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Abstract

The global-mean surface temperature has warmed by approximately 1.04°C from
1880-2016, primarily driven by the anthropogenic increase of carbon dioxide (CO2).
Since Earths’ temperature is tied to a multitude of physical processes, the increase of CO2
triggers climate feedbacks that modulate the surface warming response. Thus, to
understand the surface warming response to increasing CO2, we must also understand
how the different climate feedbacks it triggers modify the surface temperature. Most
climate feedback studies evaluate radiative feedbacks using a top-of-atmosphere
perspective, but a few use a surface perspective instead. The effects of radiative
feedbacks on surface temperature should be insensitive to the perspective chosen; past
studies, however, have shown conflicting results between the TOA and surface
perspectives.

A comparison of the two perspectives indicates the largest disparity occurs in the
interpretation of the temperature feedback; from a TOA perspective, it is the strongest
negative feedback on the surface warming but the strongest positive feedback from a
surface perspective. The lapse-rate feedback also displays contradicting effects on the
surface warming between the two perspectives, but the contradiction is shown to stem
from the contradiction in the temperature feedback. Furthermore, the lapse-rate feedback,
as conventionally defined, is shown to be a correction term that adds no additional
physical insight. Overall, differences in feedback attribution between the two
perspectives are caused by atmospheric absorption. If the radiative feedback is negligibly
affected by atmospheric absorption (e.g., albedo feedback), both perspectives will

provide the same interpretation.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) Assessment Report
(AR) 5 states that the warming of the climate system is unequivocal [IPCC, 2013]. There
is a clear globally averaged combined land and ocean surface warming of ~0.85°C [0.65
to 1.06], calculated by a linear trend over the period 1880-2012 [Hartmann et al., 2013],
which if extended to 2016 is ~1.04°C. Over the same time period there has also been a
pronounced increase in well-mixed greenhouse gases, particularly carbon dioxide (COz2),
due to human activities [Hartmann et al., 2013]. This anthropogenic increase in COz2 is
the primary driver of the surface warming, which is corroborated by simple climate
models to complex coupled global climate models that have demonstrated that increasing
the CO2 concentration leads to a warming of the surface [Manabe and Wetherald, 1975;
Ramanathan et al., 1979; Washington and Meehl, 1984; Schlesinger and Mitchell, 1987;
Manabe et al., 1991; Collins et al., 2013].

Increased CO:2 triggers not only an increase of surface temperature but also
directly and indirectly influences many other climate variables through the complex
interactions of the climate system. These perturbed climate variables, including surface
temperature, feedback on each other leading to the observed or simulated response of the
climate system to an increase of CO2. A particular emphasis has been placed in the
climate literature on understanding the surface warming response to an increase of COz,
and thus understanding how the different climate feedbacks triggered by the CO2 increase
contribute to the surface temperature response. With this purpose in mind, many climate
feedback analysis methods have been developed in an attempt to attribute and understand

the contributions of individual climate feedbacks to the surface warming [Wetherald and
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Manabe, 1988; Cess et al., 1996; Aires and Rossow, 2003; Gregory et al., 2004; Soden et
al., 2008; Lu and Cai, 2009a; Lahellec and Dufresne, 2014; Sejas and Cai, 2016]. The
advantages and disadvantages of these methods have been previously discussed [Aires
and Rossow, 2003; Soden et al., 2004; Stephens, 2005; Bony et al., 2006; Bates, 2007,
Cai and Lu, 2009; Klocke et al., 2013; Lahellec and Dufresne, 2013, 2014], but the focus
of this study is on the perspective used by these methods to interpret the climate feedback
effects on surface temperature.

The most commonly applied methods use a top-of-atmosphere (TOA) energy
budget analysis to attribute the different climate feedback effects on surface temperature.
The advantage of using a TOA point-of-view is that radiative processes dominate the
TOA energy budget, so all that has to be analyzed is the insolation, outgoing solar
radiation, and outgoing longwave (LW) radiation (OLR). The simplicity of the TOA
perspective is also its limitation, as the feedback effects of sensible and latent heat fluxes,
vertical convection, and dynamic transport on surface temperature remain hidden [Cai
and Lu, 2009]. Therefore, to uncover the effects of dynamical feedbacks on surface
temperature, more recent methods make use of the surface energy budget to analyze
climate feedback effects on surface temperature (e.g., Andrews et al., 2009; Lu and Cali,
2009b; Sejas and Cai, 2016). The advantage of the surface perspective is that in addition
to radiative feedback effects, dynamical feedback effects on surface temperature can also
be evaluated. Due to the extensive spatial coverage and reliability of recent satellite
measurements of outgoing solar and LW radiation compared to surface measurements of
radiative fluxes, latent and sensible heat fluxes, and dynamic transport, the TOA

perspective is the favored method when performing observation-to-model feedback
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comparisons. The simplicity and utility of the TOA perspective has thus made it the
preferred way to evaluate climate feedback contributions to the surface warming.

Regardless of perspective, we contend that the forcing and feedback analysis
should give the same conclusions for the CO2 forcing and all the different radiative
feedback contributions to the surface warming. Unfortunately, this is not the case as there
are some major discrepancies between the two perspectives. The meridional structure of
the COz2 forcing, for example, demonstrates a stark contrast between the two perspectives,
as the surface perspective indicates a larger positive forcing in polar regions than tropics
[Lu and Cai, 2010; Cai and Tung, 2012; Taylor et al., 2013; Song et al., 2014; Sejas and
Cai, 2016], whereas the TOA perspective indicates a larger positive forcing in the tropics
than polar regions [Colman, 2002; Winton, 2006; Taylor et al., 2011a; Cai and Tung,
2012; Pithan and Mauritsen, 2014]. Previous studies also indicate the cloud feedback is
minimum in polar regions from a TOA perspective [Colman, 2002; Soden et al., 2008;
Taylor et al., 2011b; Pithan and Mauritsen, 2014] but maximum in polar regions from a
surface perspective [Taylor et al., 2013; Pithan and Mauritsen, 2014; Song et al., 2014;
Sejas and Cai, 2016]. The most dramatic discrepancy, however, is in relation to the
temperature feedback, which is a strong negative feedback on surface temperature from a
TOA perspective [Wetherald and Manabe, 1988; Soden et al., 2008], but a strong
positive feedback from a surface perspective [Pithan and Mauritsen, 2014; Sejas and
Cai, 2016]. The goal of this study is thus to analyze and explain the differences between
the results of the two perspectives, so as to reconcile some of the different conclusions
given for the forcing and feedbacks in the climate literature.

2. Feedback Analysis
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a. TOA perspective

Feedback analysis methods, such as the partial radiative perturbation [PRP;
Wetherald and Manabe, 1988] and radiative kernel techniques [Soden et al., 2008] have
used a TOA perspective to analyze forcing and feedback contributions to surface
warming. The TOA feedback analysis makes use of the perturbation of the TOA energy
budget triggered by some external forcing,

aE
A I_I = ASrq — Ay, + AR _trans (Q),
ar

where the term on the left is the change in the heat content tendency or heat storage rate
below the TOA for a given grid point. AStoa is the change in net incoming solar or
shortwave (SW) radiative flux, ARtoa is the change in net outgoing longwave (LW)
radiative flux, and ADyn_trans is the change in net heat transport into the column below
the TOA by the atmosphere and ocean dynamics. The radiative perturbation is then

assumed small enough to linearize,

r IJII'[":"IHI;'\. - H;::'\- b-r J'I'lli':'nll " 'ﬁ'.:.l'. ] + "I [.‘:.-'-'.-:.'- - lﬁ:‘-'l'-"- |

A S0 = Rpgy ) = M AR IR
T | #ASE - [ AT, - —LBA AT
T E |.|:|rl_ I..!.:r-l X

(),

where the change in radiative flux has been decomposed into changes in radiative flux
caused by the external forcing (ext), water vapor changes (wv), cloud changes (cld),
surface albedo changes (alb), atmospheric temperature changes over M atmospheric
layers, and surface temperature changes. Substituting (2) into (1) and rearranging the

equation gives
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It follows from (3) that if the external forcing causes an increase in net energy flux into
the climate system (positive value) the climate will warm. Thus, if any of the changes
triggered by the external forcing causes the net energy flux into the climate system to
further increase (positive value) the warming will be amplified and that process is said to
be a positive feedback. However, if the physical process causes the net energy flux into
the climate system to decrease, the warming will be suppressed and the process is said to
be a negative feedback. As implied by (3), the warming of the climate system will
manifest itself through the surface temperature response.

In the conventional TOA feedback analysis, it is also common for the atmospheric
temperature change to be decomposed into an atmospheric temperature response equal to

the surface temperature change plus the deviation from vertical uniformity,

W

-3 e, = - e - 5 e o, - ®

After substituting (4) into (3) and rearranging, (3) becomes
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where -E r—_;_‘#{ﬂJ‘, ~ AT, | is known as the lapse-rate feedback. Considering
il

equilibrium conditions, the heat storage term disappears in (3) and (5), and the non-

radiative heat transport term will vanish in (3) and (5) if taking a global-mean.
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b. Surface perspective

While much less common in the climate literature, feedback analysis methods,
have employed a surface perspective to analyze the contributions of forcing and
feedbacks to the surface warming [Andrews et al., 2009; Lu and Cai, 2009b; Pithan and
Mauritsen, 2014; Sejas and Cali, 2016]. The surface perspective entails the use of the
surface energy budget perturbed by the external forcing and feedbacks,

A [ IE ) @ AS - AR + AQ™- (6),

it
where the terms are similar to their counterparts in (1), except everything is restricted to
the surface layer. Following a linearization similar to that in (2) and after some
rearrangement, (6) becomes
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Equation (7) states that the change in surface thermal emission is equal to the sum of the
net radiative flux change due to the external forcing (ext), water vapor changes (wv),
cloud changes (cld), surface albedo changes (alb), and atmospheric temperature changes
plus the surface energy flux change due to non-radiative processes (e.g., surface latent
heat flux) minus the change in heat storage rate. Therefore, if the external forcing causes
an increase in net energy flux into the surface layer, (7) implies the surface will warm. If
a feedback also increases the net energy flux into the surface layer (positive value) it will
amplify the surface warming (i.e., positive feedback), but if it decreases the net energy
flux into the surface layer (negative value) it will suppress the surface warming (i.e.,

negative feedback).
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Unlike the conventional TOA feedback analysis, climate studies using the surface
perspective do not decompose the atmospheric temperature change into that equal to the
surface temperature response plus the deviation from vertical uniformity. However, for
comparison sake, a decomposition similar to (4) can also be implemented in (7) and after

rearrangement we obtain
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AR .
where —E - “|AT, - ﬁ'.l"_]l can be considered the lapse-rate feedback from the surface
al '

perspective. Notice that while the heat storage term would disappear for equilibrium
conditions, the non-radiative term in the surface perspective would not vanish in the
global-mean.
3. Data and Analysis Procedures

Data derived from climate simulations of the NCAR CCSM4 are used in this
study. The content of this section follows Sejas et al., 2014, which used the same model
simulations, and readers are urged to review that manuscript for additional details. Details
important for this study are provided here.
a. Model description and simulations

The atmospheric component of the NCAR CCSM4 is the Community
Atmospheric Model version 4 (CAM4) with a finite volume dynamic core, 1° horizontal
resolution, and 26 vertical levels. The ocean model is the Parallel Ocean Program version
2 (POP2) with 1° horizontal resolution enhanced to 0.27° in the equatorial region and 60

levels vertically. The CCSM4 also includes the Community Land Model version 4
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(CLM4), and the Community Sea Ice Code version 4 (CICE4). Please see Gent et al.
(2011) for more details.

In this study two model simulations are analyzed: (1) A pre-industrial control
simulation and (2) a simulation with a 1% yr? 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! CO: 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).
b. Analysis Procedures

The comparison between the TOA and surface perspective will concentrate only
on the radiative feedbacks, since conventional TOA feedback studies have exclusively
focused on radiative feedbacks. To obtain and isolate the radiative effects of the forcing
and feedbacks on the TOA and surface energy budgets the Fu-Liou radiative transfer
model [Fu and Liou, 1992, 1993] is used for all offline radiative flux calculations at each

longitude-latitude grid point of the model using the 20-year monthly mean outputs from
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the control and transient climate simulations. The radiative flux change at the TOA and
surface due to a specific process (e.g. water vapor change) is calculated by taking the
perturbed 20-year monthly mean field of the process in question from the model output,
with all other variables being held at their unperturbed 20-year monthly mean fields, and
using these fields as input in our offline radiative flux calculations; then the unperturbed
radiative flux is subtracted from the perturbed offline radiative flux giving the radiative
flux change due to that process alone, consistent with the PRP approach. As an extension
of the PRP approach similar to the radiative kernel technique, the partial derivatives in
the above equations are obtained with the offline radiative transfer model by individually
perturbing the temperature in each layer ‘j” by 1 K and calculating the perturbed radiative
flux at the TOA and surface due to the 1 K increase of that specific layer alone; then as
before the unperturbed radiative flux is subtracted from the perturbed offline radiative
flux giving the approximate value of the partial derivative. The monthly-mean
calculations are then zonally and annually averaged, from which the analysis follows.
4. Comparison of Radiative Feedbacks
a. Radiative feedbacks excluding the temperature or lapse-rate feedback

First, we analyze the changes in radiative flux at the TOA and surface due to the
CO:z2 forcing and feedbacks, excluding the temperature or lapse-rate feedback, which will
be focused upon in the next subsection. The SW and LW effects of the forcing and
feedbacks are separated to allow for a thorough comparison between the two
perspectives. Focusing on the SW component first, it is clear the CO2 forcing has no
impact on the SW radiative flux (Fig. 1a, 2a). The surface albedo and SW cloud

feedbacks have almost identical effects on the TOA and surface SW radiative flux (Figs.
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1b-c, 2b-c; respectively). The SW water vapor feedback, however, is a positive feedback
from the TOA perspective but a negative feedback from the surface perspective (Figs. 1d,
2d; respectively).

The contrast in effects between the surface and TOA perspectives for the SW
water vapor feedback is due to the change in atmospheric SW absorption. There is a
small increase in atmospheric SW absorption due to the projected increase in water
vapor. The increase in SW absorption reduces both the SW radiation reaching the surface
and the reflected SW radiation reaching the TOA. The upward SW flux reduction at the
TOA implies surface warming due to the SW water vapor feedback, while the decrease of
downward SW flux reaching the surface implies surface cooling.

The negligibly small change in SW absorption by the atmosphere is the reason the
surface albedo and SW cloud feedbacks are nearly the same for both perspectives. The
reduction of ice increases the SW absorption at the surface and reduces the reflected SW
flux reaching the TOA, which implies a warming of the surface (positive feedbacks) from
either perspective. A cloud increase (decrease) reduces (augments) the SW flux reaching
the surface while enhancing (decreasing) the SW flux reflected back to the TOA,; both of
which imply a cooling (warming) of the surface.

Focusing on the LW component, the differences between the surface and TOA
perspectives become more apparent. Though qualitatively the decrease of OLR and
increase in downward LW flux at the surface both indicate surface warming due to the
CO:z2 forcing, the meridional differences between the TOA and surface perspectives are
apparent (Figs. 3a, 4a). Consistent with other studies, the TOA radiative forcing is

greater in the tropics than in polar regions implying the CO2 forcing warms the tropics
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more than the poles, while the opposite is true from the surface perspective. The LW
cloud feedback not only shows a meridional discrepancy between the two perspectives,
but also has the opposite sign in parts of the tropics and mid-latitudes (Fig. 3c, 4c). The
LW water vapor feedback is qualitatively more similar between the two perspectives, but
meridional differences still exist. From the TOA perspective, the minimum is at the poles,
while the surface perspective indicates the minimum water vapor feedback is located in
mid-latitudes (Fig. 3d, 4d; respectively). The differences between the perspectives arise
due to LW atmospheric absorption. Atmospheric absorption is thus the key reason why
there are differences between the two perspectives. When atmospheric absorption is
negligible both perspectives give very similar results.
b. Focus on Temperature and lapse-rate feedbacks

A special focus is placed on the temperature and lapse-rate feedbacks because
they display the largest disparity between the surface and TOA perspectives (Fig. 5).
From a surface perspective, the temperature feedback is a large positive feedback that
substantially contributes to the surface warming (red solid line in Fig. 5a). On the other
hand, from a TOA perspective the temperature feedback is the strongest negative
feedback, representing the largest suppressor of the surface warming (blue solid line in
Fig. 5a). This stark difference is problematic, as the effects of the temperature feedback
on surface temperature should not depend on perspective.

The contradiction is a consequence of the effects of atmospheric temperature on
the upward and downward LW fluxes. The general warming of the atmosphere in
response to a COz increase causes the LW emission to increase in both the upward and

downward direction. This causes an increase in the both the OLR and downward LW
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radiation reaching the surface. The OLR increase implies a loss of energy to space (i.e.,
negative feedback), and thus a cooling of the surface from the TOA perspective. On the
contrary, the downward LW flux increase implies greater LW absorption by the surface,
and thus a warming of the surface (i.e., a positive feedback).

The large disparity in the lapse-rate feedback actually stems from the
aforementioned contradiction in the temperature feedback. Consistent with previous
studies [Colman, 2002; Taylor et al., 2011a; Pithan and Mauritsen, 2014], the lapse-rate
feedback is a negative feedback in the tropics and a positive feedback in polar regions
from a TOA perspective (Fig. 5b; blue curve). However, from a surface perspective, the
opposite is true as the lapse-rate feedback is positive in the tropics and negative in polar
regions (Fig. 5b; red curve). As indicated by (4), the lapse-rate feedback arises as a result
of the subjective decomposition of the temperature feedback into a uniform temperature
response equaling the surface temperature change and the deviation from vertical
uniformity (i.e., the lapse-rate feedback). The lapse-rate feedback is therefore just the
difference between the temperature feedback and uniform temperature response and thus
a correction term to the assumption that the atmospheric temperature change is equal to
the surface temperature change. Since the surface warms, a vertically uniform
temperature response implies the atmosphere warms as well, which increases the OLR
and downward LW flux at the surface (Fig. 5a; dashed curves). By assuming a vertically
uniform temperature response equal to the surface temperature change, the increase in
atmospheric emission has been underestimated in the tropics since the surface warming is
less than the atmospheric warming in the tropics, but overestimated in polar regions since

the polar surface warming is greater than the atmospheric warming. The lapse-rate
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feedback therefore corrects for this by “causing” an increase in OLR and surface
downward LW flux in the tropics and a decrease in OLR and surface downward LW flux
in polar regions. This demonstrates that the contradiction in interpretation between the
two perspectives originates from the contradiction in the temperature feedback, namely
that an increase in atmospheric temperature causes an increase in both the OLR at the
TOA (i.e., a negative feedback) and the downward thermal radiative flux at the surface
(i.e., a positive feedback).
5. Discussion

The conventional TOA feedback analysis implicitly assumes that a decrease
(increase) of OLR or upward SW radiation at the TOA, due to the CO2 forcing or
feedbacks, will be balanced by an increase (decrease) in OLR caused by an increase
(decrease) of surface temperature. This assumption, however, is strictly true only if there
were no atmosphere (i.e., the TOA and surface are the same). The presence of an
atmosphere means changes in OLR and upward SW radiation at the TOA will be
balanced by changes in OLR caused by both atmospheric and surface temperature
changes. A reduction (increase) in energy loss to space at the TOA therefore does not
necessarily imply a surface warming (cooling); instead it implies a warming (cooling) of
the atmosphere, surface, or both. This also explains why differences in feedback
attribution between the two perspectives only occur for radiative feedbacks influenced by
atmospheric absorption. If the radiative feedback does not change the atmospheric
absorption, it will not warm or cool the atmosphere, and thus the changes in OLR must be
balanced exclusively by changes in surface temperature (matching the surface

perspective). However, if the radiative feedback does change the atmospheric absorption,
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it will warm or cool the atmosphere, and the changes in OLR will not be exclusively
balanced by changes in surface temperature. Even if we assume that changes in TOA
radiative flux are primarily balanced by changes in OLR due to surface temperature
changes, the TOA perspective is at best a first order approximation of the effects of
radiative forcing and feedbacks on surface temperature. On the other hand, changes in
surface energy flux (radiative or dynamical in nature) will be balanced by changes in
upward LW flux due to surface temperature changes.
6. Summary and Conclusions

An increase of CO2 warms the surface and triggers climate feedbacks that amplify
or suppress the surface warming. Evaluating the relative contributions of the forcing and
feedbacks in establishing the surface warming response in model projections is important
to further our understanding of the projected warming. Traditionally, feedback analyses
have employed a TOA perspective to evaluate these contributions, but these analyses
exclude an explicit evaluation of non-radiative feedbacks. As a result, more recent studies
have used a surface perspective, which include the evaluation of non-radiative feedbacks
effects on surface temperature in addition to radiative feedbacks. Radiative feedback
effects on surface temperature, however, should be independent of perspective.

Unfortunately, the two perspectives provide conflicting results. The root of the
problem is the implicit assumption in the TOA perspective that changes in outgoing
energy flux at the TOA are balanced exclusively by changes in surface temperature, when
in reality atmospheric temperature changes also play a role. The two perspectives are
therefore only in accordance when atmospheric absorption is inert to or affects the

radiative feedback being analyzed minimally (e.g., surface albedo feedback). The TOA
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perspective is therefore at best a first order approximation of the radiative feedback
effects on surface temperature. Furthermore, the lapse-rate feedback, commonly cited as
the largest suppressor of the surface warming from a TOA perspective [Bony et al.,
2006], is a correction term that indicates how much the OLR has been overestimated or
underestimated by assuming the atmospheric warming is equal to the surface warming
(i.e., the uniform temperature response) and thus provides no additional physical insight
as conventionally defined. The surface perspective therefore provides a better and direct
representation of the effects of radiative feedbacks on surface temperature with the added
benefit of including dynamical feedbacks as well. The TOA perspective can still be used
to understand the surface temperature response, but only for radiative feedbacks that are
negligibly affected by atmospheric absorption (such as surface albedo and cloud SW

feedbacks).
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Figure Captions

Figure 1. The net change in solar (SW) radiation (W*m-2) at the TOA due exclusively to
changes in (a) COz2, (b) surface albedo, (c) clouds, and (d) water vapor.

Figure 2. The net change in solar (SW) radiation (W*m) at the surface due exclusively
to changes in (a) COz, (b) surface albedo, (c) clouds, and (d) water vapor.

Figure 3. The net change in LW radiation (W*m) at the TOA due exclusively to
changes in (a) COz2, (b) surface albedo, (c) clouds, and (d) water vapor.

Figure 4. The net change in LW radiation (W*m) at the surface due exclusively to
changes in (a) COz2, (b) surface albedo, (c) clouds, and (d) water vapor.

Figure 5. (a) The net change in LW radiation (W*m2) at the TOA (blue lines) and
surface (red lines) due exclusively to the temperature feedback (solid lines) and
uniform temperature response (dashed lines). (b) The net change in LW radiation
(W*m2) at the TOA (blue line) and surface (red line) due exclusively to the lapse-
rate feedback. Notice that the difference between solid and dashed lines of the

same color in (a) corresponds to the solid line of the same color in (b).
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Figure 4. The net change in LW radiation (W*m?) at the surface due exclusively to

changes in (a) COz2, (b) surface albedo, (c) clouds, and (d) water vapor.
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Figure 5. (a) The net change in LW radiation (W*m) at the TOA (blue lines) and
surface (red lines) due exclusively to the temperature feedback (solid lines) and uniform
temperature response (dashed lines). (b) The net change in LW radiation (W*m) at the
TOA (blue line) and surface (red line) due exclusively to the lapse-rate feedback. Notice
that the difference between solid and dashed lines of the same color in (a) corresponds to

the solid line of the same color in (b).



