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Abstract

Greenhouse gases (GHGs) are gases that absorb and emit thermal energy. In a warming climate, GHGs modulate the thermal
cooling to space from the surface and atmosphere, which is a fundamental feedback process that affects climate sensitivity.
Previous studies have stated that the thermal cooling to space with global warming is primarily emitted from the surface, rather
than the atmosphere. Using a millennium-length coupled general circulation model (Geophysical Fluid Dynamics Laboratory’s
CM3) and accurate line-by-line radiative transfer calculations, here we show that the atmospheric cooling to space accounts
for 12 % to 50 % of Earth’s clear-sky longwave feedback parameter from the poles to the tropics. The atmospheric cooling
to space is an efficient stabilizing feedback process because water vapor and non-condensable GHGs tend to emit at higher
temperatures with surface warming as the thermodynamic structure of the atmosphere evolves. A simple yet comprehensive
model is proposed in this study for predicting the clear-sky longwave feedback over a wide range of surface temperatures. It
achieves good spectral agreement when compared to line-by-line calculations. Our study provides a theoretical way for assessing

Earth’s climate sensitivity, with important implications for Earth-like planets.
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Key Points:

e A long-ignored atmospheric feedback process maintained by greenhouse gases cru-
cially stabilizes Earth’s climate under global warming.

« Earth’s clear-sky thermal energy budget is unlikely to runaway due to its stable
atmospheric composition and thermodynamic structure.

« A simple, analytical model can accurately predict the state-dependent clear-sky
longwave feedback spectrum.
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Abstract

Greenhouse gases (GHGs) are gases that absorb and emit thermal energy. In a warm-
ing climate, GHGs modulate the thermal cooling to space from the surface and atmo-
sphere, which is a fundamental feedback process that affects climate sensitivity. Previ-
ous studies have stated that the thermal cooling to space with global warming is primar-
ily emitted from the surface, rather than the atmosphere. Using a millennium-length cou-
pled general circulation model (Geophysical Fluid Dynamics Laboratory’s CM3) and ac-
curate line-by-line radiative transfer calculations, here we show that the atmospheric cool-
ing to space accounts for 12% to 50% of Earth’s clear-sky longwave feedback parame-

ter from the poles to the tropics. The atmospheric cooling to space is an efficient sta-
bilizing feedback process because water vapor and non-condensable GHGs tend to emit
at higher temperatures with surface warming as the thermodynamic structure of the at-
mosphere evolves. A simple yet comprehensive model is proposed in this study for pre-
dicting the clear-sky longwave feedback over a wide range of surface temperatures. It
achieves good spectral agreement when compared to line-by-line calculations. Our study
provides a theoretical way for assessing Earth’s climate sensitivity, with important im-
plications for Earth-like planets.

Plain Language Summary

Observations and model simulations have shown that Earth maintains a stable long-
wave radiative feedback process. When the surface warms by 1 K, Earth allows for 1.5
to 2.0 W/m? of extra thermal cooling to escape to space in cloud-free conditions. Re-
cent studies have claimed that this enhanced thermal cooling to space can be explained
by emissions from the surface passing through the atmosphere’s infrared window. How-
ever, we find that a large portion of the stability actually results from enhanced atmo-
spheric emission during global warming, which arises from the weakening of spectral lines
broadening by radiatively inert gases (N2, O2, Ar) as the Earth warms. It is a well un-
derstood phenomenon in spectral physics but has been largely ignored in the feedback
literature. As a result, the greenhouse effect on Earth tends to stabilize the climate, rather
than initializing a runaway of thermal radiative energy. This study further proposes a
simple theory for accurately predicting the clear-sky longwave feedback from climate base
states.



18 1 Introduction

29 As a measure of habitability, temperature of a planet is determined by the energy

50 balance between the absorption of sunlight and the loss of thermal heat to space. While

51 Earth has been habitable for billions of years, its neighboring planet, Venus, has become

52 the hottest planet in the solar system, although it may once have had liquid water and

53 an atmosphere similar to Earth’s.

54 Thermal cooling to space is modulated by gases that are radiatively active in the

55 longwave (thermal) spectra via the greenhouse effect. Simpson (1928) formulated a sim-

56 ple model to explain thermal cooling to space when water vapor is the only greenhouse

57 gas (GHG) as a function of surface temperature, assuming constant longwave transmis-

58 sion per mass of water vapor. The same assumption was used in other conceptual mod-

50 els (Ingersoll, 1969; Nakajima et al., 1992), which we referred to as the ’Simpsonian’ model.
60 It implies that once the longwave spectra are saturated by water vapor, surface warm-

61 ing results in no thermal emission to space. In this case, the planet’s thermal budget would
62 become unstable because, given enough sunlight, the ocean would evaporate continuously,
63 causing infinite warming and a runaway greenhouse effect.

64 For present-day Earth, longwave spectra are nearly opaque (the atmosphere traps

65 88% of surface thermal emission) in the tropics, which constitutes more than one-third

66 of the global surface area. Despite this fact, Earth is stable. In a cloud-free condition,

67 Earth’s atmosphere across the globe allows for more than 30 % of the extra thermal en-

68 ergy emitted from warming surfaces to escape to overcome disrupted solar or thermal

69 energy fluxes. Thus, Earth’s greenhouse effect is stable, far exceeding the prediction of

70 a Simpsonian model.

7 Nevertheless, recent studies have refined the Simpsonian model and explored its

7 implication for understanding Earth’s climate (Ingram, 2010; Koll & Cronin, 2018; Jee-

73 vanjee et al., 2021), in particular, the longwave feedback, as an important measure of

7 climate sensitivity. The longwave feedback is defined as the change in outgoing longwave

7 radiation (OLR) per degree of surface warming. In a cloud-free condition, it is controlled

7 by the greenhouse effect. Considering relative humidity is near-constant with surface warm-
7 ing (Ingram, 2010; Held & Shell, 2012; Raghuraman et al., 2019; Zhang et al., 2020), Ingram
78 (2010) refines the Simpsonian model by treating transmission through water vapor as

79 being constant at air temperature levels (rather than per mass throughout the column

80 as in Simpson (2018)). With water vapor being the only GHG in this model, studies sug-

81 gested that atmospheric cooling to space would be constant when the surface temper-

8 ature changes. In this case, the longwave clear-sky feedback is equivalent to surface cool-

83 ing to space, which is referred to as the surface Planck feedback (Koll & Cronin, 2018;

8 Jeevanjee et al., 2021). These studies expect the clear-sky longwave feedback to be largely

& Simpsonian and to be qualitatively explained by the surface Planck feedback (Koll & Cronin,
86 2018; Jeevanjee et al., 2021).

& However, much like Simpson (1928), the refined Simpsonian models do not fully

8 explain Earth’s stable climate. With observations and advanced Earth system models,

8 the clear-sky longwave feedback is well-constrained to be -1.5 to -2.0 W/m? /K across

90 a wide range of surface temperatures from the poles to the tropics (Koll & Cronin, 2018;

o1 Raghuraman et al., 2019; Zhang et al., 2020; Zelinka et al., 2020; Sherwood et al., 2020).
9 In global reanalyses, the surface Planck feedback has been found to explain only -1.2 W/m? /K
03 (63%) of the feedback (Ingram, 2013; Raghuraman et al., 2019). As surface Planck feed-

o back vanishes to zero with increasing water vapor mass, i.e., when the runaway green-

05 house effect was expected to occur (Koll & Cronin, 2018), the feedback can become even
96 more stable, as shown in idealized simulations conducted by Seeley and Jeevanjee (2021).
o7 Therefore, a large portion of Earth’s stable feedback cannot be explained by the surface
08 cooling process in the Simpsonian models.
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What may distinguish the stable greenhouse effect on Earth from other planets is
the thermodynamic and radiative attributes of Earth’s atmosphere. They include the
well-understood and observed vertical structures, the mass-conserving composition of GHGs
other than water vapor, and the collision broadening between water vapor molecules and
mass-conserving background gases (Goody & Yung, 1989; Clough & Iacono, 1995; Pier-
rehumbert, 2010; Ingram, 2010; Paynter & Ramaswamy, 2011; Bourdin et al., 2021; See-
ley & Jeevanjee, 2021; Kluft et al., 2021). Despite previous attempts in constructing partly-
Simpsonian models (Ingram, 2010, 2013), it remains implicit that how these atmospheric
and radiative properties interact to impact the climate sensitivity, due to the complex
nature of the radiative transfer process in a changing climate. These impacts are incor-
porated in a comprehensive yet simple model proposed in this study. Building upon the
Simpsonian model, this conceptual model achieves quantitative accuracy in predicting
the clear-sky longwave feedback parameter from the initial state of the climate. The pre-
dictability of the feedback parameter relies on three key attributes of Earth’s climate sys-
tem:

1. a stable thermodynamic structure of the atmosphere with a near-constant rela-
tive humidity, lapse rate, and tropopause with respect to temperature.

2. an atmospheric composition dominated by radiatively inert background gas.

3. a stable atmospheric composition with conserving non-condensable GHGs and back-
ground gases, as a result of physical and chemical processes within the atmosphere
and its interaction with other components of the climate system

These attributes maintain the stable greenhouse effect on Earth.

2 Building upon the Simpsonian model

This section explicitly answers why Earth’s clear-sky longwave feedback is much
more stable than a pure Simpsonian model would have expected. By definition, the clear-
sky longwave feedback, «, is the change of OLR per degree of surface warming in cloud-
and aerosol-free conditions. Following Goody and Yung (1989), the OLR spectra can be
viewed as a weighted sum of thermal emissions from the surface and discretized atmo-
spheric layers in a transmission coordinate. Similarly, we simplify the spectrally-resolved
a as a weighted sum of thermal emission changes in the transmission coordinate (derived
in Appendix B) (Huang & Bani Shahabadi, 2014; Feng & Huang, 2019):

0B(v,Ts) = ?}(is(v)) Wi(Zi(v))[B(v, T}) — B(v,T;)]
a(v) m —T—F—%F(v) -7
0T, AT (1)
apLsrf(v) oatm (V)

where v is the wavenumber, T is the surface temperature, T} is the temperature of the
tropopause. B denotes the Planck function at a given temperature. T}, T;, and W; are
temperature, transmission averaged over a spectral interval of dv between v—dv /2 and
v+dv/2, and the weighting function of transmission for a discretized atmospheric layer
at a base state before warming occurs. We use T} to mark the temperature of the layer
where the averaged transmission reaches T; when the surface temperature increases by
AT. With T, marking the vertically integrated transmission from the top-of-atmosphere

(TOA) to the surface, the same transmission is reached at 7"(%s(v)) after the warming.
Feedback due to changes in transmission from an added layer between T"(T4(v)) and Ts+
AT is negligible, as examined in Appendix B, because of the cancellation between ab-
sorption and re-emission of this layer (similar to Koll and Cronin (2018)). As a result,

the clear-sky longwave feedback is a sum of two terms: the change of surface Planck emis-
sion transmitted by the base state atmosphere, i.e., the surface Planck feedback, denoted
as apr,,,; and the weighted sum of thermal emission changes at level-by-level transmis-
sion within the troposphere, which is denoted as aaty, and referred to as the atmospheric

feedback.
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In a Simpsonian model, where water vapor is the only GHG and the foreign pressure-
broadening effect is ignored, transmission is fixed at temperature levels, thus a sy, would
be zero across the spectra. Therefore, Eq. 1 is consistent with existing literature that
the ’Simpsonian’ feedback is apr,_., (Koll & Cronin, 2018; Jeevanjee et al., 2021), as a
result of surface cooling to space being transmitted by the vertically-integrated atmo-
sphere layers, of which the vertical and temporal variations across the infrared spectra
are irrelevant. Furthermore, we show that non-Simpsonian feedback caused by the ver-
tical atmospheric structure and temporal variations of the transmission spectra can be
analytically explained by the aam, in Eq. 1.
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Figure 1. The clear-sky longwave feedback is more stable than that estimated by Simpsonian
models, especially when the surface temperature (75) is high. (a) Spectrally integrated clear-sky
longwave feedback a (solid black with square markers), Simpsonian feedback (surface Planck

feedback apr,,,, solid yellow), and the non-Simpsonian feedback (¢« — apr_,, solid black) as a

srf?
function of Ts from LBL calculations. Dotted curves show feedback parameters in the absence of
water vapor continuum absorption in LBL. (b) Spectrally resolved feedback parameters, a (black

with square markers) and apr_, (yellow), at 280 K surface temperature. The mean temperature-

srf
pressure profile of this region is shown in Fig. 2(a). (c¢) Spectrally integrated non-Simpsonian
feedback over the entire infrared spectrum (black), ranges sensitive to water vapor (blue), and
ranges sensitive to other GHGs (red). (d) Spectrally resolved non-Simpsonian feedback in exper-
iments with all GHGs (black), with water vapor but no other GHGs (blue), and with well-mixed
GHGs and O3 but no water vapor (red). These experiments are described in Appendix A. Spec-
tral ranges sensitive to water vapor and other GHGs are identified based on panel d and are

marked by the blue and red shaded areas, respectively.

We then evaluate how well a pure Simpsonian model explains the actual clear-sky
longwave feedback parameter « in a coupled global circulation model using line-by-line
(LBL) calculations. Feedback parameters are shown in Fig. 1 for every 5-K bin of sur-
face temperature from 252.5 to 302.5 K (covering 89 % of model grid). The surface Planck
feedback, api,,,, is determined by two factors: the derivative of Planck function (%)

and the vertically integrated transmission of the GHGs (Ts(v), inferred from LBL) at
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the base state. While the former increases with T due to Planck’s law, transmission through

water vapor decays with Ts. With only line absorption (dotted curves in Fig. 1(a)), apr,_,,
is almost constant with Ty, indicating that the T growth of the Planck function is can-
celled out by line absorption with increasing water vapor path. As continuum absorp-
tion increases with specific humidity, transmission decays more dramatically when both
line and continuum absorption are included (solid curves in Fig. 1(a)), so that the ac-
tual apr,_, increases (less negative) with Ts. In contrast, the clear-sky longwave feedback,
«, tends to decrease with Ty rather than increase with it. Regardless of water vapor con-
tinuum, the discrepancy between o and api,,,, as the non-Simpsonian feedback, takes
about -0.2 (12% of « at 255 K Ty) to -0.9 W/m? /K (50% of « at 300 K T%) of the feed-
back parameter. Similar statistics have been noted in Raghuraman et al. (2019) based

on reanalysis of present-day Earth. Thus it would appear that a pure Simpsonian model
(Ingram, 2010; Koll & Cronin, 2018; Jeevanjee et al., 2021) can not explain the magni-
tude of the feedback parameter, nor its dependence upon Ts. In particular, it seems to
underestimate the stability of a at high 75.

a#*a due to emission temperature shift

(b) T shifts with Transmission (c) T shifts with Transmission
(a) T shifts with P H20 spectral ranges WGHGO3 spectral ranges
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‘ Fixing tropospheric
300 | ] 0.7
apse rate at base state - 0.54
400 ¢ 065t
—_— kel ° 0.53
© (0] [0}
& 500 25 25
= S» 06 Ta
° (] T T (] TN T\
S 500 & T E  E 052
7] x 2 x 2
8- 700 o a 05
P’ predicter5 [
800 o 1from Eq. 3
ase, T i 0.5
Warm, T" :S'ng T 0.45
900 Warm, pred Y| |
0.4 ! 0.49
240 260 280\4 225 230 235 240 225 230 235 240
Air Temperature [K] Near-constant £ ajr Temperature [K] Air Temperature [K]

due to conserved
dry air mass

Figure 2. (a) Temperature-pressure profile in the base state (blue) and warm state (red). Red
squares mark the shifted temperature-pressure profile predicted based on Eq. 3 using pseudo-
adiabatic lapse rate I'e. (b): averaged transmission over spectral ranges sensitive to water vapor
line absorption, from TOA to a given tropospheric air temperature (blue-shaded area in Fig.
1(b,c)) in the base state at 280 K surface temperature (blue) and the warmed state at 285 K sur-
face temperature (red), holding RH fixed. (c) the same as (b) but over spectral ranges sensitive
to well-mixed GHGs and O3 (red-shaded area in Fig. 1(b,c)).).

Furthermore, the spectrally-decomposed feedback parameter at 280 K T suggests

that a pure Simpsonian model cannot fully explain « across infrared channels (Fig. 1(a)),
in line with the feedback spectra from idealized simulations at surface temperatures warmer
than 305 K (Seeley & Jeevanjee, 2021; Kluft et al., 2021). First, we note that the non-
Simpsonian feedback is positive in the water vapor window (800 to 1000 cm™1!), as a re-
sult of the difference between the trapped surface thermal emission by the new atmo-
sphere layer between 7"(T4(v)) and Ts+AT and the emission of this layer. It integrates
to within 0.05 W/m?/K, confirming that the non-Simpsonian feedback is dominated by
aatm 10 Eq. 1. We further investigate how the break-down of temperature-transmission
relation leads to the substantial, negative aaty, in absorption channels. Transmission at
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temperature levels depends on the mass of absorbers and the absorption coefficient per
mass. On the one hand, the radiative effect of GHGs other than water vapor, including
COs3, CHy4, N3O, Og, are not considered in a pure Simpsonian model. The mass of these
GHGs in the troposphere tends to be proportional to the total air mass rather than fixed
at temperature levels. Consequently, these GHGs become more transparent to infrared
radiation (Fig. 2(c)), contributing to the negative feedback (I} > T; in Eq. 1). Such
impact has been expected by existing literature (Ingram, 2010; Jeevanjee et al., 2021)
as the main source of non-Simpsonian feedback, although here we find only half of the
non-Simpsonian feedback is explained by spectral ranges sensitive to these GHGs (the
red-shaded area in Fig. 1). On the other hand, at the same air temperature, absorption
coeflicient per mass in spectral ranges away from a saturated line center decreases when
molecules of water vapor and other GHGs collide less often with Ny and Os with sur-
face warming. Consequently, water vapor (of the same mass) becomes more transpar-
ent to infrared radiation (Fig. 2(b)), causing negative feedback. Figure 1(c) shows that
feedback in water vapor absorption channels, as a result of the collision-broadening ef-
fect (Ingram, 2010, 2013), accounts for the other half of the non-Simpsonian feedback
between 255 and 300 K T5.

3 Emission temperature shift theory

Section 2 shows that a pure Simpsonian model cannot explain the magnitude of
clear-sky longwave feedback, «, nor its dependence upon surface temperature, because
it ignores the non-constant relationship between temperature and transmission. Atmo-
spheric feedback, aatm, is proposed to explain the non-Simpsonian feedback as a result
of the shifting temperature in the transmission coordinate with surface warming (Eq.

1).

An ’emission temperature shift ratio’ is defined to quantify the shifting tempera-
ture in transmission coordinate in Eq. 1 :

"
T;
Considering temperature shifts uniformly with respect to transmission in Fig. 2, we may

assume r at a given wavenumber to be vertically uniform and then substitute 7] = rT;
into Eq. 1:

(@ (o Wi Zi(0)[B(v,rT;) = B(v, Ty)]

apam(v) =—7 AT
- Rtrop(U)B(v,rTe(v)])%(;)B(v,Te(v)) (2)

where B(v,T.(v)) = R(v)

where R(v) is the OLR at wavenumber v, and Ryop(v) is the OLR sourced from tro-
posphere at v, respectively (see Eq. B1 for the decomposition of OLR). In this expres-
sion, we consider that asm(v) can be adequately represented by the change of black-
body emission temperature from 7T, (v) to rT,(v) with an emissivity of R;f(‘;()v). Hence,
the magnitude of caym is controlled by Ryop(v), as given by radiative transfer at the
base state, and 7.

The emission temperature shift ratio, r, is jointly determined by layer-by-layer air
temperature, partial pressure of background gases (foreign pressure), and partial pres-
sure of every GHG in the base state atmosphere, as well as their impacts on the layer-
by-layer transmittance spectra with surface warming. Despite the complexity, r can be
inferred from the base state if the change of these properties with surface warming fol-
lows a predictable pattern. And it does, as a consequence of basic thermodynamic re-
lations.



215 First, temperature and pressure are linked via the temperature lapse rate, I', un-

216 der the hydrostatic balance, based on the barometric formula:
Tiia g
P :Pe[ﬁ] ;A: ﬁa
217 where g is gravity and R is the specific gas content of the air. P; is surface pressure and
218 is considered to be constant with warming because the dry air mass, which consists of
219 more than 98% of the atmosphere, is conserved.

When the surface warms from Ty to T2, if the mean lapse rate from T} to the tropopause
changes little in this process (see Fig. 2 (a)) (Ingram, 2010), we may infer the air pres-
sure at T; changes from P; to P:

P — p,Ljaco Lija

¢ T! T
o 3)

— p.[Z51ATe) I _

= PZ[?S’] , when IV =T
220 An ’effective’ lapse rate, I, is used to describe the change of air pressure at a given T;
221 with warming. Assuming the bottom of atmosphere expands pseudo-adiabatically un-
2 der fixed RH with the surface warming, I'. is then the pseudo-adiabatic lapse rate from
223 T, to T.. Although it is a crude assumption without considering heat transfer or dynam-
204 ical transport, it captures the shifting temperature-pressure relationship with warming,

225 as illustrated in Fig. 2(a).

Furthermore, partial pressure of water vapor and other GHGs are physically linked
to air temperature and air pressure, respectively. While the partial pressure of well-mixed
GHGs, by definition, is fixed at pressure levels, we may treat tropospheric Oz similarly.

The partial pressure of water vapor, Pyqs,, is a function of air temperature via the Clausius-
Clapeyron (CC) equation, given that RH is near-constant (Zhang et al., 2020). We fur-
ther simplify the CC equation using a linear coefficient kcc to represent Py, at relative-
humidity RH:

Pyas, i = RHeFoeT:

Therefore, the change of air temperature, foreign pressure, and partial pressure of
every GHG with surface warming can be inferred from their base states. For line absorp-
tions of an individual GHG, the impacts of these quantities on transmittance caused by
a saturated line over a spectral interval (i.e., 1 cm~!) can be simplified using a regres-
sion coefficient by adopting a strong-line approximation (Goody & Yung, 1989; Pierre-
humbert, 2010), as described in Eq. C2. Assuming a random overlap of lines of each GHG,
r can be approximately solved as (Appendix C):

F1

r(v) ~ Lo T, 2% fot fa lnz‘;
%—ng Te(%-‘er) T

where G' = CO4, CH,,N50, and O, (4)

Fi=2) fa+ fa)AT) = O fo + fa+ fao);
G G

Fo = (2fqc + fa)kcc + feco. ki

[ATe) — AT,

226 where the subscript ’ql’ refers to water vapor line absorptions, 'qc’ refers to water va-

227 por continuum absorptions, 'G’ refers to line absorptions of other GHGs. fg, fq and fqc
208 are inferred from the regression coefficients for each mechanism at every wavenumber

229 (Eq. C10 in Appendix C). These coefficients are obtained from LBL calcualtions per-

230 formed at a reference state and are included in the Supplementary. k; is a line intensity
231 parameter for COs, which is set to 0.02 in this study. A simpler form of this equation

23 can be found in Eq. C3 and C6 for an individual GHG. With kcc = 0.09 and A(T') =
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5.26 at 280 K, the magnitude of r is mainly controlled by the ratio of surface warming

%, the effect of foreign pressure 2. fa + fq versus air temperature 2fq. + fq1, and
T..

Theory reproduces LBL results using r and Ry,
0(a) Spectrally Integrated

] %10 (b) Spectrally resolved

o
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Figure 3. Feedback parameters predicted from Eq. 2 and 4 match well with line-by-line cal-
culations, using the emission temperature shift ratio, r, and the OLR sourced from troposphere,
Rirop. (a): clear-sky longwave feedback («, solid curve with square markers), non-Simpsonian
feedback from line-by-line calculations (blue) and from theoretical predictions (red), and sur-

face Planck feedback (yellow). (b): similar to left panels but for spectrally decomposed non-
Simpsonian feedback (a(v) — apr,,(v) from LBL and aatm(v) from theory) at 280 K Ty, convo-
luted from 1 ecm™ to 5 em™*. (c) 7 — 1 for 1 K of surface warming estimated from Eq. 2 in the
left axis (blue) and the OLR sourced from troposphere (Rirop) in the right axis (right). (d) is the

same as (c) but for spectrally-resolved r — 1 and Ryrop.

Equations 2 and 4 are combined to estimate the the atmospheric feedback, aagm,
which are further summed with the surface Planck feedback, apr,_,, for the total feed-
back, a. Only temperature and partial pressure of gases at the base state are used, in
addition to the LBL-derived regression coefficients at a reference state. The results match
well with LBL for a wide range of surface temperature from 255 to 300 K, as presented
in Fig. 3(a). Figure 3(b) further shows the spectrally-resolved aatm at 280 K surface tem-
perature as an example. There is negative bias in [800 1000] cm™! caused by the neglected
surface transmission change (was, in Eq. B3) and positive bias around 650 cm™? in the
center of CO5 absorption channel caused by the neglected stratospheric feedback (%
in Eq. B2 and see Fig. C2 for validation of tropospheric feedback). Biases in the two §pec-
tral ranges are small and cancel out after spectral integration. In essence, the good agree-
ment with line-by-line calculations confirms that the model proposed in Eq. 1, 2 and 4
covers key process and/or relations that affects the clear-sky longwave feedback. In the
following context, the simple model is used to understand the feedback comprehensively.

For well-mixed GHGs and O3 (the red-shaded area in Fig. 3(b,d)), aatm is caused
by the increases of Planck function at constant mass of these gases. In the absence of
water vapor, this feedback process is straightforward to be understood and has been viewed
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as the 'Planckian-like’ feedback by Ingram (2010), with r being approximately = ™ (0 0036
in Fig. 3(d)). Here we further relate the Planck function to transmission and show that
the spectral pattern of sty is controlled by r when overlaps with the broad water va-
por absorption spectrum in regions with different atmospheric conditions (Fig. 3(a,b)).
Moreover, aatm in Og absorption spectrum is well predicted when Og is treated as well-
mixed tropospheric gases in Eq. 4. While O3 increases the opacity of the water vapor
window around 1080 cm ™1 to result in less negative apr,_,, our results suggest that the
atmospheric feedback due to thermal emissions of stratospheric O3 is negligible and that
the role of Og is similar to well-mixed GHGs in stabilizing the clear-sky longwave feed-
back.

For water vapor (the blue-shaded area in Fig. 3), aatm is substantial and is spec-
trally integrated into half of the non-Simpsonian feedback. This result is counter-intuitive,
as Simpsonian models expected zero emission temperature shift from the exponential CC
relation, which was considered to outweigh the foreign pressure-broadening effect. Here
we show that in water vapor algsorption channels, the magnitude of r—1 is reduced to
not zero, but roughly 20% of . Although r is smaller compared to other GHGs (blue
curve in Fig. 3(d)), greater thermal energy is emitted from water vapor channels (Ryyop,
red curve in Fig. 3(d)) because 1) water vapor absorption is strong in the troposphere
to mask over surface emissions but weaker in the stratosphere to transmit tropospheric
emissions, and 2) Planck function at tropospheric temperature peaks within the water
vapor rational-vibrational spectrum. Thus water vapor can contribute half of aay, ow-
ing to the compensation from greater tropospheric emission.

m IS more negative at high T_
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A Atmosphere Atmosphere = 0
warms less warms more| x £.qp 4
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Figure 4. «am is amplified by the emission temperature shift ratio, r, at high surface tem-
perature due to the pseudo-adiabatic thermal expansion. Panels (a) and (c) are similar to Fig.

2(a) and Fig. 3(b), respectively, at 255 K surface temperature. Panels (b) and (d) are the same
as (a) and (c) but at 300 K surface temperature. (e) Spectrally resolved r-1 per 1 K of surface

warming at 255 K (blue) and 300 K (red) surface temperature. (f) Spectrally resolved Rirop at
255 K (blue) and 300 K (red) surface temperature.
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215 Importantly, we find that the clear-sky longwave feedback, o, maintains a range

276 between -1.5 to -2.0 W/ m? /K because aatm becomes more negative at high T to com-
217 pensate for vanishing apr,_,, rather than being explained by apr,_, alone (Koll & Cronin,
278 2018). This dependence of aatm upon surface temperature is robust regardless of the com-
279 bination of GHGs in radiative calculations (Fig. C2). We elucidate in Fig. 4 that aatm
280 enhances across all absorption channels with surface temperature because two factors.

281 First, more tropospheric emission is radiated to TOA at a higher surface temperature

282 in weak absorption channels, where OLR is more sensitive to emissions from the lower

283 troposphere (Riyop, Fig. 4(d)). It partly explains aaqm in radiative fins of GHGs. Sec-

284 ond, the emission temperature shift increases substantially with surface temperature (r,
285 Fig. 4(e)). It is responsible for more negative aaym at 300 K than at 255 K across all

286 absorption channels. This is because r accounts for different tropospheric warming struc-
287 tures from the poles to the tropics. If the troposphere warms more than the surface, as
288 in the tropical region (at 300 K in Fig. 4), there would be a greater temperature shift

289 in pressure coordinate and hence in transmission coordinate, thus amplifying r and aatm-
200 Such effect is characterized by the pseudo-adiabatic thermal expansion using I, in this

201 study. This crude approximation generally captures the warming structure in the up-

292 per and middle troposphere (Fig. 4(a,b)) and facilitates an accurate feedback prediction
203 across different base states (surface temperatures) without knowing actual temperature
204 profiles in the warm states.

205 We note that although the impact of RH is implicit in Eq. 1 or Eq. 4, the column-
206 mean RH, as well as the vertical RH structure, are important for the state-dependent

207 clear-sky longwave feedback parameters. While the column-mean RH affects the apr_,

208 via the vertically-integrated transmittance of the base state atmosphere (T4) (Koll & Cronin,
200 2018; McKim et al., 2021), the vertical RH structure affects the aatm (Bourdin et al.,

300 2021) via the contribution from water vapor (fq and fye, which depend on vapor pres-

301 sure in Eq. C10) and the OLR across infrared spectra. A spectrally varying effective RH,
302 determined from the vertical levels where T, is located, is used to produce Fig. 3 and

303 4. Therefore, RH controls these base-state quantities (‘I_s, P,, Rirop, and T,) and should
304 be treated carefully.

305 4 Discussion

306 Based on line-by-line radiative transfer calculations and a millennium-length cou-

307 pled general circulation model, this study presents a novel, simple theory to explain the
308 effect of greenhouse gases (GHGSs) on outgoing longwave radiation (OLR) for quantita-

300 tively evaluating clear-sky longwave feedback. This theory proposes that the complex

310 clear-sky longwave feedback can be viewed as a sum of two processes (Eq. 1): 1) feed-

31 back due to surface cooling to space, apr,_,,, which only depends on surface temperature
312 and the total transmission through the atmosphere; and 2) feedback due to atmospheric
313 cooling to space, aatm, which depends on the thermodynamic structure and gas com-

314 position within the atmosphere. We further show that the frequently ignored aaty sources
315 from increased emission temperatures with warming caused by the well-understood collision-
316 broadening effect and the presence of well-mixed GHGs and O3. The a ¢y decreases from
a7 -0.2 W/m?/K at 255 K to -0.9 W/m?/K at 300 K, the magnitude of which is quanti-

318 tatively predicted by the emission temperature shift theory via pseudo-adiabatic lapse

319 rates (Eq. 4). In the absence of aa¢m, the clear-sky longwave feedback would increase

320 from -1.5 W/m?/K at 255 K to -0.9 W/m? /K at 300 K because water vapor continuum
31 absorption increases the apr_, (Fig. 1). Thus, without aatm, the clear-sky longwave feed-
302 back parameter would be only half as stable as it is, which is the source of the paradox

323 found in Simpson (1928). We conclude that GHGs induce an atmospheric feedback pro-
324 cess that critically stabilizes Earth’s climate.

35 As a sum of the two processes, clear-sky longwave feedback of Earth can be accu-

326 rately predicted from base states of surface temperatures and atmospheric conditions us-
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ing the simple, analytical model proposed in this study (Eq. 1 and 2). In a climate hot-
ter than Earth’s tropics (i.e., 300 K in Fig. 4(b,d)), our study suggests that aa¢m alone
explains the clear-sky longwave feedback since apr,_,, would vanish to zero (Koll & Cronin,
2018; Seeley & Jeevanjee, 2021). With the magnitude of aaty controlled by tropospheric
cooling to space (Ryrop) and emission temperature shift (r), aaem would become more
negative (stable) than the -0.9 W/m?/K because 1) Riyop increases with tropospheric
temperature and 2) r is enhanced by a steeper pseudo-adiabatic lapse rate (I'c), which
gives rise to stronger upper-tropospheric warming than the surface. The sensitivity to
the upper troposphere can be further amplified if CO5 mass increases with surface warm-
ing, as shown in Seeley and Jeevanjee (2021). While Kluft et al. (2021) has questioned
the effectiveness of COy on the feedback process, it is evident in our study that the pres-
ence of COx is not required for the negative atmospheric feedback process at all, because
the negative feedback process is sufficiently maintained by water vapor via the collision-
broadening with nitrogen and oxygen in the absence of any other GHGs (Fig. 1(d), and
Fig. C2(e,f) compared to Fig. C2(c,d)).

Importantly, the stability and predictability of the clear-sky longwave feedback rely
on the robust, near-constant relative humidity, lapse rate, and tropopause at tempera-
ture levels with surface warming (Ingram, 2010; Held & Shell, 2012). In this process, the
mass of non-condensable gases is well-maintained by the atmosphere and other compo-
nents of the climate system. As long as a similar evolving thermodynamic pattern is ex-
hibited, the theory presented in this study is generalizable to past, present, and future
climates of Earth, as well as other planets. At the time of longwave saturation, any break-
down of this pattern might trigger a runaway greenhouse effect, either locally, season-
ally, or globally. Thus, our study suggests that the runaway greenhouse effect occurs con-
ditionally, rather than unconditionally (Nakajima et al., 1992; Ingersoll, 1969). While
Earth-like climate may become unstable given sufficiently high radiation disruptions (e.g.,
from insolation or anthropogenic emissions) in simulations with idealized thermodynamic
pattern (Goldblatt et al., 2013), our results indicate that such runaway might initiate
from a surface temperature much higher than present-day Earth (i.e., at and beyond the
boiling point) so that the foreign pressure-broadening effect becomes weak enough (high
saturation vapor pressure versus conserved background gases) to be overcome by pos-
itive shortwave feedback from clouds, albedo, and water vapor. These conditions should
be examined with care in future studies when addressing the emergence of the runaway
greenhouse effect on Earth and other Earth-like planets.

Appendix A Data and Experiment

Two experiments are conducted with the Geophysical Fluid Dynamics Laboratory
(GFDL)’s CM3 (Donner et al., 2011; Griffies et al., 2011) in Paynter et al. (2018). The
first is a control run, where CO2 is fixed at a pre-industrial level, and the second is an
experiment run, where CO2 increases by 1% per year until reaching a doubling, and then
CO2 is held constant until equilibrium with the control run is reached. We evaluate these
two runs at the equilibrium state (approximately 4.8 K of warming, 4800 years after CO2
doubling).

Every grid point from the control run is composited into every 5-K bin of surface
temperature. Figures in this study show bins from 252.5 to 302.5 K, covering 89% of these
grids. Mean profiles of each bin are obtained from both the control and the experimen-
tal run. Using these composited profiles, a set of radiative transfer calculations is con-
ducted. Spectrally-resolved gas optical depths are calculated using a new benchmark line-
by-line model, pyLBL (https://github.com/GRIPS-code/pyLBL). This python-based model
downloads up-to-date line-by-line data from the HITRAN database and uses MT-CKD
3.5 continuum coefficients. Using the optical depths, longwave fluxes are calculated with
a diffusivity factor of 1.66.
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Four experiments are conducted to decompose the longwave radiative feedback:

+ a) atmospheric profiles and surface temperature from the control run.

+ b) atmospheric profiles and surface temperature from the experimental run.

+ ¢) temperature profiles and surface temperature from the experimental state while
holding relative humidity fixed at the control run.

 d) temperature profiles and surface temperature from the experimental state while
holding profiles above the cold-point tropopause of the control run fixed.

Experiment a is used as the "base state’ and experiment b is used as the 'warm state’
in this study. The clear-sky longwave feedback is estimated from the difference in OLR
between the a and b, as shown in Fig. 3. We find that the feedback estimated from c-
a is similar to b-a, confirming that RH feedback is small from a global-mean perspec-
tive (Held & Shell, 2012). Experiment d is used in Appendix C for validating Eq. 1, in
which feedback sourced from the stratosphere is manually neglected.

These LBL calculations are driven by three combinations of greenhouse gases and
an experiment that excludes water vapor continuum absorption:

1. ’All gases’: water vapor and Oj profiles and well-mixed CO2, NoO, CHy at the
pre-industrial gas level.

2. ‘WGHGO3’: Og profile and well-mixed CO9, NoO, and CH4 (without water va-
por).

3. ‘H20’: water vapor line and continuum absorption (without other GHGs).

4. ‘noctm’: water vapor line absorptions, Oz profile and well-mixed CO5, NoO, CH4
at the pre-industrial gas level.

Background gases, including N2 and O2, are hold constant at fixed numbers of molecules,
regardless of the combinations of greenhouse gases.

Appendix B Derivation of feedback decomposition

At a surface temperature, T, spectrally-resolved longwave flux at TOA (R(v)) can
be decomposed as a weighted sum of contributions from surface and discretized atmo-
spheric layers (Goody & Yung, 1989):

OLR = / R(v)dv
R(v) =Rg¢(V) + Rirop(v) + Rtrat (V) (B1)

Ty
~mB(v, Ts)Ts(v) + 7 Z B(v, Ti)Wi(Zi(v)) + Retrat (v)
Ty

where T; is the atmospheric temperature of a discrete layer and B is the Planck func-
tion of a given temperature. At v, the averaged-transmission and weighting function of
this discrete layer are denoted as T; and W, respectively. Ts(v) describes the averaged
transmission between v—dv/2 and v+dv/2 from surface to space, with dv being 1 cm™1.
If the temperature monotonically decreases from the bottom of the atmosphere to the
tropopause, Tj, W;, and T; are unambiguously mapped to one another at every frequency
(Huang & Bani Shahabadi, 2014; Feng & Huang, 2019). T; and T} then mark the tem-
perature of the bottom and the top of the troposphere. Ri;op and Rgirat are used to rep-

resent the sum of tropospheric and stratospheric contribution to R(v), respectively.
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The clear-sky longwave feedback « is defined as the change in clear-sky OLR, per
degree of surface warming. At a frequency v, we express a(v) as:

_OR(v) _ ORsi(v)  ORuop(v)  ORstrat(v)

a(v) =

oT, oT, oT, oT,
_ ORgu¢(v) o 7rB(U7 TH[1 — A(v))Z%(v) — B(v, Ts)T4(v)

T, AT,
B 8Rtr0p (U) ~— 7 ?’(‘is(u)) B(U7 Tz'l)Wi (Tiv U) - Z% B(U7 T1>Wl(zlv U) (BQ)

oT T

75 Bo, T A)T, (v)
B AT,

_aRstrat ('U) ~0

T

where the superscript / denotes the state after the warming. The warmed atmo-
sphere reaches T,(v) at 7"(T,(v)). The emissivity from this layer to the warmed sur-
face is denoted as A. AT, then is equivalent to the weighting W of the of layer from T"(T,(v))
to T!. If T, increases in a warmer climate, this expression mathematically creates a pseudo
layer from T? to T'(T4(v)). Adjustments of the stratosphere with surface warming are
not considered in the feedback process we discuss here. We can then regroup Eq. B2 into
three terms: surface (PLgt), atmosphere (Atm), and the change of atmospheric trans-

mittance (AT;):

a(v) =apr,,,(v) + aawm (V) + aas, (v)

where:
apL,,(v) = —W%is(u)
(3 (B3)
Z;Z Wi(Ti,v)[B(v, T}) — B(v, T;)]
OKAtm(’U) = -7 ]
ZITHS’(QS(U)) [B(v,T)) — B(v, T{)|A(v) T (v)
AT, (U) = -7 ~0

In this expression, the magnitude of aaz, (v) is small compared to apr,,(v) in either

optically thick or thin channel, because the absorption of surface thermal emission of the

layer between 7" and T'(T,(v)) is close to the thermal emission of this layer (|B(v, T'(T4(v)))—
B(v,T})| < B(v,Ts + AT) — B(v,Ts) and A(v)Ts(v) < T4(v)). Hence, the feedback

a(v) is approximately the sum of surface term apr,_,(v) and atmospheric term aatm (v),

giving Eq. 1.

Appendix C Derivation of atmospheric emission temperature shift

Following Eq. 4.15 in Goody and Yung (1989) (Goody & Yung, 1989) and Eq. 4.69
in Pierrehumbert (2010) (Pierrehumbert, 2010), the averaged transmission between v—
dv/2 and v+dv/2 due to a strong gas line is proportional to the square root of the prod
of %}, collision-broadened line width, and line intensity:

= T PzP asa,t X 1
Ta.i(v) =1 — ko(T,v)[——Z22et ek’Tl]",n = -

T, 3 (C1)

where T ;(v) is the averaged transmission between v —dv/2 and v+dv/2. P; and T;

are the air pressure and temperature at a discrete layer. Pyqs,; is the partial pressure
of the gas specie G. This approximation is obtained by integrating over the far-tail of
Lorentz profile (Goody & Yung, 1989; Pierrehumbert, 2010). Here we assume that the
width of the Lorentz profile collision broadening is proportional to P; and independent
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of T; and the line intensity is proportional to e**™:. This k; is taken to be 0.02 for CO,
but zero otherwise due to 1) a low concentration of other well-mixed gases on Earth, and
2) a much stronger impact from the temperature dependence of saturation vapor pres-
sure. The validity of Eq. C1 is examined in Fig. C1 using water vapor absorption as an
example. It shows that iG,i(v) is near-equally contributed by partial pressure and for-
eign pressure and that ‘:Z:G’Z'(U) is roughly proportional to
be zero.

P;Pgasq,i .
——¢= when k; is taken to

In the following derivation, we treat kg(I',v) as a parameter by assuming a con-
stant lapse rate over a certain vertical range. At each wavenumber, this ks can be then
empirically estimated as:

- 0%c.i(v)
kG (U) = P ﬂ.
gasg.? 6lei)n

o e

(C2)

ig,i(v) is the layer-by-lay transmission at a 1 cm™! resolution outputted from line-by-

line calculation at a reference state (280K surface temperature in this study and as pro-
vided in the supplementary).

'7’ x PPyasq [@]

T 'yt
(a) 260 K, test (b) ?60 K, scatter test (c) 200 to 300 K
©
0.8 0.8
3 0.8 0.8
S06 06 g 0.6
@ I~ I~
0.4 04 04 0.4
o
g 02 02 02 0.2
o \’s
= 0 t— 0
500 1000 05 1 15 2 05 1 15 2
Pressure [hPa] PPyuq hPa PPyusy hPa
V=7 V=7
Figure Cl. %g,;(v) at 200 cm™" is roughly proportional to M, when water vapor

is the only GHG. (a) Transmission from a test LBL run as a function of air pressure and vapor

pressure when fixing temperature at 260 K for every 50-meter layer. (b) same as (a) but showing

PP,

transmission as a function of 1/ —223¢"“=% in blue dots. (c) same as (b) but from a set of real-

istic atmospheric profiles, with temperature ranging from 200 to 300 K, for every 50-meter layer.

Red lines in (b) and (c) are linear-approximation of two set of LBL calculations.

C1 Well-mixed

For well-mixed gas with constant volumn-mixing ratio n, Py.s; = nP;. If surface
warms from T to T,, T ;(v) in Eq. C1 can be reached at T}, when k; = 0:

iG,i (TZ, ’U) :‘EGJ (Ti[, U)
2 2
P 7&{E]QA(FE)[T{]2A(F)

T,  T/'T! T (C3)
T/ T Edh
"TT T

The RHS is a function of T,. Hence, the air temperature that contributes the same weight
to TOA systematically increases by r.
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40 This approximation of k; = 0 holds well for CH4, N20, and tropsopheric O3, due

a1 to their low concentration in Earth atmosphere. The coefficient for temperature-dependent
a2 line intensity, k;, is taken to be 0.02 for COs. For COs-only atmosphere, r is approxi-

443 mated to:

2A(T)—1

7. + kl A(Fe) — A(F) T/
r= 2 lrnis A
7(Tsl) ! + kl 111 ! 15 (C )

aaa C2 Water Vapor

The partial pressure of water vapor P, unlike well-mixed gases, is determined by
saturation vapor pressure and relative humidity. % ;(v) due to line absorption of wa-
ter vapor is:

_ _ PP .
Tai(v) #1 = kg (v)[—7]"
i
PR LA eert
S = o) " (5)
_ 3
T 9%q1,i(v)
where kql = m
s the subscript ¢l denotes water vapor line absorption. kcc is a linear coefficient to ap-
446 proximate the Clausius—Clapeyron equation.
aa7 We can solve for the r required to reach the same transmission by taking a loga-

aa8 rithm of Eq. B7 and applying a first-order Taylor expansion:

[A(T) = 1inT; + kooT, — A(T.)InT, + ln%
= [A(T) — InT! + kecT! — A(Te)inT!
o RAU 1 Inf=[A(Te) — AT) +1]  A=L 4 ke

RH
Ti[% + koc] AT_; + kcc

(C6)

Self-continuum absorption of water vapor depends only on temperature that de-
termines the vapor pressure (Paynter & Ramaswamy, 2011). Although the strong-line
approximation does not strictly work for self-continuum absorption, a similar approx-
imation can be applied to account for the impact of vapor pressure on the averaged trans-
mission between v — dv/2 and v 4 dv/2 due to self-continuum absorption:

T 1. qul n
Tgei(0) 1 — Fgelv)[ 2]

1
2 2kccT;
RH e n

~1 = Fge(0) () ()
(2
- 0% gei(v
where kqc :7‘11:211.( )
()"
449 with the subscript gc denotes water vapor self-continuum absorption. This approxima-
450 tion neglects the effect of temperature on continuum absorption, partly leads to bias in
a1 Figure 3 at high surface temperature.
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C3 Overlap

A log of averaged transmittance between v — dv/2 and v + dv/2 is taken:

In%;(v) =In H T6.i (V) + InTyri(v) + InTye i (V) (C8)
where G denotes for greenhouse gases other than water vapor, including COs, CHy, N2O,

and Os.

By taking a first-order approximation of the logarithm of this equation, we can solve
for r as:

F
7+ I 1 RH T!
SEL + + T.) — A(D)|in=2
r 5 p Ti(%+F){fcc Tl femlA(T.) — A(T)] nTs}

(C9)
where I} = fsmA — foum

F> = fockec + foo. ki

Here fcc represents the response from exponential dependence of saturation vapor pres-
sure on air temperature, fgy represents the response from foreign pressure that is reg-
ulated by lapse rate under the hydrostatic balance, fsum represents the response from
the effect of temperature in mass density. The dependence of line intensity of COs on
temperature is included using k; = 0.02. These coefficients can be estimated from ra-
diative transfer calculations performed at the base state, by treating l_cwghg, l_sql and l_cqc
as regression coefficients and adopting n = 0.5:

fCC :2ch+fql
M =2fc+ fu
fSum :fwghg+fql+ch

where :
Foe (v) Py (C10)
fae T T (0)PZ41
— Eq (v) P
fa = aor
fugng = 52520l G = CO2, CH4, N20, and Oj
gh  Fa (v
f _ kco, (v)
CO2 - ]gco2 (U)-‘rl

These coefficients are estimated at every wavenumber. The same technique applies to
broadband approximation (being tested for 10 cm ™! and for the entire infrared from 20
to 3250 cm~1). Note here coefficients of O3 are treated as well-mixed gases because tro-
pospheric O3 does not strongly vary with height (or air temperature). Figure .C2 shows
the predicted feedback parameters with different mixtures of greenhouse gases, in com-
parison with LBL results which exclude changes in the stratosphere.

In Eq. B11 (and Eq. 4), the magnitude of » depends on the fractional contribu-
tions and the lapse rate. As fsum and k; are small (fsum < fm and k; < kcoe), 7 is
close to L +AT if the effect of pressure on transmission is more significant than the ef-
fect of Vapor pressure (i.e., fm > foc ), as in the case of strong absorption channels
of well-mixed gases (i.e., Flg. 3(b) 500 to 800 cm~! and Fig. 3(d)). In water vapor ab-
sorption channels, r is dampened by foc , hence r as inferred from Fig. 2 is less than
L +AT but still greater than one owing to fgym. On the other hand, lapse rate describes
the ‘air temperature-pressure relationship via A(T') and A(T.). A large A(T.) caused by
dramatic surface expansion above a warm, moist surface (small T'.) is associated with
an amplified warming in atmosphere than the surface (A(T.) > A(T")), leading to larger
r and more negative feedback.

—17—



481

482

483

484

485

486

488

489

490

491

492

493

495

496

498

499

500

501

Excluding changing stratosphere with surface warming

0 (a) All-gases %1073 (b) All-gases
— oiy : , : :
1 -1k J
oL A
_"260 280 300 200 400 600 800 1000 1200 1400 1600
& o_(c) WGHGO3 o x10° (d) WGHGO3
£ $E M~ '
E 2 o Q1L J
~ S N¥ a-ap op LBL
g §§-2» _aAtm,Theory 1
T -6 . . / . . . .
86260 280 800 = 200 400 600 800 1000 1200 1400 1600
- o__(e) H20ctm (f) H20ctm £10*
g T T T T T T T
_1 AO
. {5
_2 O
0 80 300 200 400 600 800 1000 1200 1400 1600
Surface Temperature [K] Wavenumber [cm 1]

Figure C2. Similar to Fig. 3, clear-sky longwave feedback with different mixture of green-
house gases but excluding stratospheric feedback for validating Eq. B2 and Eq. B12. Left: clear-
sky longwave feedback («, solid curve with marker) and atmospheric feedback (aatm, solid) from
line-by-line calculations (blue) and from theoretical predictions (red) with different mixture of
greenhouse gase: (a) all greenhouse gases (All-gases), (¢) well-mixed GHGs and O3 (WGHGO3),

and (e) water vapor (H20). Right: similar to left panels but for spectrally decomposed atmo-

spheric feedback (aatm(v)) at 280 K T, convoluted from 1 em ™! to 5 em L.
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