a minimum 

albedo in summer due to the melting of sea ice; note that the winter albedo is not shown in Fig. 

3.4 since the surface albedo does not affect the radiative fluxes directly when there is no 

insolation (i.e., polar night). 
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Figure 3.5. The seasonal surface (a) sensible and (b) latent heat fluxes for the unperturbed time 

mean state (Units: W m
-2

). 

 

3.1.2 Non-Radiative Variables 

The unperturbed time mean states of non-radiative energy fluxes outputted by the 

CCSM4 are analyzed in this subsection. The only non-radiative energy fluxes outputted by the 

CCSM4 are the surface sensible and latent heat fluxes. In the NH, the surface sensible heat flux 

(Fig. 3.5a) is greatest in midlatitudes during summer, where land temperatures are particularly 

larger than atmospheric temperatures leading to a large sensible heat flux from land to 

atmosphere. In the SH, however, the surface sensible heat flux is greatest around 60
0
S during 

winter, where ocean temperatures are still relatively warm as compared to the air temperature 

due to the large heat capacity of water leading to a large sensible heat flux from ocean to 

atmosphere. The minimum sensible heat flux is seen over the Antarctic particularly during 

winter, when the land surface temperature is much colder than the air temperature such that the 

sensible heat flux goes from the atmosphere to the surface. The surface latent heat flux, as 

expected, is maximum in the tropics and minimum in polar regions (Fig. 3.5b). Seasonally, in the 
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tropics, the latent heat flux is greatest in the winter hemisphere. In polar regions there is 

relatively little seasonal variation of latent heat flux. 

3.2 Transient Response 

3.2.1 Temperature 

The atmospheric temperature response to the doubling of CO2 is a general warming of the 

troposphere and a cooling of the stratosphere (Fig. 3.6a). In the upper troposphere there is a 

maximum warming in the tropics that decreases towards the poles. The lower troposphere shows 

a maximum warming in polar regions, particularly the Arctic, that decreases towards the equator. 

The transient surface temperature response, which is the focus of this study, indicates there is a 

general warming of the surface (Figs. 3.6b-c). Like the lower troposphere, the surface 

temperature response demonstrates a maximum warming over polar regions that decreases 

towards the equator, known in the climate literature as polar warming amplification (PWA); 

PWA is greater for the NH than the SH. Seasonally, there is little variation of the tropical 

warming but there is a strong seasonality in the polar warming pattern, particularly for the NH 

(Fig. 3.6c). These key features will be further studied in the upcoming chapters. 

3.2.1 Other Radiative Variables 

The water vapor response (Fig. 3.7) demonstrates an increase in water vapor, as would be 

expected from the warming of the troposphere as a result of the Clausius-Clapeyron relation and 

the relative humidity remaining relatively constant. However, due to the exponential (non-linear) 

dependence on temperature, the water vapor increase does not follow the pattern of the 

temperature increase. Vertically the greatest increase in water vapor occurs in the lower 

troposphere, which then decreases as height increases (Fig. 3.7a). Meridionally, the greatest  
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Figure 3.6. The transient annual zonal mean (a) atmospheric temperature response and (b) 

surface temperature response to a doubling of CO2. (c) The seasonal surface temperature 

response to a doubling of CO2. (Units: K) 

 

 

Figure 3.7. (a) The transient annual zonal mean specific humidity response to a doubling of CO2 

(in g/kg). (b) The seasonal column water vapor content change (in kg m
-2

). 
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Figure 3.8. The transient annual zonal mean change in (a) cloud  water path (in g m
-2

) and (c) 

cloud fraction due to a doubling of CO2. Also shown is the seasonal change of (b) column cloud 

liquid water path (in g m
-2

) and (d) column cloud fraction. 

  

increase of water vapor occurs in the tropics and smallest increase in polar regions. The Antarctic 

region due to its high aridity and cold temperatures experiences little increase in moisture. The 

seasonal response (Fig. 3.7b) indicates the maximum increase of water vapor occurs during 

summer, particularly in the NH. 

Figs. 3.8a,c indicate the arch shape of clouds experience both an upward and poleward 

movement in response to the CO2 doubling. Additionally, there is an increase in low-level cloud 

thickness around the equator. Overall, polar regions experience the largest increase in both cloud  
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Figure 3.9. The transient surface albedo response to a doubling of CO2. Values for areas under 

polar night are excluded, since these changes do not contribute to the surface albedo feedback. 

 

fraction and thickness (Fig. 3.8). Seasonally, the Arctic experiences the greatest increase of cloud 

fraction and thickness in fall, while a similar phenomena is seen in the Antarctic to a lesser 

degree (Figs. 3.8b,d). The greatest reduction of cloud fraction and thickness happens during 

summer in midlatitudes.  

Fig. 3.9 shows a general decrease in surface albedo with largest decreases observed in 

polar regions, as would commonly be expected with a warming planet due to the melting of sea 

ice, glaciers, and snow. Seasonally the largest decrease in albedo occurs in late summer to fall 

seasons. Once again data from regions that experience polar night have been excluded, since 

these areas do not contribute to the surface albedo feedback (SAF). 

3.2.1 Non-Radiative Variables 

The changes in surface sensible and latent heat fluxes are shown, respectively, in Figs. 

3.10a and 3.10b. The sensible heat flux response demonstrates seasonal variability in the Arctic 

and Southern Ocean, with a substantial increase in heat flux to the atmosphere during fall/winter 

as a result of the reduction of sea ice, which allows the transfer of more sensible heat flux from  
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Figure 3.10. The transient surface (a) sensible and (b) latent heat flux response to a doubling of 

CO2. (Units: W m
-2

) 

 

the relatively warm ocean to the cold air above. During this same seasonal period, a decrease in 

sensible heat flux is observed in the adjacent subpolar regions, which is mainly due to a decrease 

in sensible heat flux from the ocean to the atmosphere. In the NH midlatitudes there is also a 

pronounced increase in sensible heat flux from land to air during summer. The latent heat flux 

response exhibits a complex seasonal pattern (Fig. 3.10b). In polar regions, a notable increase in 

latent heat flux is observed during fall/winter, likely due to enhanced evaporation from the ocean 

surface as a result of a reduction in sea ice. In the tropics, there is an overall enhancement of 

latent heat flux to the atmosphere, though a notable decrease is seen during late summer to fall 

near the equator. In the NH midlatitudes, the general seasonal pattern is a reduction of the latent 

heat flux during summer and an enhancement during winter. 
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CHAPTER FOUR 

ATTRIBUTION OF THE SEASONAL SURFACE WARMING RESPONSE 

 In this chapter the CFRAM, as described in Sect. 2.2, is applied to the NCAR CCSM4 

data to attribute the individual contributions of radiative and non-radiative feedback processes to 

the seasonal surface temperature response to a doubling of CO2, as well as attributing the 

contribution of the CO2 forcing itself. This is the first usage of CFRAM on a coupled 

atmosphere-ocean GCM to study the seasonal surface temperature response. Therefore, the 

attribution of feedbacks is on a single model, namely the CCSM4.  However, strengths and even 

the seasonal pattern of feedback PTCs may vary among GCMs.  Thus the analysis and 

conclusions on the individual feedback contributions to the total seasonal warming response may 

be model dependent.  However, the robustness of the total seasonal warming pattern among a 

large body of model simulations (Chapman and Walsh 2007) suggests that the general 

characteristics of the individual PTCs may well be similar among different models. Furthermore, 

considering that there has been no other study using the CFRAM to attribute the seasonal pattern 

of individual temperature change contributions to the seasonality of the total warming pattern, it 

is important to quantify and analyze them in at least one GCM to further our understanding of 

feedbacks.   

4.1 Background 

Surface polar warming amplification (PWA) has been a robust feature of the polar 

response in climate simulations forced by increased CO2 (e.g., Manabe and Wetherald 1980; 

Meehl et al. 2007; Lu and Cai 2010; Taylor et al. 2013). Studies of PWA seasonality indicate 

that the largest warming occurs in fall/winter with minimum warming in summer (e.g., Manabe 

and Stouffer 1980; Hansen et al. 1984; Holland and Bitz 2003; Meehl et al. 2007; Lu and Cai 
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2009b). Contributions to surface PWA are made by numerous physical processes. The SAF is 

thought to be the leading contributor to PWA (Manabe and Wetherald 1975; Ramanathan et al. 

1979; Taylor et al. 2013). As mentioned above, the largest warming is seen away from summer, 

when SAF is most effective, suggesting SAF might not be the primary contributor.  Despite this 

difference in seasonality the SAF is still thought to be the primary contributor to PWA, but 

indirectly through the release in winter of the extra heat energy stored in the ocean in summer 

and through ice-thickness reduction causing warming in fall/winter (Manabe and Stouffer 1980; 

Holland and Bitz 2003; Hall 2004). Other studies place SAF as an important but secondary factor 

in causing PWA with the LW feedback being the leading contributor to PWA (e.g., Winton 

2006; Lu and Cai 2009b; Pithan and Mauritsen 2014). Additionally, it is thought that the LW 

feedback through its interaction with sea ice retreat is primarily responsible for the winter 

warming maximum in the Arctic (Bintanja and van der Linden 2013). Cloud feedback is also 

thought to play an important role in PWA (e.g., Vavrus 2004), especially during polar night 

when only the LW effects of clouds are important and an increase in polar clouds causes an 

enhancement of the downward LW radiation to the surface (Holland and Bitz 2003).  

Additionally, changes in atmospheric poleward heat transport are also thought to be an important 

contributor to PWA (Alexeev et al. 2005; Cai 2006; Cai and Lu 2007; Lu and Cai 2010; Cai and 

Tung 2012). Most of the studies cited above use indirect methods, such as regression, 

correlation, or other statistical methods, to attribute the feedbacks responsible for PWA, 

particularly when analyzing the seasonal warming pattern (e.g., Bintanja and van der Linden 

2013). 
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Figure 4.1. Zonal mean surface temperature change, ΔT

s
,  (in K) at the time of CO2 doubling, in 

a transient 1% yr
-1

 CO2 increase simulation of the NCAR CCSM4.  The shading corresponds to 

the simulated surface temperature change given by the NCAR CCSM4 global warming 

simulations.  Contours correspond to the sum of all partial temperature changes derived from the 

CFRAM analysis (sum of Figs. 4.2-4.8). 

 

 

 4.2 Results 

This section contains the main results of the CFRAM analysis on the seasonal surface 

temperature response. In particular, the individual contributions of the forcing and feedbacks to 

the temperature response and how the forcing and feedbacks contribute to the main features of 

the surface temperature response (described in Sect. 3.2.1) will be analyzed. Fig. 4.1 

demonstrates that the sum of all the feedback PTCs plus the PTC due to the CO2 forcing alone 
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(i.e., contours) matches the simulated surface temperature response (i.e., shading) quite well, 

validating the linearity assumption and accuracy of the CFRAM analysis.  

4.2.1 CO2 Forcing 

The seasonal and meridional pattern of the external forcing at the surface (ΔF
s

ext , Fig. 

4.2a) is due primarily to the seasonal and meridional profile of the climatological mean water 

vapor and low-level clouds. The presence of water vapor in the unperturbed time mean state 

limits the effectiveness of the CO2 doubling due to the overlapping between H2O and CO2 

absorption bands (Lu and Cai 2010).  In the tropics, the great abundance of water vapor in the 

lower troposphere results in a weak increase in emission (due to overlapping effects) and a 

strong absorption of the extra downward thermal radiation due to the CO2 doubling from the air 

above (Cai and Tung 2012), causing a smaller increase in the downward LW flux at the surface 

in the tropics than that in polar regions. The presence of low-level clouds in the unperturbed time 

mean state has a similar effect on the strength of the external forcing at the surface, namely, 

ΔF
s

ext

 is weaker in the place where low-level clouds are abundant (Taylor et al. 2013).  Because 

the seasonal cycle of water vapor follows the temperature closely (per the Clausius-Clapeyron 

relation), such overlapping effect can explain the seasonal variation of ΔFs
ext , namely minimum 

ΔF
s

ext

 in warm season and maximum in cold season except over the Antarctic where the 

unperturbed time mean water vapor is scarce all year.  As discussed in Cai and Tung (2012) and 

Taylor et al. (2013), there is also a so-called temperature effect, namely, that the increase in the 

downward thermal radiation at the surface due to an increase in CO2 is stronger when/where the 

air temperature itself (assuming the same water vapor and cloud amount) is warmer.  The 

temperature effect is secondary and is dominant only at locations where the atmosphere is very 

dry.  The temperature effect explains why over the Antarctic, where the air is very dry all year   
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Figure 4.2. (a) Radiative energy flux convergence perturbation at the surface, ΔF

s

ext , in units of 

Wm
-2

.  (b) Partial surface temperature change (in K) due to the external forcing alone, ΔT
s

ext . 

 

  

round, ΔF
s

ext

 is maximum in warm season and minimum in cold season, which is opposite to the 

rest of the world.  

 The partial surface temperature change due to the external forcing alone (ΔT
s

ext , Fig. 

4.2b) follows the pattern of ΔF
s

ext .  ΔT
s

ext

 shows a warming throughout with largest warming in 

polar regions and smallest in the tropics.  In terms of seasonal variation, ΔT
s

ext

 tends to have a 

maximum in winter and minimum in summer except over the SH high latitudes where the 

maximum is in summer and minimum in winter.  Because of the thermal-radiative coupling 

between the atmosphere and surface, ΔT
s

ext

 is also affected by the external forcing in the 

atmosphere.  Specifically, the lower tropospheric warming due to the external forcing alone in 

the atmosphere causes an increase in the downward LW flux, which contributes additional 

surface warming on top of the warming due to ΔF
s

ext .  In the NH, the lower troposphere warms 

more in polar regions than in the tropics (not shown here but see Fig. 2c of Taylor et al. 2013 as 

an example), so the thermal-radiative coupling amplifies the polar warming due to ΔF
s

ext

 more 
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than it does so in the tropics.  This also occurs in the SH equatorward of 60S.  Over the 

Antarctic, the external forcing in the lower troposphere is negative (not shown; see Taylor et al. 

2013) whose direct effect is a cooling of the lower troposphere.  As a result, this thermal-

radiative coupling effect acts to reduce the surface warming caused by
 
ΔF

s

ext .  Note that the 

seasonal cycle and meridional profile of the unperturbed time mean surface temperature also 

plays a role in causing ΔT
s

ext .  According to the Stefan-Boltzmann feedback, which is inversely 

proportional to the cubic of the unperturbed time mean surface temperature, for the same forcing, 

the temperature response is smaller in a warmer place than in a colder place (Hartmann 1994). 

Even though ΔT
s

ext

 bears some similarities with the total surface temperature change 

(Fig. 4.1), the differences in the magnitude of the warming and even in the pattern itself indicate 

that feedbacks play a major role in modifying the warming pattern due to the external forcing 

alone. 

4.2.2 Water Vapor Feedback 

The surface temperature response due to the water vapor feedback, ΔT
s

wv , is positive 

everywhere for all seasons (Fig. 4.3).  The largest warming is found in the tropics and its 

amplitude tends to decrease with latitude, which acts to increase the equator to pole temperature 

gradient.  Seasonally larger warming usually occurs during the warm season, particularly in the 

NH.  The seasonal and spatial warming pattern of ΔT
s

wv

 follows the change in the column water 

vapor content (Fig. 3.7b), with the largest (smallest) warming typically co-located with the 

largest (smallest) increase in water vapor. It is very evident that both the seasonal and spatial 

patterns of ΔT
s

wv

 bear little resemblance with the total warming (Fig. 4.1), even though it is the 

largest contributor to the global mean warming. These results are qualitatively in agreement with 

those presented by Colman (2003) and Taylor et al. (2011b) for the water vapor feedback using  
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Figure 4.3. The (partial) surface temperature change (in K) due to the water vapor feedback. 

 

 

the PRP method.  

4.2.3 Surface Albedo Feedback (SAF) 

The SAF is mainly associated with changes in albedo due to changes in snow/ice 

coverage and therefore it is important only in cold places, such as the polar regions. As climate 

warms, there is a reduction of the surface albedo in polar regions due to the melting of snow/ice.  

Regardless of whether the reduction of the surface albedo is a seasonal or annual phenomenon, 

the SAF in polar regions is nearly absent during winter because of the lack of sunlight. This 

explains why the warming due to the SAF (ΔT
s

albedo , Fig. 4.4) is found mainly in polar regions 

and is largest in summer. The seasonal and meridional pattern of ΔT
s

albedo

 is quite similar to the 

seasonal cycle of the SAF found in other studies (e.g., Colman 2003; Lu and Cai 2009b; Taylor 

et al. 2011b), indicating a robust seasonal cycle for the SAF.  

The SAF difference between the two hemispheres is mainly attributed to the larger ice 

melting that occurs in the NH, which causes a larger reduction of the albedo than in the SH (Fig. 

3.9) allowing for more solar radiation to be absorbed at the surface, which represents a stronger  
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Figure 4.4. The (partial) surface temperature change (in K) due to the surface albedo feedback. 

 

 

SAF.  Secondary factors include the latitudinal location of the ice melting, which the insolation 

is dependent on, and the unperturbed time mean clouds that reduce the SW radiative flux at the 

surface. Overall, the annual cycle of ΔT
s

albedo

 is opposite to the total polar warming annual cycle 

even though it greatly contributes to the annual mean PWA.  

4.2.4 Cloud Feedback 

Unlike other radiative feedbacks that are dominated by either LW or SW effects, changes 

in clouds affect both the reflection of SW radiation and the absorption and emission of LW 

radiation. Therefore, it is useful to decompose the PTC due to the cloud feedback (ΔT
s

cloud , Fig. 

4.5a) into its SW (ΔT
s

cloud _ SW , Fig. 4.5b) and LW (ΔT
s

cloud _ LW , Fig. 4.5c) components.  

Both ΔT
s

cloud _ SW

 and ΔT
s

cloud _ LW

 follow the pattern of the change in cloud water path (Fig. 

3.8b) but with opposite sign.  Specifically in the vast surface area outside of polar regions, in 

response to an increase in clouds, the LW cloud feedback acts to warm the surface whereas the 

SW cloud feedback cools it; the reverse can be said about the response to a decrease in clouds.  

This explains why the warming and cooling patterns of ΔT
s

cloud _ SW

 and ΔT
s

cloud _ LW

 away from  
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Figure 4.5. The (partial) surface temperature change (in K) due to (a) the net cloud feedback, (b) 

the SW cloud feedback, and (c) the LW cloud feedback. 

 

 

polar regions are similar but have opposite sign.  A comparison of Figs. 4.5b and 4.5c indicates 

that everywhere but polar regions, the SW cloud feedback tends to dominate over the LW cloud 

feedback.  As a result, the sign of the net cloud feedback or ΔT
s

cloud

 is determined by ΔT
s

cloud _ SW , 

which is responsible for a cooling in equatorial latitudes in response to an increase in clouds and 

warming in the vast area of subtropics and mid-latitudes due to a decrease in cloud coverage and 

thickness.  

In polar regions, the dominance of ΔT
s

cloud _ SW

 over the opposing pattern of ΔT
s

cloud _ LW

 

still exists in summer. The net effect of the general increase in clouds over the Arctic and 
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Antarctic rim in summer is a cooling.  However, in winter, the SW effects of clouds become 

negligible due to the lack of insolation. Therefore the net cloud feedback is due solely to the LW 

cloud effect, contributing to a strong polar winter warming due to an increase in clouds. This 

effect was also described in Holland and Bitz (2003) as a possible contributor to polar warming; 

our results support this idea and promote the cloud feedback as an important contributor to the 

PWA during fall/winter.  

In comparison to Fig. 4.1, we conclude that the cloud feedback contributes greatly to the 

seasonal and meridional pattern of the total warming by a general reduction of the warming due 

to the CO2 forcing and the water vapor feedback in the tropics, and by a stronger amplification of 

the polar warming in fall/winter.    

4.2.5 Atmospheric and Oceanic Dynamics plus Heat Storage Feedbacks 

As stated earlier, the atmospheric dynamics feedback, estimated using Eq. (2.5), provides 

the 4D pattern (3D + seasonal cycle) of the lump sum of changes in the energy flux convergence 

due to all non-radiative processes in the atmosphere, including convective/large-scale vertical 

energy transport, horizontal energy transport, and sensible and latent heat fluxes into the 

atmosphere (also atmospheric heat storage term, which is assumed very small). This term is zero 

at the surface by definition. Therefore, the partial surface temperature change due to the 

atmospheric dynamics feedback (ΔTs
atmos _ dyn , Fig. 4.6a) is caused solely by the non-radiative 

energy flux perturbations in the atmosphere, an indirect effect through the thermal-radiative 

coupling between the atmosphere and surface. In polar regions, ΔTs
atmos _ dyn

 is positive with a 

relatively small warming contribution for all seasons except the boreal fall season.  The positive 

ΔTs
atmos _ dyn

 in polar regions is due to the enhanced downward LW radiation to the surface 

resulting from the dynamically induced atmospheric warming (not shown here but see Fig. 8 of  
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Figure 4.6. The (partial) surface temperature change (in K) due to the (a) atmospheric dynamics 

and (b) ocean dynamics plus heat storage feedbacks. 

 

 

Taylor et al. 2013 as an example).  Part of the dynamically induced atmospheric warming over 

the polar regions could be due to an enhancement of the poleward atmospheric heat transport, as 

elucidated in Cai (2006).  Additionally, the fall polar warming of the lower troposphere, as a 

result of the increase in sensible heat flux can add to the dynamically induced warming, possibly 

leading to the observed warming maximum for ΔTs
atmos _ dyn . Everywhere else ΔTs

atmos _ dyn

 is small 

with little seasonal variation.  The slight cooling observed over the equatorial region results from 

a reduction in downward LW radiation due to a dynamically induced cooling of the lower 

troposphere likely caused by an increase in convection above the equatorial region (Taylor et al. 

2013). 

The ocean dynamics plus heat storage feedback, estimated using Eq. (2.6), provides the 

4D pattern of the lump sum of changes in the energy flux convergence due to all non-radiative 

processes at the surface, primarily including ocean heat transport and storage, and latent energy 

that goes into melting sea ice. Shown in Fig. 4.6b is ΔTs
ocn _ dyn+storage , the PTC due to the ocean 

heat storage/dynamics feedback, which is large mainly in polar regions.  This term has a 
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pronounced seasonality in polar regions, demonstrating a substantial cooling contribution in 

summer and large warming in polar fall/winter. It is seen that the summer cooling of 

ΔTs
ocn _ dyn+storage

 coincides with the summer warming of ΔT
s

albedo .  Lu and Cai (2009b) also found 

the overlapping of the summer polar cooling due to changes in ocean heat storage with the 

summer polar warming of ΔT
s

albedo

 in global warming simulations with a GFDL slab-ocean 

climate model.  Because the seasonal pattern of the temperature change due to changes in ocean 

heat storage in Lu and Cai (2009a) are so similar to that shown in Fig. 4.6b, most of the summer 

polar cooling of ΔTs
ocn _ dyn+storage

 is interpreted to be a result of the heat storage of the extra SW 

radiative energy absorbed at the open water surface after the melting of sea ice in polar summer, 

offsetting the summer warming by the SAF. The additional cooling is a result of the solar energy 

that goes into the melting of sea ice further offsetting the SAF warming. The large amount of 

heat energy stored is subsequently released during polar fall/winter contributing substantially to 

the surface warming during this time period.  Over the Southern Ocean there is a dipole structure 

not seen in the Arctic during fall and winter.  The cooling in the region north of the warming 

region is likely due to greater ocean heat uptake, but could also be due to changes in ocean 

dynamics (or a combination of both). 

4.2.6 Sensible and Latent Heat Flux Feedbacks 

Figs. 4.7a-b show ΔTs
SHflx  and ΔTs

LHflx , the PTCs due to sensible and latent heat flux 

feedbacks, respectively.  For ΔTs
SHflx  the largest seasonality occurs in polar regions, with no 

discernible seasonal variation in the tropics.  The NH polar latitudes have a cooling maximum 

during fall/winter, with little contribution the rest of the year.  The SH polar region also has a 

cooling maximum in fall/winter, but it is accompanied by a warming maximum north of it.  In  
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Figure 4.7. The (partial) surface temperature change (in K) due to the surface (a) sensible and (b) 

latent heat flux feedbacks. 

 

 

the NH midlatitudes a pronounced seasonal variation of ΔTs
SHflx

 is observed with a cooling in 

summer and warming in winter. ΔTs
LHflx , on the other hand, has noticeable seasonality almost 

everywhere.  In polar regions, the cooling of ΔTs
LHflx  is similar to that of ΔTs

SHflx .  The seasonal 

structure of the polar regions due to ΔTs
LHflx  and particularly due to ΔTs

SHflx  are quite similar to 

that shown in Lu and Cai (2009b), which shows the temperature change due to the combined 

effects of changes in surface sensible and latent heat fluxes. The warming and cooling patterns of 

ΔTs
SHflx  and ΔTs

LHflx  follow the seasonality of the sensible and latent heat flux responses (Figs. 

3.10a-b), respectively; where a warming or cooling is due to a decrease or increase, respectively, 

in the sensible or latent heat flux.   

4.2.7 Errors due to Offline Calculations 

All radiative feedback decomposition techniques (e.g., PRP and radiative kernel 

methods) performed offline using time mean data contain errors in their offline radiative 

calculations, which are quoted as being ~23% and ~2% in magnitude (global average) for the 

clear-sky SW and LW anomalies, respectively, in the radiative kernel method (Shell et al. 2008). 
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Please note that if the radiative feedback decomposition technique is performed online there is no 

offline error to speak of, but the computational cost is increased substantially.  The offline errors 

are speculated to originate from the use of time mean clouds in the offline radiative transfer 

calculations versus using instantaneous clouds (Wetherald and Manabe 1988; Taylor and Ghan 

1992; Kato et al. 2011; Song et al. 2014a). Previous CFRAM studies (Lu and Cai 2010; Cai and 

Tung 2012), which use time mean data in their radiative flux calculations but have no clouds (or 

albedo changes) in their GCM simulations, show small to negligible offline error.  This indirectly 

supports the notion that the use of time mean clouds is indeed the cause of this error.  

Additionally, Song et al. (2014a) used the same radiative transfer model for both the GCM 

simulations and the offline radiative transfer calculations, and still found a substantial error when 

annual mean data was used as input in the offline radiative calculations. However, when hourly 

data was used as input, the accuracy of the offline radiative flux calculation was much improved, 

with a quoted global mean difference between the total radiative flux change given by the 

runtime simulation and that given by the offline radiative calculation, with hourly input data, of 

only -2.5e-5 W m
-2

 (Song et al. 2014b). This all points to the use of time mean data as the main 

cause of the offline error.   

Here the error due to the offline radiative calculations is explicitly quantified, namely 

ΔT
s

err
=

∂R
∂T
⎛
⎝
⎜

⎞
⎠
⎟
M +1

−1

−ΔErr
S −R( )( ) .  Substantial negative error around ~3 K in magnitude is seen 

during polar summer in the NH (Fig. 4.8a).  All other regions throughout the year demonstrate 

errors that are under ~1.5 K in magnitude. SeparatingΔT
s

err

 into LW and SW components (Figs. 

4.8b-c) demonstrates ΔT
s

err _ LW  and ΔT
s

err _ SW  partially offset each other in the tropics.  The large  
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Figure 4.8. (a) The net error in our radiative partial temperature change calculations due to the 

error in our offline radiative heating calculations with respect to the CCSM4 simulated radiative 

heating rates, ΔT
s

err . The longwave, ΔT
s

errLW , and shortwave, ΔT
s

errSW , components of the net 

error are shown in (b) and (c). (Units: K) 

 

 

error during polar summer is mostly due to error in the SW offline radiative calculation, but 

ΔT
s

err _ LW  adds to it.  Positive and negative ΔT
s

err

 values indicate an overestimation or 

underestimation of the cooling or warming contributions by the CO2 forcing and radiative 

feedbacks due to the use of time mean fields.   

To obtain a measure of which radiative feedback processes have larger errors in their 

PTC calculation due to the use of time mean data, a correlation analysis is carried out.  Large 

correlations would indicate that these errors are largely attributable to errors in the PTC  
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Figure 4.9. Correlation between (a) ΔT

s

err _ LW  and ΔT
s

cloud _ LW , (b) ΔT
s

err _ SW  and ΔT
s

cloud _ SW , and 

(c) ΔT
s

err _ SW  and ΔT
s

albedo . 

 

 

calculation of that specific radiative feedback.  The small correlations between ΔT
s

err  and ΔT
s

ext  

and between ΔT
s

err  and ΔT
s

wv (not shown), in terms of both the LW and SW components as well 

as their sum, suggest that the estimations of ΔT
s

ext  and ΔT
s

wv do not suffer greatly from the use of 

time mean fields. The high negative correlations between ΔT
s

err _ LW  and ΔT
s

cloud _ LW

 and between

ΔT
s

err _ SW  and ΔTs
cloud _ SW  (Figs. 4.9a-b) indicate that most of the error is attributable to the use of 

time mean clouds in the calculation of ΔT
s

cloud _ LW  and ΔT
s

cloud _ SW . The negative correlations 

imply that in general the warming and cooling of ΔT
s

cloud _ LW  and ΔTs
cloud _ SW  have been  
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Figure 4.10. (a) Sum of ΔT

s

albedo  and ΔT
s

cloud . (b) Sum of ΔT
s

albedo , ΔT
s

cloud , and ΔT
s

err . (Units: K) 

 

 

overestimated.  However, during boreal polar summer, where the error is largest, there is a large 

negative correlation between ΔT
s

err _ SW  and ΔTs
albedo  (Fig. 4.9c) and relatively little correlation 

between ΔT
s

err _ SW  and ΔTs
cloud _ SW .  Therefore the large error in boreal polar summer is primarily 

due to an overestimation of the warming due to the SAF, implying that the use of time mean 

albedo can also introduce substantial error, as previously pointed out by Ingram et al. 1989.  

These results are in agreement with those presented by Song et al. (2014a), which also attributed 

their offline error (or residual) to the use of annual mean data in their calculation of the cloud and 

albedo feedbacks.  

Next, an evaluation is carried out to see if any of the interpretations made above for the 

cloud and albedo feedbacks are changed by the inclusion of the offline error. The error in boreal 

polar summer is smaller in magnitude than the warming of ΔT
s

albedo .  Therefore, adding the error 

in boreal polar summer to ΔT
s

albedo  changes the magnitude of the warming but not the 

explanation given for ΔT
s

albedo  above.  Similarly, the regions of high error correlation with 

ΔT
s

cloud _ LW  and ΔT
s

cloud _ SW

 in general have larger magnitudes for ΔT
s

cloud _ LW  and ΔT
s

cloud _ SW

 than  
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Figure 4.11. Mean partial surface temperature change contributions due to the forcing alone and 

each of the feedbacks in (a) northern hemisphere (NH; from 60
0
N-90

0
N) and (b) southern 

hemisphere (SH; from 60
0
S-90

0
S). Sum of color bars in (a) and (b), for each month, equals the 

red line, which is the mean total surface temperature change in each of the polar regions, 

respectively.  (b) The SH has the months going from July to June, so as to match up the seasons 

with the NH and easily compare with (a). (Units: K) 

 

 

the corresponding errors ΔT
s

err _ LW  and ΔT
s

err _ SW .  Thus the qualitative picture given for 

ΔT
s

cloud _ LW  and ΔT
s

cloud _ SW

 above is mostly unchanged.  Figs. 4.10a-b demonstrate this by 

showing that the sum of ΔT
s

albedo , ΔT
s

cloud , and ΔT
s

err  has a similar seasonal pattern as the sum of 

just ΔT
s

albedo  and ΔT
s

cloud . 

4.2.8 Seasonality of Polar Warming 

Fig. 4.11 shows the seasonal cycle of the contributions (bars) of the CO2 forcing alone 

and each feedback to the total mean warming (red line) in polar regions (from 60N to 90N for the 

NH and 60S to 90S for the SH).  In polar regions a pronounced seasonality is exhibited, with 

largest warming occurring in fall/winter and minimum warming in summer.  During polar 

summer, there exists a large cancellation between the LW and SW cloud feedbacks and between 

the SAF and ocean heat storage/dynamics feedback, leading to a polar warming minimum, and 
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establishing that the warming in summer is primarily caused by the CO2 forcing and water vapor 

feedback.  During fall/winter, the warming contributions from the CO2 forcing and many of the 

feedbacks collectively give rise to the warming maximum due to the lack of cancellations. The 

leading terms causing the warming maximum in fall/winter are the CO2 forcing, the ocean heat 

storage/dynamics feedback, and the LW cloud feedback. 

4.2.9 Polar Warming Asymmetry between NH and SH 

As indicated in previous studies (e.g., Li et al. 2013), the hemispheric mean warming 

asymmetry between the NH and SH is relatively small, for both transient and equilibrium 

responses. However, when comparing just the polar regions of the two hemispheres, a clear and 

notable warming asymmetry is found (Fig. 4.1). Though the polar warming patterns are similar 

in both hemispheres, the amplitudes of the individual contributions are generally larger in the 

NH (Fig. 4.11). This leads to a warming asymmetry that favors a larger warming of the NH polar 

region than the SH polar region. To obtain a better sense of what feedbacks are responsible for 

the hemispheric polar warming asymmetry, an asymmetry index (AI) has been defined as 

follows: 

                                               AI (x ) =
ΔT

s

60N−90N (x )
− ΔT

s

60S−90S(x )( )
ΔT

s

60N−90N
− ΔT

s

60S−90S
                                           (4.1), 

which calculates the ratio of the hemispheric polar warming asymmetry of an individual process 

x to the absolute value of the total hemispheric polar warming asymmetry. A positive AI 

represents a process that favors a larger warming of the NH polar region than the SH polar 

region, while a negative AI indicates the opposite.  

The relative annual and seasonal contributions of individual feedbacks to AI are 

summarized in Fig. 4.12. Albedo feedback is the primary contributor to the larger warming of the  
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Figure 4.12. Seasonal and annual mean contributions of individual feedbacks to the warming 

asymmetry between the NH polar region (60
0
N-90

0
N) and the SH polar region (60

0
S-90

0
S), as 

defined by the AI index. See text for the definition of the AI index. Corresponding seasons 

between the NH and SH are compared. 

 

 

Arctic than the Antarctic during spring and summer, reflecting the larger reduction of albedo in 

the Arctic. During polar summer the offline error indicates a large negative AI; as discussed in 

Sect. 4.2.7, this is a result of an overestimation of the albedo feedback, implying the large 

positive AI of albedo feedback could be substantially smaller in summer, though it would still 

have the largest positive AI. Other important contributors to the larger warming of the Arctic 

than the Antarctic during summer include the water vapor and ocean heat storage/dynamics 

feedbacks. The summer polar warming asymmetry between the two hemispheres, however, is 

largely suppressed by the sensible and latent heat flux feedbacks. 

During polar fall and winter, when the largest polar warming difference between the two 

hemispheres is seen, in terms of magnitude, there is no clear primary contributor to the larger  
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Figure 4.13. Mean partial surface temperature change contributions due to the forcing alone and 

each of the feedbacks in the tropics. (a) The NH tropics are defined to be from 0
0
N to 23.5

0
N. (b) 

The SH tropics are defined to be from 0
0
S to 23.5

0
S.  Sum of color bars, for each month, equals 

the red line, which is the mean total surface temperature change in the tropics. (Units: K) 

 

 

warming of the Arctic (Fig. 4.12). In fall, the greatest positive AI values are given by the cloud, 

ocean heat storage/dynamics, water vapor, atmospheric dynamics, and sensible heat flux 

feedbacks, which are in turn suppressed mainly by the latent heat flux feedback. In winter, the 

ocean heat storage/dynamics and sensible heat flux feedbacks are the primary contributors to the 

larger warming of the Arctic, as they have the greatest positive AI values. Overall, Fig. 4.11 and 

Fig. 4.12 indicate that in general the large polar warming asymmetry seen during fall and winter 

(in magnitude) is a result of the larger amplitude of positive feedbacks in the NH polar region as 

compared with the SH polar region. 

Annual mean results indicate the primary contributor to the hemispheric polar warming 

asymmetry is the SAF, favoring a larger warming of the Arctic. Other important contributors to 

the larger warming of the Arctic are the water vapor, ocean heat storage/dynamics, cloud and 

atmospheric dynamics feedbacks. The main suppressor of the hemispheric polar warming 

asymmetry, annually, is the latent heat flux feedback. 
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4.2.9 Seasonality of the Tropics 

Fig. 4.13 shows the mean partial temperature contribution of the forcing itself and each 

feedback in the area of the tropics (defined to be between 0
0
 and 23.5

0
 in the NH and SH).  The 

main contributors to the tropical warming are ΔT
s

wv and ΔT
s

ext , which have small seasonal 

variations. The largest negative feedback on the tropical surface warming is due to the 

evaporation (or latent heat flux) feedback. Although some feedback contributions to the total 

tropical temperature change, such as ΔTs
LHflx  and ΔT

s

cld , have a noticeable seasonality in the 

tropics, their seasonal variations largely cancel out. Therefore, the total warming is relatively 

uniform year-round at ~+1.3 K. 

4.3 Discussion 

Fig. 4.11 demonstrates the SAF has its maximum warming contribution in summer and 

minimum contribution in winter, which is almost opposite that of the seasonal cycle of the polar 

surface warming pattern. When an annual mean is taken for the SAF, the large warming in 

summer is what leads to its large value in the annual mean (e.g., Taylor et al. 2013).  Important 

contributors to the PWA pattern such as ocean heat storage and cloud feedback have cooling 

contributions in summer, which offset the warming contributions in fall/winter when taking an 

annual mean.  Their contributions to PWA are thus “hidden” and seem small in the annual mean 

approach. This highlights the importance of taking into account the seasonality of individual 

feedbacks to further our understanding of climate change. 

While the direct effects of SAF are not responsible for the PWA pattern, this does not 

indicate it cannot play an indirect role.  The main reason polar summer does not experience the 

largest warming is due to the ocean storage of the extra solar energy absorbed by the surface due 

to the SAF, offsetting the large warming contribution of the SAF.  The ocean heat storage then 



53 

 

releases this energy in fall/winter, when the SAF is small or absent, substantially contributing to 

the warming maximum.  Thus, it is through its interaction with ocean heat storage that the SAF 

indirectly contributes to the PWA pattern. This process was also described by Screen and 

Simmonds (2010) to depict the seasonal PWA pattern using reanalysis data. 

The strong seasonality of ΔT
s  is primarily due to the large solar annual cycle over the 

polar regions. At first this might seem counterintuitive as the maximum of the solar annual cycle 

occurs in summer and the minimum in winter, which is almost opposite the seasonal cycle of 

ΔT
s

. However, the importance of the solar annual cycle becomes clear once it is understood that 

it controls the seasonality of the SAF and ocean heat storage interaction and the net cloud 

feedback.  The insolation maximum in summer leads to a near cancellation between the SAF and 

ocean heat storage terms and between SW and LW cloud feedbacks, which leads to the relatively 

small total warming observed in polar summer (as discussed in Sect. 4.2.8). During late 

fall/winter the lack of insolation in polar regions leads to small contributions by the SAF and SW 

cloud feedback to the total temperature change, which allows for a warming of the surface by the 

release of the extra solar energy absorbed in summer and by the LW cloud feedback due to the 

increase in clouds. Since other feedbacks do not experience as large seasonal variations as the net 

cloud feedback and the SAF and ocean heat storage interaction, the strong solar annual cycle in 

polar regions is primarily responsible for the pronounced seasonality of the total polar warming 

pattern.  



54 

 

CHAPTER FIVE 

THE SURFACE FEEDBACK-RESPONSE ANALYSIS METHOD 

This chapter introduces the surface feedback-response analysis method (SFRAM), a 

method developed by the author as part of this study to further our understanding of climate 

feedback contributions to the surface temperature response. The motivation for the development 

of the method along with the mathematical formulation of the SFRAM will be outlined. 

5.1 Background and Motivation 

 In many feedbacks studies an emphasis is placed on the surface temperature response and 

the feedbacks responsible for this response (e.g., Holland and Bitz 2003).  Additionally, a few 

studies have highlighted the importance of the surface energy budget in the context of global 

climate change (e.g., Ramanathan 1981; Andrews et al. 2009; Lu and Cai 2009b). Implicit in the 

CFRAM is the role the surface energy budget plays in establishing the surface temperature 

response. The SFRAM is a surface version of the CFRAM, based on the surface energy budget, 

which attributes the feedback contributions to the surface temperature response. 

 More importantly the SFRAM allows for a deeper understanding of how feedbacks 

contribute to the surface temperature response than the CFRAM. The forcing and feedback PTCs 

given by the CFRAM analysis implicitly include the effects of the thermal-radiative coupling
3
. 

The SFRAM separates the thermal-radiative coupling effects (i.e., the temperature feedback) 

from the surface warming or cooling directly caused by the forcing and feedbacks. By analyzing 

how much of the warming and/or cooling, in structure and magnitude, the forcing and non-

temperature feedbacks are directly responsible for, a more profound understanding of how the 

                                                
3
 The thermal-radiative coupling is the temperature feedback that occurs due to the warming 

and/or cooling the forcing or non-temperature feedback causes at the surface and in the 

atmosphere, which in turn changes the surface and atmospheric temperature response.  
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forcing and non-temperature feedbacks contribute to the surface warming pattern and the role the 

thermal-radiative coupling plays in modifying this warming pattern is obtained. In terms of the 

external forcing alone, the SFRAM analysis gives the true no feedback surface temperature 

response, since the CFRAM includes the temperature feedback effect in the PTC of the external 

forcing. 

 Furthermore, the SFRAM, by uncoupling the temperature feedback from the forcing and 

other feedbacks, is more conducive to a comparison with the traditional TOA feedback analysis, 

as the TOA feedback analysis method isolates the temperature feedback as well (Sect. 1.1.1). 

This also implies the SFRAM can also have a lapse-rate feedback calculation by decomposing 

the temperature feedback, as is done in the TOA feedback analysis, for further comparison. 

These types of comparison with the TOA feedback analysis method cannot be done with the 

CFRAM, as the CFRAM has no temperature or lapse-rate feedback calculations. Instead the 

temperature (or lapse-rate) feedback is implicit in the results, as it is coupled with the forcing and 

non-temperature feedbacks. 

5.2 Mathematical Formulation 

The mathematical formulation of the SFRAM follows similarly to the CFRAM 

formulation shown in Sect. 2.2. Taking Eq. (2.2) and substituting into Eq. (2.1) we obtain, after 

some rearrangement,     

                 

∂R

∂T









ΔT = ΔF

ext
+Δwv

(S −R)+Δcld
(S −R)+Δalb

S+ΔQnon _ rad
+ −Δ

∂E

∂t



















 , or                                                      

                          
∂Rm
∂T j

ΔT j =

ΔFm
ext
+Δwv

(Sm − Rm )+Δ
cld
(Sm − Rm )

+Δalb
Sm +ΔQm

non _ rad
+ −Δ

∂Em

∂t

























j=1

M +1

∑ ,  for 1≤m≤M+1            (5.1), 
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where the equation is written in both vector-matrix notation (top) and summation notation 

(bottom).  Eq. (5.1) has been kept in generalized form so no error term is included, such as that 

given by Eq. (2.2). The summation notation of Eq. (5.1) indicates that there are actually M+1 

equations implicit in the vector-matrix notation corresponding to energy balance equations in 

each of the M+1 layers (M atmospheric layers plus the surface layer). 

 This is the point where the CFRAM and SFRAM derivations diverge.  For the CFRAM 

derivation the next and final step would be to take the inverse of the Planck feedback matrix 

(
∂R

∂T
)
−1  and multiply it to both sides of Eq. (5.1) (in vector-matrix notation) leading to Eq. (2.7a).  

Therefore, the CFRAM is just a way to solve for the vertical profile of total temperature change 

at each atmospheric layer and at the surface layer using matrix algebra to solve the system of 

equations.  The matrix multiplication of (
∂R

∂T
)
−1  with each of the terms in vector-matrix notation 

on the right hand side (RHS) of Eq. (5.1) gives the vertical profile of the PTC of the external 

forcing alone and each of the radiative and non-radiative feedbacks.  For the SFRAM derivation 

the surface energy budget is chosen by setting m=M+1 in the summation notation form of Eq. 

(5.1), leading to 

                

∂RM +1

∂TM +1

ΔTM +1 +
∂RM +1

∂T j

ΔT j =

ΔFM +1

ext
+Δwv

(SM +1 − RM +1)+Δ
cld
(SM +1 − RM +1)

+Δalb
SM +1 +ΔQM +1

non _ rad
+ −Δ

∂EM +1

∂t

























j=1

M

∑
         

(5.2), 

where the summation in Eq. (5.1) has slightly been expanded.  It follows that one can solve for 

just the surface temperature change according to 

                             

ΔTs =
∂Rs
∂Ts











−1 ΔFs
ext
+Δwv

(Ss − Rs )+Δ
cld
(Ss − Rs )+Δ

alb
Ss

+ΔQs

non _ rad
+ −

∂Rs
∂T j

ΔT j

j=1

M

∑








+ −Δ

∂Es

∂t


























                         (5.3), 



57 

 

where the subscript M+1 has been substituted for s to signify the surface layer. The terms in 

brackets in Eq. (5.3) are just the changes in surface energy flux convergence due to the external 

forcing (ext), water vapor changes (wv), changes in cloud properties (cld), surface albedo 

changes (alb), non-radiative changes (non-rad), temperature changes, and changes in heat 

storage. 

The reason m=M+1 is chosen instead of any atmospheric layer in going from Eqs. (5.1) 

to (5.2) is based on physical rather than mathematical principles. A fundamental principle of the 

CFRAM and SFRAM climate feedback framework is that a change in energy flux convergence 

at any specific layer (surface or atmosphere) will cause a heating or cooling of that specific layer; 

this causes a temperature change at that specific layer (the climate response), whose infrared 

radiation perturbation will cause a change in energy flux divergence that balances the change in 

energy flux convergence.  This occurs for all layers and since for the SFRAM calculation we are 

only interested in the surface temperature change, it makes sense to use the surface layer, since 

the energy flux perturbations at the surface layer cause the surface temperature change.  

Unlike the CFRAM equation (i.e., Eq. (2.7a)), the SFRAM equation (i.e., Eq. (5.3)) only 

solves for the surface temperature change. Additionally, we see the inclusion in Eq. (5.3) of a 

temperature term −
∂R

s

∂T
j

ΔT
j

j=1

M

∑








  not seen in the CFRAM equation (i.e., Eq. (2.7)). The 

temperature term is a result of the temperature feedback process, where a warming or cooling of 

the atmospheric layers will cause an increase or decrease, respectively, of thermal emission to 

the surface, increasing or decreasing the LW energy flux absorbed at the surface (Fig. 5.1). In  
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Figure 5.1. Schematic of the temperature feedback loop: (a) Amplifies the direct warming due to 

the forcing and/or non-temperature feedbacks; (b) amplifies the direct cooling due to the forcing 

and/or non-temperature feedbacks. 
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Eq. (5.3), 
∂R

s

∂T
s









  is equivalent to the Planck feedback parameter and is actually just one element 

of the Planck feedback matrix used in the CFRAM.  The multiplication of 
∂R

s

∂T
s











−1

 with each of 

the terms in the brackets of Eq. (5.3) gives the direct surface PTC of the external forcing alone 

and each of the non-temperature feedbacks plus the surface PTC of the temperature feedback; 

                                                           

ΔT
s

(x )
=
∂R

s

∂T
s











−1

ΔF
s

(x )                                                       (5.4), 

where x represents one of the terms in the brackets of Eq. (5.3). The sum of the individual 

contributions of the external forcing alone and feedbacks add up to the total surface temperature 

change.  Since there is no a priori need for the model outputted surface temperature change 

information, the total surface temperature change given by the SFRAM analysis can be 

compared to that given by the model simulations to serve as validation of the accuracy of the 

SFRAM analysis and linearity assumption. As with the CFRAM note that Eq. (5.4) implies the 

surface temperature change, caused by changes in surface energy flux convergence, is that 

needed to balance the change in surface energy flux convergence through a change in thermal 

emission by the surface. 

5.3 SFRAM in Conjunction with CFRAM 

 As mentioned in Sect. 5.1, each of the PTCs given by the CFRAM for the forcing and 

non-temperature feedbacks include the thermal-radiative coupling effect (i.e., the temperature 

feedback). Therefore, each PTC given by the CFRAM analysis includes the temperature 

feedback due to an individual process. Eq. (5.3), the SFRAM equation, includes the total 

temperature feedback term −
∂R

s

∂T
j

ΔT
j

j=1

M

∑








 , but not the individual temperature feedbacks 
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associated with each individual process. However, by utilizing the CFRAM results for the 

atmospheric PTCs, which (approximately) add up to the total simulated atmospheric temperature 

response ΔT j , the total temperature feedback term can be decomposed into individual 

temperature feedback terms associated with the forcing and each of the non-temperature 

feedback processes, namely 

           −
∂Rs
∂T j

ΔT j

j=1

M

∑








 = −

∂Rs
∂T j

ΔT j

ext +ΔT j

wv +ΔT j

cld +ΔT j

alb +ΔT j

non _ rad +ΔT j

heat _ storage( )
j=1

M

∑











     (5.5). 

 Now, by multiplying each term on the RHS of Eq. (5.5) with 
∂R

s

∂T
s











−1

, the indirect PTCs 

of the forcing and each of the non-temperature feedbacks can be calculated, namely 

                                             

ΔTs
(x ) _ indirect

=
∂Rs
∂Ts











−1

−
∂Rs
∂T j

ΔT j

(x )

j=1

M

∑








                                           (5.6). 

The term indirect is used to indicate that this is an indirect contribution to the surface 

temperature change by the forcing and non-temperature feedbacks as a result of the atmospheric 

temperature change the forcing and non-temperature feedbacks cause, which leads to a 

temperature feedback process as shown in Fig. 5.1. The surface PTCs given by the CFRAM 

analysis are thus equal to the sum of the direct and indirect PTCs of the forcing and feedbacks 

given by the SFRAM analysis in conjunction with the CFRAM results, namely 

                                         

ΔTs
(x )
=
∂Rs
∂Ts











−1

ΔFs
(x )

Direct
!

+ −
∂Rs
∂Ts

ΔT j

(x )

j=1

M

∑










Indirect
" #$$ %$$



















                                       (5.7). 

Eq. (5.7) allows for a separation and quantification of the direct and indirect contributions of 

forcing and non-temperature feedbacks to the surface temperature response. Such analysis thus 
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allows the climate community to understand how important the direct versus the indirect effects 

are and better explain the PTCs of the forcing and non-temperature feedbacks. Furthermore, the 

decomposition of the temperature feedback in Eq. (5.5) allows us to attribute how the forcing 

and non-temperature feedbacks contribute to the temperature feedback, giving a better 

understanding of the temperature feedback contribution to the surface temperature change. 
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CHAPTER SIX 

SFRAM APPLICATION 

 This chapter demonstrates the applicability of the SFRAM to actual model data by 

applying an SFRAM analysis for the first time to the CCSM4 data described in Sect. 2.1. To 

make the analysis simpler, while still demonstrating all the features and benefits of the SFRAM, 

only the annual and global mean results will be analyzed. These results can still be thoroughly 

compared with the annual mean CFRAM analysis already done in Taylor et al. (2013) on the 

same CCSM4 data set, while using the seasonal results presented in Chap. 4 as reference as well. 

Finally, a discussion on the main results will conclude the chapter. 

6.1 Mathematical Application to the CCSM4 Data 

The SFRAM application to the NCAR CCSM4 data set follows similarly to the CFRAM 

application done to this same data set in Sect. 2.2. Therefore, Eq. (5.3) as applied to the CCSM4 

data becomes 

                

ΔTs =
∂Rs
∂Ts











−1
ΔFs

ext +Δwv
(Ss − Rs )+Δ

cld
(Ss − Rs )+Δ

alb
Ss + −Δerr
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ocn _ dyn+storage +ΔQs

SHflx +ΔQs
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j=1

M

∑




























          (6.1). 

In Eq. (6.1) the radiative offline error term has been added, as implied by Eq. (2.2). Furthermore, 

ΔQs

non _ rad and Δ −
∂E

s

∂t









  in Eq. (5.3) have been replaced in Eq. (6.1) according to the relation 

                                

ΔQs

non _ rad
+ −

∂Es

∂t









 = ΔQs

ocn _ dyn+storage
+ΔQs

SHflx
+ΔQs

LHflx
                            (6.2), 

as explained in Sect. 2.2. Notice that, unlike Eq. (2.7), Eq. (6.1) does not include an atmospheric 

dynamics term; this is because the atmospheric dynamics does not directly cause a change in 

surface energy flux by definition (see Sect. 2.2). 
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 To obtain the indirect contributions of the forcing and non-temperature feedbacks, the 

CFRAM results for the atmospheric PTCs is utilized and Eq. (5.5) applied, namely 

                       −
∂Rs
∂T j

ΔT j

j=1

M

∑
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j=1
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∑













               (6.3). 

Notice that Eq. (6.3) does include an atmospheric dynamics term, as it is only through the 

temperature feedback that the atmospheric dynamics term can affect the surface temperature. 

When Eq. (6.3) is substituted into Eq. (6.1), the sum of the direct and indirect PTCs of the 

forcing and non-temperature feedbacks is obtained. 

6.2 Results 

The annual mean PTCs of the external forcing and feedbacks given by the SFRAM 

analysis are shown in Fig. 6.1 and their global means in Table 6.1. The accuracy of the linearity 

assumption can be checked by adding all PTCs (red curve in Fig. 6.1a) and comparing the sum 

with the actual model simulated surface temperature change (black curve in Fig. 6.1a). The two 

curves match up extremely well, only in polar regions are small differences noticeable. The 

global mean (total) surface temperature change given by the SFRAM analysis is 1.66 K (Table 

6.1), a difference of only 0.02 K (~1% difference) as compared to the actual global surface 

temperature change of 1.64 K. This validates the linearity assumption and accuracy of the 

results. 

 The red curves displayed in the remaining panels of Fig. 6.1 correspond to the direct 

PTCs of the CO2 forcing alone (Fig. 6.1b), water vapor feedback (Fig. 6.1c), surface albedo 

feedback (Fig. 6.1d), cloud feedback (Fig. 6.1e), ocean heat storage/dynamics feedback (Fig. 

6.1f), latent heat flux feedback (Fig. 6.1g), sensible heat flux feedback (Fig. 6.1h), and offline  

 



64 

 

Table 6.1.  Global mean surface PTCs for the CO2 forcing and feedbacks given by the SFRAM 

analysis, plus their total sum. 

SFRAM (K) 

ΔT
s

ext  0.15 

ΔT
s

wv  0.42 

ΔT
s

alb  0.17 

ΔT
s

cld  0.12 

ΔTs
ocn _ dyn  -0.23 

ΔTs
LHflx  -0.29 

ΔTs
SHflx  -0.01 

ΔTs
offline _ error  0.07 

ΔT
s

temp  1.26 

ΔT
s

total  1.66 

 

 

 

error (Fig. 6.1i), and temperature feedback (Fig. 6.1j).  As indicated by Eq. (6.1), the direct PTC 

contributions to the surface temperature response by the CO2 forcing alone and non-temperature 

feedbacks, and the surface PTC of the temperature feedback are caused by corresponding 

changes in surface energy flux convergence (Fig. 6.2) and as such have similar structures. The 

difference in structures is due to 
∂R

s

∂T
s











−1

, as indicated by Eq. (6.1), which using the Stefan-

Boltzmann law and assuming the surface is a blackbody becomes 

                                                            
∂R

s

∂T
s
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Figure 6.1. The annual zonal mean surface temperature change (K) at the time of CO2 doubling 

in simulations by the NCAR CCSM4. (a) The black curve is the simulated surface temperature 

change and the red curve is the sum of the red curves in (b)-(j). The partial surface temperature 

changes (red curves) due to the (b) CO2 forcing alone, (c) water vapor feedback, (d) surface 

albedo feedback, (e) cloud feedback, (f) ocean heat storage/dynamics feedback, (g) surface latent 

heat flux feedback, (h) surface sensible heat flux feedback, (i) offline error, and (j) temperature 

feedback. 

 

 

where σ is the Stefan-Boltzmann constant.  Therefore Eqs. (6.1) and (6.4) indicate that a colder 

location will have a larger temperature change in magnitude than a warmer location, given the 

same change in energy flux convergence at the surface.  This implies that polar regions will 

experience a larger sensitivity to changes in surface energy flux convergence than the tropics.  

Fig. 6.3 demonstrates this phenomena and furthermore shows that the Antarctic is the most 

sensitive location experiencing up to a 0.4 K change in temperature for every 1 Wm
-2

 change in  
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Figure 6.2. Changes in surface energy flux convergence (solid black curves; W m

-2
) due to the 

(a) CO2 forcing alone, (b) water vapor feedback, (c) surface albedo feedback, (d) cloud feedback, 

(e) ocean heat storage/dynamics feedback, (f) surface latent heat flux feedback, (g) surface 

sensible heat flux feedback, (h) offline error, and (i) temperature feedback. 
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Figure 6.3. The annual zonal mean meridional profile of the inverse of the partial derivative of 

surface energy flux divergence with respect to surface temperature 
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surface energy flux convergence, which more than doubles that seen in the tropics.  Fig. 6.1a, 

however, shows the largest warming occurs in the Arctic, implying a larger increase in surface 

energy flux convergence in the Arctic than the Antarctic. Overall, Fig. 6.3 and a comparison of 

Figs. 6.1 and 6.2 indicate the larger sensitivity of the polar regions plays an important part in 

causing PWA. 

 The largest contributor to the surface warming by far is the temperature feedback with a 

global mean warming of 1.26 K. Meridionally the temperature feedback accounts for most of the  
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Table 6.2.  Decomposition of the global mean surface PTC of the temperature feedback into 

‘indirect’ global mean surface PTCs for the CO2 forcing and feedbacks given by the SFRAM 

analysis in conjunction with CFRAM. 

Indirect Surface PTCs (K) 

ΔT
s

ext  0.93 

ΔT
s

wv  0.78 

ΔT
s

alb  0.24 

ΔT
s

cld  0.08 

ΔTs
atm _ dyn  0.04 

ΔTs
ocn _ dyn  -0.39 

ΔTs
LHflx  -0.46 

ΔTs
SHflx  0.03 

ΔTs
offline _ error  0.01 

 

 

 

warming seen in the tropics and contributes to the PWA of the Arctic (Fig. 6.1j). Table 6.2 and 

Fig. 6.4 show the meridional and global decomposition of the temperature feedback surface PTC, 

respectively, into individual indirect surface PTCs of the forcing and non-temperature feedbacks. 

Globally, the CO2 forcing is the largest contributor to the surface warming associated with the 

temperature feedback, with an indirect warming contribution of 0.93 K. The indirect contribution 

of the water vapor feedback follows closely behind with a global mean warming of 0.78 K. 

These two also account for most of the tropical warming associated with the temperature 

feedback (Figs. 6.4a-b). This is a result of the lower troposphere warming in the tropics being 

caused mostly by these two processes (Taylor et al. 2013). Though, the CO2 forcing and water 

vapor feedback are the main contributors to warming associated with the temperature feedback 

globally, they cannot explain the PWA seen in the Arctic for the surface PTC of the temperature 

feedback; though the CO2 forcing slightly contributes to the PWA of the Arctic. While these two 
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Figure 6.4. Decomposition of the temperature feedback surface PTC (Fig. 6.1j) into ‘indirect’ 

contributions (solid black curves; K) to the surface temperature change by the (a) CO2 forcing 

alone, (b) water vapor feedback, (c) surface albedo feedback, (d) cloud feedback, (e) atmospheric 

dynamics feedback, (f) ocean heat storage/dynamics feedback, (g) surface latent heat flux 

feedback, (h) surface sensible heat flux feedback, and (i) offline error. 
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processes both contribute to the surface polar warming, the main contributor to the Arctic PWA, 

attributed to the temperature feedback, is the SAF followed by the atmospheric dynamics 

feedback. 

 Notice that even feedback processes that cause little to no change in energy flux 

convergence in atmospheric layers directly, can still contribute substantially to the temperature 

feedback (i.e., surface albedo, ocean heat storage/dynamics, and surface sensible and latent heat 

flux feedbacks in Figs. 6.4c,f-h). Just as the atmospheric dynamics feedback can change the 

surface temperature indirectly through the thermal coupling between the surface and atmosphere, 

the aforementioned feedback processes can warm or cool the atmosphere indirectly by warming 

or cooling the surface. As indicated by Fig. 5.1, the change in surface temperature would 

increase or decrease the upward LW emission by the surface, which would warm or cool the 

atmospheric layers, respectively; the warming or cooling of the atmosphere, in turn, warms or 

cools the surface through its change of the downward LW radiation (as previously explained). 

This back radiation effect is how the surface albedo, ocean heat storage/dynamics, and surface 

sensible and latent heat flux feedbacks contribute to the surface PTC of the temperature 

feedback. 

 The addition of corresponding direct and indirect contributions to the surface temperature 

response (Fig. 6.5) given by the SFRAM analysis are equal to that given by a CFRAM analysis, 

as shown by comparing Fig. 6.5 with the surface PTCs of the forcing and non-temperature 

feedbacks displayed in Taylor et al. (2013). Therefore, by comparing corresponding direct and 

indirect PTCs a better understanding of surface PTCs given by the CFRAM analysis is obtained. 
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Figure 6.5. The sum of direct and indirect contributions (solid black curves; K) to the surface 

temperature response by the (a) CO2 forcing alone, (b) water vapor feedback, (c) surface albedo 

feedback, (d) cloud feedback, (e) atmospheric dynamics feedback, (f) ocean heat 

storage/dynamics feedback, (g) surface latent heat flux feedback, (h) surface sensible heat flux 

feedback, and (i) offline error.   
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 The CO2 forcing alone (no feedbacks) accounts for very little of the total warming, 

directly contributing just 0.15 K to the global mean surface warming. However, it does favor 

PWA, particularly in the Antarctic (Fig. 6.1b). The meridional structure is mainly a result of the 

radiative overlapping effect with the unperturbed time mean water vapor (as explained in Sect. 

4.2.1). Comparing the direct surface PTC of the CO2 forcing with the indirect surface PTC (Fig. 

6.4a) indicates the indirect surface PTC is generally larger than the direct one. The main 

exception is the Antarctic, which experiences greater warming due to the direct effects of the 

CO2 forcing than the indirect effects. Globally, the indirect surface warming of 0.93 K, by the 

CO2 forcing, is more than six times larger than the direct surface warming. Therefore, the PTC 

given by the CFRAM analysis for the CO2 forcing is mostly due to the indirect PTC of the CO2 

forcing. 

The direct contribution of the water vapor feedback is a 0.42 K warming of the global 

mean surface temperature. Meridionally, the water vapor feedback demonstrates a maximum at 

the tropics for the change in surface energy flux convergence (Fig. 6.2b). The maximum in the 

tropics is due to the larger increase in water vapor there (Fig. 3.7). The minimums are not 

observed at the poles, where the minimum increase in water vapor occurs, but instead are seen 

near 60
o
 latitude in both hemispheres as a result of radiative overlapping effects with the 

unperturbed time mean clouds, which leads to a smaller increase in downward LW emission to 

the surface (similar to the overlapping effects of water vapor with the CO2 forcing).  The direct 

PTC of the water vapor feedback (Fig. 6.1c), however, indicates a relatively uniform warming 

contribution, as a result of the larger sensitivity of polar regions to changes in energy flux 

convergence at the surface (Fig. 6.3). Most of the warming given by the CFRAM analysis for the 

water vapor feedback, however, is due to its indirect surface PTC; warming the surface 0.42 K 
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globally, nearly twice as much as the direct effect of the water vapor feedback. The indirect 

surface PTC of the water vapor feedback (Fig. 6.4b) accounts for most of the meridional 

warming pattern given by the CFRAM analysis for the water vapor feedback. 

The direct contribution of the SAF (Fig. 6.1d) is mainly a warming of the polar regions 

due to the melting of sea ice, glaciers, and snow. Perhaps surprisingly, the indirect warming 

contribution of the SAF (Fig. 6.4c) is larger in magnitude than the direct one. There is little direct 

atmospheric temperature change due to the SAF, so most of the indirect contribution is due to the 

back radiation effect. Thus, the meridional pattern of the indirect PTC for the SAF is the same as 

the direct PTC. 

The direct effect of the cloud feedback is a global mean warming of 0.12 K. Most of the 

warming is located in polar regions (Fig. 6.1e), as a result of the LW cloud feedback due to the 

increase in clouds over these regions. Near the equator there is a slight cooling observed as a 

result of the SW cloud feedback due to an increase in clouds (i.e., greater cloud albedo). The 

indirect contribution of the cloud feedback is a 0.08 K global mean warming, which is smaller 

than the direct contribution. The main difference between direct versus indirect is observed in 

polar regions (Figs. 6.1e and 6.4d), where the indirect effect of the cloud feedback cools the 

polar surface rather than warms it, leading to a smaller global mean warming. Thus the PWA 

associated with the cloud feedback in the CFRAM analysis is due to the direct contribution of the 

cloud feedback, which is reduced by the indirect PTC. 

The atmospheric dynamics feedback has no direct contribution to the surface temperature 

response, so therefore is equal to that given by a CFRAM analysis. Therefore, the explanation for 

its meridional PTC (Fig. 6.4e) has already been given by Taylor et al. (2013) and remarked upon 

in Sect. 4.2.5. The ocean dynamics/heat storage feedback does have a direct PTC, which reduces 
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the surface global mean warming by 0.23 K. Most of the cooling occurs in the midlatitudes and 

polar regions (Fig. 6.1f), mainly as a result of the heat stored by the oceans due to the large 

thermal inertia of the oceans in the transient state. There is no direct atmospheric temperature 

change due to the ocean dynamics/heat storage feedback, so its indirect PTC is a result of the 

back radiation effect. Thus, the indirect PTC (Fig. 6.4f) of the ocean dynamics/heat storage 

feedback has the same meridional pattern as its direct PTC. The magnitude of the indirect PTC, 

however, is larger than the direct PTC, as indicated by its nearly twice as large global mean 

cooling (-0.39 K) due to the indirect effect. 

 The largest reduction of the global mean surface warming, as given by the CFRAM 

analysis, is due to the latent heat flux feedback (-0.75 K). The SFRAM analysis indicates most of 

this cooling is due to the indirect surface PTC (-0.46 K) rather than the direct PTC (-0.29 K) of 

the latent heat feedback. The meridional cooling patterns of the latent heat flux feedback for both 

the direct (Fig. 6.1g) and indirect (Fig. 6.4g) PTCs are the same, with a general cooling for all 

regions due to the increase in evaporation over the ocean surface. The sensible heat flux 

feedback has a very small contribution to the global mean warming, actually cooling the surface 

by -0.01 K due to its direct effect and slightly warming it by 0.03 K due to its indirect effect. 

Meridionally, the direct (Fig. 6.1h) and indirect (Fig. 6.4h) PTCs of the sensible heat flux 

feedback have the same pattern, cooling the polar regions and having a warming spike around 

the SH midlatitudes. The larger global mean warming contribution of the indirect PTC than the 

direct PTC of the sensible heat flux feedback is due to the greater magnitude of the large 

warming peak. For both the latent and sensible heat flux feedbacks the indirect contributions to 

the surface temperature response are solely a result of the back radiation effect, which explains 

why the patterns of the direct and indirect contributions are the same. 
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The error in the surface temperature change calculation due to the offline radiative 

calculations has already thoroughly been explained in Sect. 4.2.7. Here the error associated with 

the direct and indirect effects is analyzed. Fig. 6.1i indicates an overestimation of the surface 

warming in polar regions and a slight underestimation of the surface warming in the tropics and 

midlatitudes due to the direct effects of radiative feedbacks. Fig. 6.4i indicates an overestimation 

of the surface warming in the Antarctic and tropics, and an underestimation everywhere else as a 

result of the indirect effects of radiative feedbacks. This means there is some cancellation of 

error by the direct and indirect effects in the CFRAM error analysis, particularly in the Antarctic. 

6.3 Discussion 

The SFRAM results clearly indicate that in general the indirect contributions of the 

forcing and non-temperature feedbacks to the surface temperature response are greater than the 

direct contributions. This is an important result that could not be deduced from the CFRAM 

analysis alone. To understand why the indirect effect is larger than the direct effect, the evolution 

of the temperature feedback process triggered by the direct effect of the forcing and non-

temperature feedbacks must be understood. As an example, Fig. 6.6 demonstrates the 

temperature feedback process triggered by the direct surface temperature change due to the 

surface latent heat flux feedback. This feedback is chosen to demonstrate the simplest case (i.e., 

the back radiation effect), in which only one layer, namely the surface layer, is directly affected 

by the feedback in question. Fig. 6.6a shows that the temperature feedback process amplifies the 

direct global mean surface PTC due to the surface latent heat flux feedback and continues 

multiple iterations of the temperature feedback loop (Fig. 5.1b) until it converges to a surface 

temperature change equal to that given by the sum of the direct and indirect effects. This is a 

general effect (not shown), as the temperature feedback always attempts to amplify the direct  
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Figure 6.6. (a) The total surface temperature change (in K) at each iteration of the temperature 

feedback loop associated with the direct surface temperature change caused by the surface latent 

heat flux feedback. (b) The individual surface temperature change (in K) at each iteration of the 

temperature feedback loop. The value for iteration zero corresponds to the direct surface 

temperature change due to the surface latent heat flux feedback. (abscissa is number of 

temperature feedback loop iterations; ordinate is surface temperature change) 

 

 

PTC associated with the forcing and non-temperature feedbacks. As shown by Fig. 6.6b, as more 

iterations of the temperature feedback loop occur the additional cooling (or warming) gets 

smaller and smaller as it asymptotically goes to zero; thus explaining the convergence of the 

surface temperature change in Fig. 6.6a. Furthermore, Fig. 6.6b demonstrates that the single 

largest surface temperature change is caused by the direct effect of the forcing or non-

temperature feedback, as all individual iterations of the temperature feedback contribute less (in 

magnitude) to the surface temperature change than the direct contribution. However, the reason 

the indirect surface PTCs of the forcing and non-temperature feedbacks are in general larger than 

the direct surface PTCs is that the temperature feedback loop goes through many iterations 

before it contributes negligibly to the surface temperature change; thus the sum of all the 

individual contributions to the surface temperature change at each iteration of the temperature 

feedback loop add up to be larger than the direct contribution of the forcing or non-temperature 

feedback.  
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The reason that the indirect surface PTC due to the forcing or non-temperature feedback 

is usually but not always larger than direct surface PTC is a result of opposing temperature 

feedback loops. To be clear, when the forcing or non-temperature feedback directly affects 

multiple layers (i.e., atmospheric layers) two things can happen: (1) If two or more different 

layers experience a direct temperature change of the same sign these different layers trigger 

different temperature feedback loops which all act to amplify the temperature response, thus 

amplifying even further the direct temperature change due to that non-temperature feedback 

process; (2) if two or more different layers experience a direct temperature change of opposing 

signs then these layers will trigger opposing feedback loops which act to amplify the direct 

temperature response associated with the layer that triggered it, but suppress the direct 

temperature response of the other layers. As it relates to the surface temperature response, if the 

direct atmospheric temperature response due to the forcing or non-temperature feedback is 

opposite that of the direct surface temperature response, then the temperature feedback loop 

triggered by the atmosphere will suppress the amplifying effects of the temperature feedback 

loop triggered by the surface. If strong enough, as compared to the surface temperature feedback 

loop, the atmospheric temperature feedback loop can cause the indirect surface temperature 

change to be smaller or even of opposite sign than the direct surface temperature change. In 

general, the strongest temperature feedback loop is associated with the direct surface temperature 

change, since the surface is close to being a blackbody while the atmosphere is not. 

This establishes the temperature feedback, implicit in the CFRAM analysis, as the most 

important feedback in terms of the surface temperature response to a doubling of CO2. The total 

temperature feedback is so important to the surface warming response that it accounts for nearly 

76% of the surface global mean warming, almost tripling the warming contribution of the sum of 
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all direct PTCs of forcing and non-temperature feedbacks (0.38 K). Beyond this, the SFRAM 

analysis explicitly demonstrates that polar regions are the most temperature sensitive areas to 

changes in surface energy flux convergence (Fig. 6.3), partially explaining why surface PWA is 

such a robust feature in climate simulations forced by an increase in CO2.  
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CHAPTER SEVEN 

FEEDBACK CONTRIBUTIONS FROM THE TOA AND SURFACE 

PERSPECTIVES 

 The SFRAM analysis is a feedback analysis method from a surface perspective, while the 

conventional TOA feedback analysis methods rely on a TOA perspective. Both perspectives are 

utilized in an attempt to understand how feedbacks contribute to the surface temperature 

response. As mentioned previously, the TOA feedback analysis methods focus only on the 

contributions of radiative feedbacks. Therefore, this chapter compares the interpretations given 

by the differing perspectives for the radiative feedback contributions to the surface temperature 

response. An explanation of key differences will be offered along with how to reconcile differing 

interpretations given by the two perspectives.   

7.1 Comparison of Radiative Feedbacks 

 Unlike the SFRAM, studies using the conventional TOA feedback analysis methods do 

not calculate the temperature change contributions of radiative feedbacks to the surface 

temperature change. Instead these studies calculate feedback parameters, as explained in Sect. 

1.1.1, but some also calculate the changes in TOA radiative flux due to the radiative forcing and 

feedbacks (e.g., Colman 2002, 2003; Taylor et al. 2011a,b). The conventional TOA feedback 

analysis implicitly assumes that an increase (decrease) of OLR or upward SW radiation at the 

TOA, due to a forcing or feedback, will be balanced by a decrease (increase) in OLR caused by a 

decrease (increase) of surface temperature. Therefore, the changes in TOA radiative flux 

convergence (equivalent to changes in TOA radiative flux) can be compared to changes in 

surface radiative flux convergence given in the SFRAM analysis due to the radiative forcing and 

feedbacks to analyze how the interpretations given by the differing perspectives compare. 
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Figure 7.1. Changes in TOA radiative flux convergence (W m
-2

) due to the (a) CO2 forcing 

alone, (b) water vapor feedback, (c) surface albedo feedback, and (d) cloud feedback. 

 

The changes in the TOA radiative flux due to the radiative forcing and feedbacks are 

displayed in Fig. 7.1, which are calculated in the same fashion as the PRP method. Positive 

values indicate an increase in energy flux convergence into the climate system, while negative 

values mean more energy is escaping to space (i.e., greater energy flux divergence). The CO2 

forcing (Fig. 7.1a) at the TOA demonstrates a net increase in radiative energy flux convergence 

with a larger magnitude in the tropics and maximum in the subtropics that decreases towards the 

poles, similar to the results of previous studies (e.g., Colman 2002; Taylor et al. 2011a). This 
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implies a warming of the surface, since the increase in net radiative flux into the climate system 

will be balanced by an increase in OLR due to the surface warming. Thus, from the conventional 

TOA perspective, the CO2 forcing favors a larger surface warming of the tropics than the poles, 

implying the CO2 forcing does not contribute to PWA. These results are drastically different 

from that given by the surface perspective. This is because the meridional profile of the external 

forcing at the TOA is determined by the reduction of the upward LW radiation due to an increase 

in CO2, which tends to follow the poleward decreasing temperature profile in the unperturbed 

time mean state.  However, the CO2 forcing at the surface (Fig. 6.3a) is purely due to the increase 

of the downward LW radiation at the surface, as explained previously. The CO2 forcing at the 

TOA plotted in Fig. 7.1a is the instantaneous forcing as referred to in the literature (e.g., Hansen 

et al. 1997). This is done to differentiate it from the adjusted forcing commonly used in the 

conventional TOA feedback studies, which refers to a radiative forcing that includes the radiative 

equilibrium stratospheric response to the external forcing holding the tropospheric temperature 

fixed (Hansen et al. 1997). Hansen et al. 1997 justifies this adjustment by stating “the adjusted 

forcing should be a better measure of the expected climate response for forcings which are 

present at least several months,” since the relaxation time of the stratosphere to near equilibrium 

should only be several months compared to the much longer time-scale of the troposphere. Since 

the stratosphere cools, the adjustment increases the CO2 forcing at the TOA but has little effect 

on the meridional pattern, partially explaining the smaller magnitude of the forcing at the TOA 

compared to studies using the adjusted forcing (e.g., Hansen et al. 1997; Colman 2002). 

 The changes in radiative TOA flux due to the water vapor feedback (Fig. 7.1b) indicate 

an increase in net radiative flux into the climate system. The increase is maximum in the tropics 

and decreases towards the poles, consistent with the results from Colman (2002) and Taylor et al. 
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(2011a). Thus implying a larger warming of the surface in the tropics than at the poles due to the 

water vapor feedback. Qualitatively the TOA results are generally consistent with those 

presented for the surface perspective, except for midlatitudes (Fig. 6.3b). However, the increase 

in TOA radiative flux is again due exclusively to a reduction of upward LW flux, while the 

increase in surface radiative flux is a result of the increase in downward LW flux to the surface. 

  Fig. 7.1c displays the change in TOA net radiative flux due to the SAF. Consistent with 

previous studies (Winton 2006; Colman 2002; Taylor et al. 2011a), the maximum increase in 

TOA radiative flux due to the SAF is seen in polar regions, with little to no effect in the tropics. 

Therefore the SAF contributes to the warming of the polar surface and its amplified warming 

compared to the rest of the globe. Qualitatively these results are quite similar to those presented 

for the surface perspective (Fig. 6.3c). The increase in TOA radiative flux, however, is due to a 

decrease in outgoing SW radiation, while the increase in surface radiative flux convergence is 

the result of an increase in the absorption of downward SW flux at the surface. These two, 

however, are more closely linked than the OLR and downward LW flux at the surface due to the 

transparency of the atmosphere to SW radiation and thus explaining the similarity. 

 The changes in radiative flux at the TOA due to the net cloud feedback demonstrate a 

more complex meridional profile (Fig. 7.1d). In polar regions the change is small but generally 

positive, indicating a small warming of the surface. The midlatitudes show the largest increase in 

radiative flux due to cloud changes indicating the cloud feedback warms the surface the most in 

these locations. The tropics have both positive and negative changes in TOA radiative flux 

implying a surface warming and cooling, respectively, contribution by the cloud feedback here. 

Overall, these results indicate the cloud feedback is a positive feedback on the surface 

temperature response consistent with the results in Taylor et al. (2011a). A comparison with the 
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changes in surface energy flux convergence (Fig. 6.3d) due to the net cloud feedback indicates 

the meridional profiles are quite different everywhere except the tropics. The cloud feedback is a 

contributor to PWA from the surface perspective but not the TOA perspective. From the surface 

perspective the LW cloud feedback is dominant in polar regions, so the increase in downward 

LW radiation due to the increase in clouds is what causes the increase in surface energy flux in 

the polar regions. From the TOA perspective, the LW and SW cloud feedbacks nearly offset 

each other in polar regions leading to the small changes in TOA radiative flux there; however, 

what matters from the TOA perspective is the changes in upward SW and LW flux. In the 

midlatitudes, the SW cloud feedback dominates the LW cloud feedback from the TOA 

perspective, so the increase in TOA radiative flux is a result of the decrease in upward SW flux 

due to the effects of cloud albedo there. On the other hand, from the surface perspective, the LW 

cloud feedback highly offsets the SW cloud feedback, so the increase in surface energy flux is 

relatively small as a result of an increase in downward SW flux at the surface due to the effects 

of cloud albedo. In the tropics the meridional profile is more similar for the two perspectives, 

since the SW cloud feedback dominates the LW cloud feedback for both perspectives. This 

makes sense since an increase (decrease) in cloud fraction and thickness would lead to an 

increase (decrease) in outgoing SW radiation, a negative (positive) TOA radiative flux change, 

and a reduction (increase) in downward SW flux at the surface, a negative (positive) change in 

surface radiative flux. As with the albedo feedback effects, this shows the link between outgoing 

SW radiation and downward SW flux at the surface, which explains the similarities. Therefore, 

the major differences in interpretation between the TOA and surface perspectives for the 

radiative forcing and feedbacks is a result of the LW component due to the large atmospheric 

opacity to LW radiation.     
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7.2 The Temperature and Lapse-Rate Feedbacks 

 Missing from the analysis of the previous section is a comparison of the temperature 

feedback between the TOA and surface perspectives. Instead a special focus is placed on the 

temperature feedback for two reasons: i) Studies using the conventional TOA feedback analysis 

methods do not typically display results for the temperature feedback, but instead separate the 

temperature feedback into a uniform surface temperature response (i.e., the Planck response), 

which assumes the atmospheric temperature change is equal to the surface temperature change, 

and the deviation from uniformity or lapse-rate feedback (Wetherald and Manabe 1988; Colman 

2002; Soden and Held 2006; Taylor et al. 2011a), and ii) the temperature feedback, as will be 

shown, displays the largest disparity in terms of interpretation between the conventional TOA 

analysis and the surface perspective of the SFRAM. Thus, to compare the results of this study to 

previous studies that use the conventional TOA approach, the temperature feedback is 

decomposed into a uniform surface temperature response and a lapse-rate feedback for both the 

TOA and surface perspectives.  

The decomposition of the temperature feedback from the TOA perspective implies 
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              (7.1), 

where term a is the temperature feedback, b is the uniform surface temperature response, and c is 

the lapse-rate feedback. Fig. 7.2a (blue lines) shows the changes in TOA radiative flux due to the 

lapse-rate feedback, where the dashed blue line includes stratospheric adjustment to further 

compare results with previous studies. Consistent with the results of Colman (2002) and Taylor 

et al. (2011a), the meridional profile indicates a reduction of TOA radiative flux in the tropics 

and an increase in polar regions due to the lapse-rate feedback. Thus, from the conventional 
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TOA perspective the lapse-rate feedback cools the surface in the tropics and warms the surface at 

the poles. Stratospheric adjustment just reduces the TOA radiative flux change compared with 

the no adjustment TOA radiative flux change (i.e., solid blue line). The decomposition of the 

temperature feedback from the surface perspective implies 
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                           (7.2), 

where term a is the temperature feedback, b is the uniform surface temperature response, and c is 

the lapse-rate feedback from the surface perspective. The change in surface radiative flux due to 

the lapse-rate feedback (Fig. 7.2a; red lines) has a meridional profile that is nearly opposite that 

given by the conventional TOA perspective. The increase in surface radiative flux convergence 

in the tropics implies a warming of the surface by the lapse-rate feedback, and the decrease in 

surface radiative flux convergence in polar regions implies a cooling of the polar surface. From 

the surface perspective stratospheric adjustment has little effect on the change in surface energy 

flux due to the lapse-rate feedback
4
. The results for the two perspectives indicate there is a 

contradiction in the interpretation of the lapse-rate feedback contribution to the surface 

temperature change. This is problematic, as the effect of the lapse-rate feedback on surface 

temperature should not depend on perspective. 

 To understand why this contradiction occurs, let us first understand what the lapse-rate 

feedback is as implied by the decomposition commonly made with the conventional TOA 

approach. Fig. 7.2b shows the change in TOA radiative flux convergence due to changes in  

                                                
4
 Only Fig. 7.2a includes results with stratospheric adjustment. All other results have no 

stratospheric adjustment. From the surface perspective, stratospheric adjustment modifies the 

results only slightly, as the changes in stratospheric temperature have only a weak influence on 

the surface energy flux.  
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Figure 7.2. The change in surface (blue curves) and TOA radiative flux convergence (red curves) 

due to (a) the lapse-rate feedback with (dashed curves) and without stratospheric adjustment 

(solid curves), (b) changes in atmospheric temperature (solid curves), and the uniform 

temperature response (dashed curves). (Units: W m
-2

) 

 

atmospheric temperatures (−
∂RTOA

∂T jj=1

M

∑ ΔT j
; solid blue line) and due to the atmospheric portion of 

the uniform temperature response (−
∂RTOA

∂T jj=1

M

∑ ΔTs ; dashed blue line). Both blue lines are negative 

indicating an increase in OLR at the TOA. Fig. 7.2b also demonstrates the change in surface 

radiative flux convergence due to changes in atmospheric temperatures (term a in Eq. (7.2); solid 

red line) and due to the uniform temperature response (term b in Eq. (7.2); dashed red line). Both 

red lines are positive indicating an increase in downward LW radiation at the surface. The 

general warming of the atmosphere (Fig. 3.6a) indicates an increase in LW emission by the 

atmosphere and thus an increase in both OLR and downward LW radiation, explaining both the 

negative solid blue curve and the positive solid red curve in Fig. 7.2b. If instead we assume the 

atmospheric layers warm by an amount equal to the surface warming (i.e., the uniform 

temperature response), there is still an increase in emission by the atmospheric layers leading to 

an increase in both OLR and downward LW radiation, which explains both the negative dashed 
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blue and positive dashed red curves in Fig. 7.2b. The difference between the response to changes 

in atmospheric temperature (solid curves) and the uniform temperature response (dashed curves) 

is the lapse-rate feedback contribution as interpreted by the conventional TOA feedback analysis. 

By assuming the atmospheric temperature change is equal to the surface temperature change (the 

uniform temperature response), the emission by the atmospheric layers has been underestimated 

in the tropics because the surface warming is less than the atmospheric warming and 

overestimated in the polar regions because the surface warming is greater than the atmospheric 

warming. Therefore, the lapse-rate feedback corrects for this by “causing” an increase in OLR 

and downward LW flux in the tropics and a decrease in OLR and downward LW flux in polar 

regions. However, there is no need for an artificial decomposition of the effects of atmospheric 

temperature changes into a uniform response and a lapse-rate feedback term, as is commonly 

done in the conventional TOA feedback analysis, which is why the SFRAM analysis of the 

previous chapter does not include lapse-rate feedback results. Thus, the contradiction should 

instead be analyzed by studying the effects of atmospheric temperature changes without 

decomposition. However, it is clear the lapse-rate feedback contradiction stems from the analysis 

of changes in OLR in the TOA perspective, whereas changes in downward LW radiation are 

analyzed using the surface perspective.  

 As indicated above, the warming of the atmosphere causes an increase in OLR and 

downward LW radiation (Fig. 7.2b, solid lines). From the conventional TOA perspective, the 

increase in OLR implies the warming of the atmosphere is a negative feedback on surface 

temperature. On the other hand, from the surface perspective, the increase in downwelling LW 

radiation implies the warming of the atmosphere is a positive feedback on surface temperature. 

The lapse-rate feedback contradiction is a just a result of this contradiction. From the physical 
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point-of-view only one can be correct. The increase in downward LW radiation, due to the 

warming of the atmosphere, increases the amount of LW radiation received and absorbed by the 

surface, and thus causes a warming of the surface (a positive feedback). This is why the 

temperature feedback shows a warming contribution to the surface temperature response (Fig. 

6.1j). The increase in OLR, due to the warming of the atmosphere, has no interaction with the 

surface and therefore cannot physically affect the surface temperature. The conventional TOA 

feedback analysis, however, implicitly assumes the surface temperature must cool in order to 

balance the increase in OLR, due to the warming of the atmosphere, through a decrease in OLR 

from the surface. Since the surface perspective presents the better physical interpretation of the 

effects of atmospheric temperature changes (and lapse-rate feedback) on surface temperature, the 

surface perspective interpretation is taken as the correct one. 

7.3 Reconciliation of the TOA and Surface Perspectives 

 The previous sections demonstrated the differences in interpretation, between the 

conventional TOA perspective and the surface perspective of the SFRAM, of the effects of 

radiative forcing and feedbacks on surface temperature. The conventional TOA feedback 

analysis implicitly assumes that an increase (decrease) of OLR or upward SW radiation at the 

TOA, due to a forcing or feedback, will be balanced by a decrease (increase) in OLR caused by a 

decrease (increase) of surface temperature. This assumption is strictly true only if no atmosphere 

exists (i.e., the TOA and surface are the same). However, if there is an atmosphere, the changes 

in OLR and upward SW radiation at the TOA can be balanced by changes in OLR caused by 

both atmospheric and surface temperature changes. Even if we assume that changes in TOA 

radiative flux are primarily balanced by changes in OLR due to surface temperature changes, the 
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conventional TOA perspective is at best a first order approximation of the effects of radiative 

forcing and feedbacks on surface temperature. 

 To illustrate these points, let us analyze the NCAR CCSM4 data with the TOA version of 

the CFRAM (i.e., TFRAM; Lu and Cai 2009a), namely 
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          (7.3), 

where all the non-radiative terms and the heat storage term have been clumped together (see 

appendix for derivation). If 
∂RTOA

∂T
s











−1

 is multiplied with each of the terms in the bracket of Eq. 

(7.3), surface PTCs can be attributed to each of the different processes. However, this assumes 

the same thing as the conventional TOA perspective, namely that imbalances to the TOA energy 

flux are offset by changes in OLR caused exclusively by surface temperature changes. As 

mentioned before, the TOA energy flux imbalance can be offset by atmospheric temperature 

changes as well as surface temperature changes. In fact, the −
∂RTOA

∂T jj=1

M

∑ ΔT j
 term (i.e., the 

temperature feedback term) in Eq. (7.3) represents the offsetting of the TOA energy flux 

imbalance by atmospheric temperature changes; the increase in TOA radiative flux convergence, 

caused by the forcing and feedbacks, is partially offset by the increase in OLR due to the 

warming of the atmosphere (Fig. 7.2b; solid blue line). Therefore, the surface temperature 

change attributed to a single process in the TOA approach should be that which excludes the 

offsetting of the TOA imbalance by atmospheric temperature changes due exclusively to that 

process. The −
∂RTOA

∂T jj=1

M

∑ ΔT j
 term is the offsetting of the TOA imbalance by atmospheric 
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temperature changes caused by all processes. The TOA energy flux perturbation caused by a 

single process (e.g., the water vapor feedback) is partially offset by the change in OLR due to 

atmospheric temperature changes caused by that process alone. Therefore, the temperature 

feedback term (i.e., −
∂RTOA

∂T jj=1

M

∑ ΔT j
) needs to be decomposed, using the CFRAM results, into 

individual contributions by the forcing and non-temperature feedbacks, as in Eqs. (5.5) and (6.3) 

for the SFRAM, namely 
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(7.4). 

Subtracting the change in OLR caused by the atmospheric temperature change due to an 

individual process from the TOA energy flux perturbation caused by that same process gives the 

required change in surface temperature needed to offset the remaining TOA imbalance through a 

change in OLR. This is the surface temperature change that should be attributed to an individual 

process from the TOA perspective, namely 
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                                   (7.5), 

where x represents a singular process, such as the water vapor feedback. The individual surface 

PTCs given by Eq. (7.5) for the CO2 forcing and non-temperature feedbacks is exactly equal to 

the individual surface PTCs given by the CFRAM and the summation of direct and indirect 

contributions in the SFRAM (not shown), thus reconciling the TOA and surface perspectives. 

Therefore, the individual contributions of the CO2 forcing and non-temperature feedbacks to the 

surface temperature response that include thermal-radiative coupling effects (i.e., the temperature 

feedback) are the same irrespective of perspective. 
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CHAPTER EIGHT 

SUMMARY AND CONCLUSIONS 

 The main goal of this study was to further our physical and quantitative understanding of 

forcing and feedback contributions to the surface temperature response to an external forcing. 

Specifically, the transient response of the NCAR CCSM4 to a doubling of CO2 was analyzed. 

The CFRAM technique was used for the first time to attribute the individual contributions of the 

CO2 forcing alone and non-temperature feedback processes to the seasonal surface temperature 

change in a coupled atmosphere-surface GCM. The results indicate the model simulated (total) 

surface temperature response demonstrates a warming throughout, but does not exhibit the same 

seasonal pattern and amplitude as ΔT
s

ext , implying notable contributions from feedback 

processes to the seasonality of the surface temperature change.  

 The water vapor feedback and the CO2 forcing alone are responsible for most of the 

warming in the tropics, with the latent heat flux feedback acting as the main suppressor of the 

warming.  The lack of seasonality in the total temperature response of the tropics is explained by 

compensating contributions between feedbacks, which keep the net warming nearly uniform. 

Unlike the tropics, polar regions demonstrate a pronounced seasonal variation in ΔT
s  with a 

minimum warming in summer and maximum in fall/winter. The large solar annual cycle is 

mainly responsible for the strong seasonality of the total polar warming pattern, as illustrated in 

Sect. 4.3. In the tropics the solar annual cycle is small, which demonstrates why the picture given 

by this study for the tropics is similar to that given by the annual mean analysis of Taylor et al. 

(2013). In polar regions the large solar annual cycle leads to a different picture for the seasonal 

approach versus the annual mean approach.  Thus, it is in polar regions where we benefit the 

most from the seasonal information of individual feedbacks. 
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 Since the CFRAM includes the thermal-radiative coupling effect or temperature feedback 

contribution in the PTCs of the forcing and non-temperature feedbacks, a surface variation of the 

CFRAM termed the SFRAM was developed to quantify and decouple the temperature feedback 

effect from the direct contribution of the forcing and non-temperature feedbacks to the surface 

temperature response. Thus allowing for a better understanding of how forcing and feedback 

processes contribute to the surface temperature change. The results clearly demonstrate the 

temperature feedback is the most significant contributor to the warming of the surface both 

globally and meridionally, warming the surface globally at least three times as much as any other 

individual (direct) contribution by the forcing or non-temperature feedbacks. This is distinct 

from the results given by the conventional TOA perspective, which indicate the water vapor 

feedback is the feedback most responsible for the surface warming. 

 The SFRAM, though it can be used alone, is not meant to replace the CFRAM but instead 

are synergetic methods, which best allow for a deeper understanding of forcing and feedback 

contributions to the surface temperature response when used in combination. The SFRAM, in 

conjunction with the CFRAM results, can be used to decompose the surface PTC of the 

temperature feedback into individual indirect contributions to the surface temperature response 

by the forcing and non-temperature feedbacks, allowing for a relative comparison of the 

importance of the direct versus indirect contributions of the forcing and non-temperature 

feedbacks to the surface temperature response. Since the forcing and non-temperature feedbacks 

change the surface and atmospheric temperatures, these trigger the temperature feedback, which 

leads to a change of the surface temperature (as well as the atmospheric temperature). The term 

indirect is used to describe this contribution to the surface temperature change by the forcing and 

non-temperature feedbacks. The results indicate the indirect contributions are generally larger in 
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magnitude than the direct contributions, due to the effectiveness of the temperature feedback 

loop in amplifying the direct temperature change caused by the forcing or non-temperature 

feedback. Therefore, the results given by the CFRAM are more representative of the indirect 

effect than the direct one. Furthermore, the results demonstrate the strength and importance of 

the temperature feedback (i.e., the indirect effect).  

A comparison of the TOA and surface perspectives utilized by the traditional climate 

feedback analyses and the SFRAM, respectively, demonstrates the main differences between the 

two perspectives is a result of the TOA perspective relying on changes in OLR and upward SW 

radiation to explain the effect of radiative feedbacks on surface temperature, while the surface 

perspective relies on changes in downward and upward radiative flux at the surface to explain 

surface temperature changes by radiative feedbacks. In particular, there is a significant 

discrepancy in the interpretation of the lapse-rate feedback contribution to the surface 

temperature change by the conventional TOA feedback analysis and the SFRAM. The lapse-rate 

feedback is shown to have opposite signs, with the lapse-rate feedback contributing positively to 

the global mean surface warming in the surface perspective of the SFRAM but negatively in the 

conventional TOA perspective.  This contradiction is better understood when the decomposition 

of the temperature feedback into a uniform response equal to the surface temperature change and 

a deviation from it (i.e., the lapse-rate feedback) is not utilized. The temperature feedback 

contains the same contradiction when comparing the surface perspective of the SFRAM with the 

conventional TOA perspective, and it is from this contradiction that the lapse-rate feedback 

contradiction stems from. The correct physical interpretation is given by the surface perspective 

of the SFRAM, which indicates that the temperature feedback should indeed be a positive 
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feedback on surface temperature and not a negative feedback as implied by the conventional 

TOA perspective.  

The traditional TOA climate feedback framework implicitly assumes that changes in 

OLR and upward SW radiation at the TOA caused by the forcing and feedbacks are balanced by 

corresponding changes in OLR due to changes in surface temperature. Differences are reconciled 

when we recognize that changes in surface temperature are not solely responsible for balancing 

the TOA radiative flux perturbations caused by the forcing and feedbacks, but that changes to the 

atmospheric temperature contribute to the TOA radiative balance as well through changes to 

OLR. By interpreting the temperature feedback as the indirect effect of the forcing and non-

temperature feedbacks, as in the CFRAM, the balancing of the TOA radiative flux perturbation 

by the change in air temperature due to the forcing and/or individual non-temperature feedback 

process can be accounted for. Removing the part of the TOA radiative flux perturbation balanced 

by the change in OLR due to the atmospheric temperature change, allows for the calculation of 

the necessary surface temperature change needed to balance the remaining TOA radiative flux 

perturbation. This (partial) surface temperature change due to the forcing and/or non-temperature 

feedback is exactly equivalent to that given by the CFRAM analysis and also equal to that given 

by the SFRAM analysis, when the sum of corresponding direct and indirect PTCs is calculated. 

Thus, the surface and TOA perspectives can be reconciled once the temperature feedback is 

interpreted as the indirect effect of the forcing and non-temperature feedbacks. Notice the TOA 

perspective is only reconciled once the new climate feedback framework is applied to it. 

It must be restated that these results are for a transient response, meaning the thermal 

adjustment of the ocean from the transient to equilibrium state can modify the results presented. 

In the future, a comparison with the equilibrium response would be informative, as it would give 
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an in depth look at how the oceanic thermal adjustment to equilibrium changes the seasonal 

pattern and amplitude of each of the partial surface temperature changes due to the forcing and 

feedbacks. Furthermore, the results presented for this study rely on the use of a single model. It is 

likely that the detailed results are model dependent.  Thus, in the future it would be valuable to 

have an inter-model comparison to test the robustness of the results presented here and give 

insight into possible sources of inter-model spread. 
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APPENDIX A 

THE TOA VERSION OF THE CFRAM 

The TOA version of the CFRAM (i.e., TFRAM) can be derived from Eq. (5.1) by 

summing all vertical layers m from the surface to the TOA, 
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                  (A.1). 

Note that Eq. (A.1) is similar to Eq. (1.4), except there is no assumed dependence on surface 

temperature and there is now an inclusion of the non-radiative and heat storage terms, which are 

included here since neither a global mean nor an equilibrium response are assumed. If we 

separate the effects of surface temperature changes on OLR from those of atmospheric 

temperature changes, Eq. (A.1) becomes, after some rearrangement, 
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                (A.2). 

Eq. (A.2) just states the balance between changes in OLR due to surface temperature changes 

and changes in net radiative flux at the TOA due to all other processes. Solving for surface 

temperature change thus gives, 
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              (A.3). 

Eq. (A.3) as applied to the NCAR CCSM4 data is given by Eq. (7.3). 
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