
Nature Geoscience | Volume 19 | May 2026 | 507–512 507

nature geoscience

https://doi.org/10.1038/s41561-026-01965-8Article

Stratospheric cooling and amplification of 
radiative forcing with rising carbon dioxide
 

Sean Cohen      , Robert Pincus     & Lorenzo M. Polvani    

The cooling of the stratosphere in response to increasing carbon dioxide 
concentration is a fingerprint of human effects on climate. However, the 
mechanisms that control the magnitude and vertical structure of this 
cooling have not been clear. Here we use idealized models of spectroscopy 
and radiative transfer to explain the sensitivity of stratospheric temperature 
to carbon dioxide concentration. We find that stratospheric cooling is 
mainly driven by the distribution of mass absorption coefficients in the 
primary carbon dioxide band and modulated by the longwave cooling of 
water vapour and ozone in other parts of the spectrum. These spectral 
mechanisms explain why the stratosphere cools more aloft than it does 
below, why each doubling of carbon dioxide yields roughly 0 to 8 degrees 
Kelvin of cooling across the depth of the stratosphere and why stratospheric 
cooling increases the top of atmosphere radiative forcing of carbon 
dioxide by about 50%. This theory implies that stratospheric cooling is 
not a fundamental consequence of increasing the optical thickness of a 
greenhouse gas but rather the unique result of the spectroscopy of that gas.

Stratospheric cooling is one of the most robust signals of carbon 
dioxide (CO2)-induced climate change. Since some of the earliest 
attempts to simulate the effects of increased CO2 concentrations on 
Earth’s atmosphere1,2, it has been clear across both observations and 
models3–11 that increases in atmospheric carbon dioxide cause globally 
averaged stratospheric temperatures to decrease. This cooling, which 
occurs on much shorter timescales than the warming of the surface and 
troposphere4, is one of the most directly observable effects of increased 
CO2 concentrations and thus a harbinger of global climate change9,10.

Because heating by circulation integrates to zero in the global 
mean, Earth’s global-averaged temperature is well approximated by 
radiative convective equilibrium (RCE)1,2 in the troposphere and by 
radiative equilibrium in the stratosphere: CO2 and water vapour cool 
the stratosphere by emitting infrared (that is, longwave) radiation, and 
ozone primarily heats the stratosphere by absorbing sunlight (that is, 
shortwave radiation) but also cools via the infrared12,13. Single-column 
RCE simulations offer a useful context in which to study stratospheric 
cooling because their reduced dimensionality allows the dominant 
physics in this process, radiation, to be explicitly computed. Figure 1a 
shows the steady-state temperature profiles simulated by one such 
RCE model, Konrad14, across a range of CO2 concentrations. Surface 
temperature and ozone concentration are fixed at their global-mean 

values, and radiative transfer is computed using the atmospheric 
radiative transfer simulator (ARTS), a line-by-line radiative transfer 
model15. By construction, tropospheric temperatures, which are set 
by the moist adiabat originating at the (fixed) surface temperature, 
also remain fixed to their pre-industrial values. Despite these idealiza-
tions, single-column RCE broadly reproduces observed and simulated 
trends in global-mean annual stratospheric temperature from 1980 to 
2014 (Fig. 1c).

Several well-known features of CO2-induced stratospheric cooling 
are evident. First, stratospheric temperature changes are largest near 
the stratopause (≈1 hPa)9, where each doubling of CO2 yields roughly 
8K of cooling (Fig. 1b)1,16–18; near the tropopause, the steady-state tem-
perature is hardly affected by changes in CO2

9 (this is the case even well 
above the pressure level where convective adjustment stops occurring; 
Extended Data Fig. 1). Second, stratospheric temperature changes 
roughly logarithmically with CO2 concentration, with each doubling of 
CO2 yielding roughly the same change in temperature at a given pres-
sure level in the stratosphere (Fig. 1b)1,18. These changes in stratospheric 
temperature have important implications for Earth’s energy budget: 
increases in CO2 concentration induce an energy imbalance at the top 
of the atmosphere, or radiative forcing, which stratospheric cooling 
amplifies by ≈40%–60% (relative to its instantaneous value)3,19–21.
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Here g is the acceleration due to gravity, cp is the specific heat of air 
and B(T, ν0) is the Planck function evaluated at the wavenumber at the 
centre of the CO2 band (ν0, 667.5 cm−1). For a given CO2 concentration 
q, the spectrally integrated weighting function

l(p,q) = ∫
CO2

τνe−τνdν (2)

quantifies the emissivity of the CO2 band, measuring how many wave-
numbers ν have an optical depth τν(p, q) near unity (τνe−τν  peaks at  
τν = 1) and thus substantially contribute to HCO2 (Methods). Sometimes 
called the effective emitting width26,27, l(p, q) might also be referred  
to as the Goldilocks width because it quantifies the portion of the  
spectrum (in cm−1) that is neither too optically thick nor too  
optically thin to effectively cool to space from pressure level p.

When CO2 concentration rises, τν (which is ∝ qp2) increases, causing 
CO2’s Goldilocks width to change in a height-dependent manner; these 
changes are controlled by CO2’s spectroscopy26. Consider the mass 
absorption coefficient of CO2 kref(ν) at 100 hPa (Fig. 2a, grey), which 
has complicated but well-understood spectral behaviour28. This dis-
tribution is qualitatively similar at other pressures but shifted to larger 
or smaller values by pressure broadening29. Sorting the absorption 
coefficients on each side of the band (Fig. 2b) reveals that the distri-
bution becomes more peaked near the band centre, and binning the 
logarithm of kref(ν) (Fig. 2c, grey) quantifies how many wavenumbers 
in the CO2 band have a given mass absorption coefficient (or one quite 
close to it) at the reference pressure of 100 hPa. Because emission at p 
is dominated by the absorption coefficients near unity optical depth, 
Goldilocks width l(p, q) can be approximated by evaluating l(kref) at the 
value yielding τν = 1 at pressure p and CO2 concentration q (Methods).

Simple parameterizations of the spectroscopy of CO2 (in which 
ln(kref) decays linearly in ν away from the centre of the CO2 band; Fig. 2a, 
orange) have been useful in understanding how CO2 affects tropo-
spheric longwave emission and the top of atmosphere radiation 
budget26,27,29–31. However, this distribution of absorption coefficients 
causes l to transition abruptly from a finite value to zero at the maxi-
mum value of kref (Fig. 2c, orange), producing stratospheric cooling 
that is amplified near this transition and near zero elsewhere (much 
like transitions in tropospheric relative humidity produce local maxima 
in longwave emission by water vapour32; Extended Data Fig. 3). The 
distribution of absorption coefficients is better represented via a 

Existing arguments qualitatively explain why increases in CO2 
cause the stratosphere to cool. When CO2 concentration rises, atmos-
pheric emissivity increases such that a lower temperature is needed 
to achieve the same longwave emission by CO2 (ref. 5). Because short-
wave heating by ozone stays roughly fixed, the stratosphere cools to 
remain in radiative equilibrium4,22. This reasoning, however, offers 
little insight into the magnitude and vertical distribution of cool-
ing within the stratosphere and how this cooling might depend on  
other atmospheric state variables such as temperature or the 
concentration of CO2 and other greenhouse gases. This limited 
understanding largely stems from a reliance on grey or quasi-grey 
radiation approaches, which simulate unrealistic stratospheric tem-
perature profiles and thus offer limited insight into the drivers of 
stratospheric cooling23.

Here we show that the spectroscopy of carbon dioxide is key to 
understanding the physical mechanisms which drive stratospheric 
cooling. We address three key questions: (1) why does the stratosphere 
cool more aloft than it does below? (2) Why does a doubling of CO2 yield 
roughly 8K of cooling at the stratopause? (3) Why does stratospheric 
cooling increase the top of atmosphere (TOA) radiative forcing of 
CO2 by about 50%? These facts have been known for decades, yet no 
theoretical understanding is available to explain them. Using idealized 
models of spectroscopy and radiative transfer, we demonstrate that 
stratospheric cooling emerges because rising CO2 levels increase the 
fraction of the CO2 band that can effectively emit longwave radiation 
to space. The magnitude and vertical structure of these changes pro-
vide quantitative answers to Questions (1)–(3), offering a more robust 
explanation for how and why the stratosphere cools when atmospheric 
carbon dioxide increases.

Connection to the spectroscopy of CO2
Throughout most of the stratosphere, radiative exchange with the 
surface and the surrounding atmosphere largely cancel such that heat-
ing by CO2 (HCO2) is well approximated by considering only longwave 
emission to space (Extended Data Fig. 2). The cooling-to-space (CTS) 
approximation24,25 implies that CO2’s longwave heating rate HCO2 at a 
given pressure level p is controlled by both the emissivity of the CO2 
band and the local temperature T (ref. 26):

HCO2 = − 2g
pcp

πB(T, ν0)l(p,q) (1)
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Fig. 1 | Increases in CO2 cool the global-mean stratosphere. a, RCE simulations 
in Konrad (using ARTS) under pre-industrial CO2 concentration (black) and 
under subsequent doublings (warmer colours) and halvings (cooler colours) of 
CO2 concentration from pre-industrial (PI) levels. Convective adjustment stops 
occurring at ≈200 hPa (yellow). b, The stratospheric temperature response  
upon doubling CO2 from various initial CO2 concentrations (same line colours).  
c, Global-mean annual temperature trend from 1980 to 2014 in 36 CMIP6 models 

(light grey lines) and in the SSU-AMSU (Stratospheric Sounding Unit) and MSU4-
AMSU (Microwave Sounding Unit) NOAA/STAR (Center for Satellite Applications 
and Research) dataset (dark grey dots denote mean value, vertical bars denote 
the vertical weighting of the satellite measurements and horizontal bars show 
2-sigma statistical uncertainties44,45). Differencing across RCE simulations in 
Konrad that use CO2 concentrations of 339 ppm (1980) and 399 ppm (2014) 
broadly reproduces these trends (black line).
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parameterization, which reproduces l(kref) near the band’s peak 
(Fig. 2a–c, dashed black), the details of which are outlined in Methods 
and Extended Data Table 1.

Changes in Goldilocks width with CO2 concentration are controlled 
by the distribution of mass absorption coefficients in the CO2 band—in 
particular how this distribution changes from peak to edge (Fig. 2c). At 
pressures greater than about 50 hPa, CO2 emits to space primarily from 
the edges of the CO2 band because this is where CO2’s less absorbent 
wavenumbers are near unity optical depth. Here CO2’s Goldilocks width 
is large (Fig. 2c) but essentially invariant to changes in CO2 concentra-
tion (Fig. 2d). At pressures less than 50 hPa, in contrast, emission to 
space is dominated by the more absorbent wavenumbers near the peak 
of the CO2 band. Here l(p, q) is relatively small but increases sharply 
with CO2 concentration. It is this increase in l that ultimately drives 
stratospheric cooling.

Quantifying stratospheric cooling
Changes in Goldilocks width drive stratospheric temperature change 
by altering emissions across the longwave spectrum. As CO2 concentra-
tion changes, CO2’s longwave heating rate HCO2  adjusts according  
to the corresponding changes in Goldilocks width and temperature 
that these changes in concentration induce:

dlnHCO2

dlnq
= dlnl(p,q)

dlnq⏟⎵⎵⏟⎵⎵⏟
l−driven

+ dlnB(T, ν0)
dlnT

dlnT
dlnq⏟⎵⎵⎵⎵⏟⎵⎵⎵⎵⏟

T−driven

(3)

Because global-mean annual stratospheric temperature is  
primarily controlled by radiative equilibrium, any transient change  
in longwave heating by CO2 must eventually be balanced by an  
equal and opposite change in longwave and shortwave heating by 
other radiatively active gases Ho, namely ozone and water vapour (an 
assumption which also holds locally under fixed dynamical heating16,33):

dHCO2

dlnq
= − dHo

dlnq
(4)

Whereas shortwave heating is largely invariant to changes in CO2 
concentration34 (Extended Data Fig. 4), longwave cooling, which is 
strongly influenced by changes in stratospheric temperature, is not. As 
CO2 concentration rises, longwave cooling by CO2 increases (Fig. 3a); 
the resulting drop in stratospheric temperature decreases the long-
wave cooling of all radiatively active gases (that is, CO2, H2O and O3; 

Fig. 3b) such that the stratosphere remains in radiative equilibrium 
(Fig. 3c,d). Consequently, longwave cooling by other gases reduces 
stratospheric cooling35.

Together, equations (3) and (4) imply that stratospheric cooling 
is driven by changes in CO2’s Goldilocks width and damped by the 
compensating reduction in the longwave cooling of water vapour 
and ozone:

ΔlnT ≈ −(ηα )Δlnl (5)

Here α = dlnB(T,ν0)
dlnT

≈ 4  is a source scaling that indicates the rate at  

which emission by CO2 increases with temperature25 (Methods). The  

non-dimensional quantity η = dHCO2
dT

/ d(HCO2+Ho)
dT

≈ 0.4  is a ‘spectral  

efficiency’ whose value is determined empirically from radiative trans-
fer calculations (Methods); for a given change in stratospheric tem-
perature, η measures what fraction of the total change in longwave 
cooling comes from CO2 rather than from ozone and water vapour. 
When the concentration of ozone and water vapour is constant, Ho 
scales roughly linearly with local temperature (Extended Data Fig. 5). 
In reality, the chemical reactions that produce and destroy ozone, the 
primarily shortwave absorber in the stratosphere, are themselves a 
function of temperature36, meaning stratospheric cooling can alter 
the concentration of ozone and, by extension, the shortwave heating 
it produces. Because changes in global-mean stratospheric ozone due 
to a quadrupling of CO2 are quite small37, we neglect this feedback in 
the present study (along with other feedbacks that might change the 
concentration of ozone and water vapour, such as the acceleration of 
the Brewer–Dobson circulation38), though these influences could be 

incorporated as an additional input to dHo

dT
.

Equation (5) captures the magnitude and vertical structure of 
CO2-induced stratospheric cooling as computed by RCE simulations 
using line-by-line radiative transfer (Fig. 4b). The change in CO2’s  
Goldilocks width (Fig. 4a) in particular offers quantitative insight  
into how and why the stratosphere cools.

Because α and η vary little across the depth of the stratosphere 
(about 15% and 30%, respectively; Extended Data Fig. 6), the vertical 
structure of stratospheric cooling is primarily controlled by how CO2’s 
Goldilocks width changes with CO2 concentration. Evident in the simi-
larity between panels (a) and (b) of Fig. 4, this explains both why the 
stratosphere cools more aloft than it does below and why this cooling  
depends roughly logarithmically on CO2 concentration: dlnl

dlnq
 grows  
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Fig. 2 | CO2’s spectroscopy drives stratospheric cooling. a,b, CO2’s mass 
absorption coefficient kref(ν) at 100 hPa (grey, derived from ARTS) (a) and sorted 
from largest to smallest on each side of the CO2 band (b). c, Binning kref(ν) in log 
space approximates CO2’s Goldilocks width l. a–c, Simple parameterizations of 
kref(ν) (for example, from ref. 31, orange) capture the behaviour kref(ν) at the edges 

of the CO2 band but miss the rapid increase of absorption at the centre of the CO2 
band. We refine these idealizations by parameterizing l as a function of kref(ν) 
(dashed black) and d as a function of pressure. d, When CO2 concentration rises 
(dashed blue → dashed black → dashed red), CO2’s Goldilocks width increases at 
most pressure levels in the stratosphere.
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as pressure falls and is roughly constant at pressures lower than 10 hPa  
(Fig. 4a), so dlnT

dlnq
 shares the same properties (Fig. 4b). Furthermore, this  

proportionality suggests that changes in CO2 concentration do not  
affect stratospheric temperature in ultra-high CO2 atmospheres. 
Whereas CO2’s Goldilocks width is roughly logarithmically dependent 
on q, as q increases the pressure level p* at which Δlnl ≈ 0 (and thus 
ΔlnT ≈ 0) falls according to p* ∝ q−1/2 (this is one reason why strato-
spheric temperature is not precisely logarithmically dependent on CO2 
concentration; Fig. 6 of ref. 18). More generally, equation (5) suggests 
that increases in CO2 concentration would warm the stratosphere rather 
than cool it if CO2’s spectroscopy were different: if l were to change with 
kref such that Δlnl  was no longer strictly greater than zero, increases in 
CO2 concentration would warm at least some parts of stratosphere.

The magnitude of maximum cooling from a doubling of CO2 (which 
occurs near the stratopause) is determined by the magnitudes of α, η 
and Δlnl:

ΔT = −ηα (Δlnl)T ≈ −0.4
4 (0.3)(260K) ≈ −8K (6)

implying that, in the absence of any change in longwave heating by 
other gases (η = 1), stratospheric cooling would be more than twice as 
large (Extended Data Fig. 7).

How stratospheric cooling amplifies radiative 
forcing
One key consequence of CO2-induced stratospheric cooling is its impact 
on CO2’s radiative forcing3,39–41. When CO2 concentration increases, 
surface emission (and tropospheric emission by water vapour) at 
the edges of the CO2 band is masked and replaced by stratospheric 
emission from the centre of the CO2 band30,31. The TOA instantaneous 
radiative forcing (IRF) is thus controlled by the temperature contrast 
between the surface (or lower troposphere) and the stratosphere42. 
Stratospheric cooling amplifies this temperature contrast, causing 
the TOA stratosphere-adjusted radiative forcing (SARF) to be greater 
than the IRF18. The TOA effective radiative forcing (ERF) of CO2—which 
accounts for all adjustments (for example, changes in clouds and  
circulation), not only stratospheric cooling—is nearly equal to SARF in 
comprehensive GCMs43 and precisely equal to SARF in single-column 
RCE frameworks where stratospheric cooling is the only adjustment.

Effective radiative forcing can be computed from equation (5) 
by considering how emission from the CO2 band changes when CO2 
concentration increases:

ERF = 2π (l0B(T̄, ν0)Δlnq −∫
p̄

0
Δl (1 − η)B(T, ν0)dlnp) (7)

Here p̄ is the average emission pressure at the edges of the CO2  
band31 and T̄  is the temperature at p̄ (Methods).

The first term in equation (7) represents the masked surface and 
tropospheric emission by water vapour while the second represents the 
change in stratospheric emission by CO2 (Δl = 0 in the troposphere) due 
to changes in CO2’s Goldilocks width and the resulting stratospheric 
adjustment. Using equation (7), we numerically estimate IRF, ERF and 
the magnitude of the stratospheric adjustment (ERF − IRF) at various 
surface temperatures for a doubling of CO2 from pre-industrial, find-
ing good agreement with line-by-line radiative transfer calculations in 
ARTS (Fig. 5). These estimates only capture the portion of the radiative 
forcing originating from the wavenumbers in the CO2 band, although 
this accounts for at least 85% of the total radiative forcing in all cases 
we considered.

Curiously, emission from the CO2 band alone is a useful proxy 
for ERF (equation (7)) even though stratospheric cooling reduces 
emission to space by water vapour and ozone as well. This apparent 
contradiction can be resolved by noting that while longwave cooling 
by CO2 is well approximated by cooling-to-space (Extended Data Fig. 2), 
longwave cooling by ozone, particularly in the lower stratosphere, is 
not (Extended Data Fig. 5a). This difference emerges primarily from 
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ozone’s unique concentration profile. Unlike CO2, which is well mixed, 
ozone’s concentration profile peaks near 10 hPa, meaning ozone’s opti-
cally thick wavenumbers in the lower stratosphere are more heavily 
impacted by emission from the surface and troposphere than they 
are by emission to space (Methods); this is why longwave cooling by 
ozone is actually negative (that is, net heating) in the lower stratosphere 
(Fig. 3d). As a result, Ho, which is almost entirely controlled by ozone, 
is largely untethered from cooling to space in the lower stratosphere 
(Extended Data Fig. 5b). This means stratospheric emission to space, 
which comes primarily from the lower stratosphere, is dominated 
by CO2, making changes in emission from the CO2 band a suitable 
first-order proxy for ERF as a whole (Extended Data Fig. 8; Methods 
provide a more complete analysis).

Near present-day conditions, IRF is ≈2.2 W m−2, ERF is ≈3.4 W m−2 
and the adjustment is ≈1.2 W m−2. As the surface cools, less surface/
tropospheric emission is masked by CO2, so IRF and ERF decrease31,42; 
however, because the radiative physics governing the stratosphere are 
largely independent of the surface, the adjustment remains ≈1.2 W m−2.

Because IRF is set by the temperature contrast between the sur-
face/troposphere and the stratosphere31,42, it depends on latitude, 
stratospheric temperature and CO2 concentration. The adjustment, 
in contrast, depends only on the amount of stratospheric cooling, 
perhaps partially explaining why the stratospheric adjustment is nearly 
invariant zonally and meridionally in the CMIP6 (Coupled Model Inter-
comparison Project) multi-model mean (Fig. 6d of ref. 19). However, 
dynamical heating does not remain fixed under changes in CO2 (ref. 38), 
so local changes in stratospheric temperature are not entirely radia-
tively constrained. Because stratospheric temperature changes roughly 
logarithmically with q, the adjustment also changes relatively little  
with CO2 concentration (≈10% per CO2 doubling; Extended Data Fig. 9). 
This implies that clouds (which this study neglects) affect ERF and IRF 
by lowering the tropospheric emission temperature that CO2 masks 
but are unlikely to affect the stratospheric adjustment.

Two limiting cases of η, the stratosphere’s spectral efficiency, 
illustrate why near present-day conditions, stratospheric adjustment 
increases the TOA radiative forcing by about 50% compared to its 
instantaneous value. If longwave emission across the spectrum were 
very sensitive to stratospheric temperature (η ≈ 0), relatively little cool-
ing would be needed to achieve radiative equilibrium after a change in 
CO2 concentration. In this limit, the stratospheric adjustment goes to 
zero, and ERF and IRF are equivalent to the value from ref. 31, ≈2.1 W m−2.

In contrast, if stratospheric emission were dominated by the CO2 
band (η ≈ 1), any fractional increase in CO2’s Goldilocks width (that is, 
l(p, q)) would be met by an equal and opposite fractional decrease in 

emission from those same wavenumbers. In this limit (Fig. 5, dotted 
grey), the adjustment would entirely cancel any additional strato-
spheric emission from the CO2 band and ERF would be given by the 
masked surface term alone:

ERFmax = 2πl0B(T̄, ν0)Δlnq ≈ 5.0Wm−2 (8)

Earth’s present-day atmosphere, which has η ≈ 0.4, operates 
roughly halfway between these extremes. Because changes in tem-
perature induce a similar change in the heating rate of CO2 as they do 
the combined heating rate of ozone and water vapour, the stratospheric 
adjustment roughly halves the additional stratospheric emission from 
the centre of the CO2 band. This implies:

ERF ≈ ηERFmax + (1 − η)IRF ≈ 3.3Wm−2 (9)

suggesting that the roughly 50% increase in TOA radiative forcing from 
the stratospheric adjustment emerges from the fact that η ≈ 0.4 in most 
of the stratosphere.
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Methods
Throughout most of the stratosphere, radiative exchange with  
the surface and the surrounding atmosphere largely cancel such that 
heating by CO2 (HCO2) is dominated by longwave emission to space 
(Extended Data Fig. 2). Under the cooling-to-space (CTS) approxima-
tion, the spectrally resolved longwave heating rate Hν at a given wave-
number ν and pressure level p is given by:

Hν = − g
cp
πB(T, ν) βν

p
τνe−τ (10)

where g is the acceleration due to gravity, cp is the specific heat of air, 
B(T, ν) is the Planck function, T is the temperature at p and βν =

dlnτν
dlnp

 is 
a measure of how quickly optical depth (τν) changes with pressure26. 
For a well-mixed and pressure-broadened gas such as CO2, which has 
βν = 2, optical depth is well approximated by:

τν =
Dqkref(ν)p2

2gpref
(11)

where q is the concentration of CO2, D is a diffusivity factor that approxi-
mates the angularly integrated flux and kref(ν) is the mass absorption 
coefficient of CO2 at some reference pressure pref (ref. 31). Integration 
in ν across the CO2 band yields HCO2, the total contribution of CO2 to the 
longwave heating rate. Because variations in the Planck function across 
the CO2 band are small, we can remove B(T, ν) from the spectral inte-
gral26 to obtain equation (1):

HCO2 = − 2g
pcp

πB(T, ν0)l(p,q) (12)

where ν0 is the Planck function evaluated at the wavenumber at the 
centre of the CO2 band (667.5 cm−1) and

l(p,q) = ∫
CO2

τνe−τνdν (13)

is CO2’s Goldilocks width (equivalent to equation (2)).
The validity of the cooling-to-space (CTS) approximation is closely 

tied to the rate at which Planck emission changes with optical depth25. 
If γ = dlnB

dlnτ
 is small (on the order of ≈ 0.1), the CTS approximation is  

rather strong; as γ increases, the CTS approximation breaks down. 
Because CO2 is well mixed and because the lapse rate Γ in the  
stratosphere is roughly 1.5 km K−1, stratospheric emission from the  
CO2 band (where α = dlnB

dlnT
≈ 4) changes slowly with optical depth25:

γCO2 =
dlnB
dlnτ

= dlnB
dlnT

dlnT
dlnp

dlnp
dlnτ

= α RdΓ
g

1
β
≈ 4 287 J kg−1 K−1(1.5Kkm−1)

9.8ms−2
1
2
≈ 0.09 (14)

Here Rd is specific gas constant for dry air. Equation (14) suggests the 
CTS approximation is a suitable first-order approximation for the 
local longwave heating rate due to CO2 in the stratosphere, a finding in 
line with previous studies24,25,46 and validated by direct comparison to 
line-by-line computations in Konrad (Extended Data Fig. 2a).

Due to the linearity implicit in the construction of equation (14), 
the validity of the CTS approximation breaks down near temperature 
inversions such as the stratopause and tropopause (Extended Data  
Fig. 2a) where contributions from the inter-atmospheric exchange are 
large25. However, because changes in CO2 concentration yield similar 
changes in temperature above and below these temperature inversions, 
radiative heating from the surrounding atmosphere is largely invariant 
to changes in CO2 concentration q, making equation (3) a good appro
ximation for dHCO2

dlnq
, even at the stratopause and tropopause (Extended  

Data Fig. 2b).
Unlike CO2, ozone is not well mixed. In the upper stratosphere,  

where ozone concentration increases with pressure, βO3  is substantially  

greater than unity, meaning γO3 << 1. Here the local longwave heating 
rate due to ozone is well approximated by CTS (Extended Data  
Fig. 5). In the lower stratosphere, where ozone concentration decreases 
with pressure, βO3 is substantially smaller than unity, meaning γO3 >> 1, 
and the CTS approximation breaks down (Extended Data Fig. 5).

When the CO2 concentration rises, CO2’s Goldilocks width l(p, q) 
and, by extension, its longwave cooling rate HCO2 increase in a height- 
dependent manner. Under the CTS approximation, this is given by:

dHCO2

dlnq
= − 2g

pcp
π (B(T, ν0)

dl(p,q)
dlnq

+ dB(T,ν0)
dlnT

dlnT
dlnq

l(p,q)) (15)

which simplifies to equation (3):

dlnHCO2

dlnq
= dlnl(p,q)

dlnq
+ dlnB(T,ν0)

dlnT
dlnT
dlnq

(16)

Because global-mean annual stratospheric temperature is pri-
marily controlled by radiative equilibrium, any transient change in  
longwave heating by CO2 caused by an increase in CO2 concentra-
tion must eventually be balanced by an equal and opposite change in  
longwave and shortwave heating by other radiatively active gases Ho, 
namely ozone and water vapour. This yields equation (4):

dHCO2

dlnq
= − dHo

dlnq
(17)

Because changes in q do not directly affect Ho but rather only influence 
Ho through their indirect impact on temperature, we can write dHo

dlnq
 as:

dHo

dlnq
= dHo

dlnT
dlnT
dlnq

(18)

When combined, equations (16), (17) and (18) yield:

dHo

dlnT
dlnT
dlnq

= −HCO2 (
dlnl(p,q)

dlnq
+ dlnB(T,ν0)

dlnT
dlnT
dlnq

) (19)

Solving for dlnT
dlnq

, we obtain:

dlnT
dlnq

= −( η
α
) dlnl(p,q)

dlnq
(20)

where α = dlnB(T,ν0)
dlnT

 (ref. 25) and η = dHCO2

dT
/ d(HCO2+Ho)

dT
. When discretized 

over some change in CO2 concentration, equation (20) yields 
equation (5).

Armed with a governing equation for stratospheric temperature, 
we need only approximations for Goldilocks width (l(p, q)) and  
the change in longwave heating by ozone and water vapour with  
temperature (dHo

dT
) to complete our simple model for CO2-induced 

stratospheric cooling.
To approximate l(p, q), we use the spectroscopy of CO2 to assess 

how many wavenumbers have τν = 1 at a given pressure level p. By bin-
ning the logarithm of the mass absorption coefficient of CO2 kref(ν) 
(Fig. 2c, grey), we can count how many wavenumbers in the CO2 band 
have a given mass absorption coefficient (or one quite close to it) at 
our reference pressure of 100 hPa (ref. 47). This effectively replaces l’s 
integrand τνe−τν with a Dirac delta function centred at τν = 1 (ref. 26):

l(p,q) = ∫ τνe−τ dν ≈ ∫δ(1 − τν)dν =
1

|||
dlnτν
dν

|||τν=1

= 1
|||
dlnkref
dν

|||τν=1

= l(kref)|τν=1
(21)

where the quantity l(kref) = | dν
dlnkref

| approximates the Goldilocks width  

of CO2 at the pressure level associated with kref, that is, at the pressure 
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level where kref yields τν = 1 (ref. 47). Assuming kref is monotonic in ν, an 
assumption that is observably false for the CO2 band (Fig. 2a, grey)  
but that can be made without loss of generality, l(kref) = | dν

dlnkref
| will be 

given by the PDF of lnkref  (Fig. 2c, grey). We parameterize l(kref) using 
the following form:

l(kref) = 2l0 (1 − e
−( k0

kref
)
a

) (22)

Here l0, k0 and a are shape parameters (Fig. 2a–c, dashed black); l0 and k0 
are taken from previous parameterizations of CO2’s spectroscopy27,29,31 
and a is derived by fitting equation (22) to binned values in Fig. 2c.  
The Goldilocks fraction l(p, q) is therefore the mass absorption  
coefficient that (using equation (11)) yields τν = 1 at pressure p:

l(p,q) = 2l0 (1 − e
−( Dqk0p

2

2gpref
)
a

) (23)

Similarly, to capture the impact of water vapour and ozone on  
CO2-induced stratospheric cooling, we use the following empirical  
parameterization:

dHo

dT
= Cstrat cos (

π
2
( p−pstrat
ptropo−pstrat

))
2

(24)

Here pstrat is the pressure at the stratopause, ptropo is the pressure at the 
tropopause and Cstrat is a constant obtained by fitting equation (24) to 
changes in temperature and radiative heating derived from simulations 
in Konrad (Extended Data Fig. 5). Equation (24) assumes that the com-
bined radiative heating rate of ozone and water vapour scales linearly 
with local temperature at each pressure level (dHo

dT
= f(p)), neglecting 

the nonlinear growth of Planck emission with temperature and the 
non-local effect of changes in inter-atmospheric radiative exchange.

Together, equations (5), (23) and (24) form our simple model for 
CO2-induced stratospheric cooling. For reference, Extended Data Table 1 
lists all of the spectroscopic parameters used in our idealized models.

One important implication of stratospheric cooling is its impact 
on CO2’s radiative forcing3,39–41. To estimate the effective (or, more 
precisely, the stratosphere-adjusted) radiative forcing, we begin by 
considering the change in outgoing longwave radiation OLR due to 
some change in q:

dOLR
dlnq

= − d
dlnq

∫
∞

0
πB(Tem(ν), ν)dν (25)

Here Tem(ν) is the emission temperature at each wavenumber and is 
well approximated by the temperature at the pressure level where 
optical depth is unity and by the surface temperature where the column 
optical depth is less than unity25. Assuming surface and tropospheric 
temperatures remain fixed, we can expand equation (25) to delineate 
contributions to changes in OLR from each of the radiatively active 
gases in the stratosphere:

dOLR
dlnq

= − d
dlnq (

∫
CO2

πB(Tem(ν), ν)dν

+∫
O3

πB(Tem(ν), ν)dν +∫
H2O

πB(Tem(ν), ν)dν)
(26)

As CO2 concentration increases, the CO2 band widens; for each 
factor of e increase in CO2 concentration, each side of the CO2  
band widens by l0, masking the surface and tropospheric emission  
at the edges of the CO2 band31. By definition of l and β, within each  
band dν = ldlnkref = −βldlnp , allowing us to integrate in (emission)  
pressure rather than wavenumber. Because variations in the Planck 
function across the CO2, ozone and water vapour bands are small, we 

let B(Tem(ν), ν) = B(Tem(ν), ν0) in each band, where ν0 is the band’s 
central wavenumber25:

dOLR
dlnq

= −2πl0B(T(p̄), ν0,CO2 ) +∫
p̄

0

d
dlnq (

CO2 ,O3 ,H2O
∑
i

πB(T(p), ν0,i)βili)dlnp

(27)

Here the average emission temperature at the edges of the CO2 band 
T̄ = T(p̄)31 is calculated in the same manner as Tem in equation (10) of  
ref. 27. Whereas emission by CO2 is impacted by both changes in lCO2 
and changes in stratospheric temperature, only the latter affects  
emission by ozone and water vapour. Combining equation (27) with 
equations (4) and (20) yields:

dOLR
dlnq

= −2πl0B(T(p̄), ν0,CO2 )

+∫p̄0βCO2 (1 − ηCTS)πB(T(p), ν0,CO2 )
dlCO2

dlnq
dlnp

(28)

where ηCTS =
dHCTS

dT
/ dHtotal

dT
 is a ‘cooling-to-space spectral efficiency’  

that measures what fraction of the total change in longwave cooling 
comes from changes in cooling to space. Because CTS is a suitable 
approximation for CO2 throughout the depth of the stratosphere but 
a poor approximation for ozone in the lower stratosphere (where 
almost all stratospheric emission to space comes from), assuming  
ηCTS ≈ η =

dHCO2

dT
/ dHtotal

dT
 yields a first-order estimate of ERF (even though  

ηCTS is substantially greater than η in the upper stratosphere; Extended  
Data Fig. 6). Because ERF = −ΔOLR, discretizing equation (28) over some 
change in CO2 concentration (and letting ηCTS = η) yields equation (7).

When the reduced emission to space from ozone and water vapour 
due to stratospheric cooling is accounted for, the stratospheric adjust-
ment is roughly 20% greater (Extended Data Figs. 8 and 9). Interestingly, 
if CTS were a suitable approximation for all radiatively active gases in 
the stratosphere (ηCTS ≈ 1), stratospheric emission to space would be 
invariant to changes in CO2 concentration and stratospheric tempera-
ture insofar as shortwave heating, which this emission must balance, 
remains constant. In this case, ERF would simply be given by the masked 
surface emission (that is, ERFmax). Note that in our emission level 
approximations of both radiative forcing and longwave radiative cool-
ing, we assume emission is dominated by the τ = 1 pressure level. In 
reality, the pressure level representative of net cooling to space and 
the pressure level where radiative cooling is maximized are not neces-
sarily equivalent to the τ = 1 pressure level25,31. Because these corrections 
do not substantially improve our simulation of stratospheric cooling 
and radiative forcing, we use the τ = 1 pressure level for simplicity.
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Extended Data Fig. 1 | Changes in CO2 do not affect tropospheric heating by CO2. (a) Spectrally resolved and (b) spectrally integrated change in heating across the CO2 
band when CO2 concentration is quadruped from pre-industrial. CO2 is the only absorber and temperature is held fixed to the profile which yields radiative convective 
equilibrium under pre-industrial CO2 concentration (black line in Fig. 1a).
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Extended Data Fig. 2 | Stratospheric longwave emission by CO2 is dominated 
by cooling-to-space. (a) Heating by CO2 under pre-industrial CO2 concentration 
(black) and under subsequent doublings (warmer colours) and halvings (cooler 
colours) of CO2 concentration from pre-industrial (PI) levels. Line-by-line 
simulations in Konrad (solid) are compared to Eq. 1 (dashed), an analytical 
expression derived using the CTS approximation. The CTS approximation is a 
suitable first-order approximation for HCO2 in most of the stratosphere but 

breaks down near temperature inversions like the stratopause and tropopause. 
(b) However, because changes in CO2 concentration yield similar changes in 
temperature above and below these temperature inversions, the CTS 
approximation (Eq. 3) generally captures the change in heating by CO2 with CO2 
concentration (same colours and line types) near the stratopause and 
tropopause.
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Extended Data Fig. 3 | Linear parameterizations of CO2’s spectroscopy do 
not capture the vertical structure of stratospheric cooling. Stratospheric 
temperature change from pre-industrial conditions (black) under subsequent 
doublings (warmer colours) and halvings (cooler colours) of CO2 concentration 
implied by the linear parameterization of CO2’s spectroscopy. Due to the sharp 

transition in Goldilocks width at the parameterization’s maximum value of kref, 
stratospheric cooling is amplified near this transition and near zero elsewhere. 
This transition is infinitely sharp when l is approximated using a Dirac delta 
function (as in Fig. 2c), but is also apparent when Goldilocks width is computed 
explicitly (as above).
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Extended Data Fig. 4 | Shortwave heating is largely invariant to changes in CO2 concentration. Spectrally integrated shortwave heating rate under pre-industrial 
CO2 concentration (black) and after a quadrupling of CO2 from PI (red).
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Extended Data Fig. 5 | The combined radiative heating rate of ozone and 
water vapour scales roughly linearly with local temperature and is poorly 
approximated by cooling-to-space in the lower stratosphere. (a) Change in 
water vapour and ozone’s spectrally integrated heating rate from pre-industrial 
CO2 concentration (black) under subsequent doublings (warmer colours) and 
halvings (cooler colours) of CO2 concentration. We compare our idealized model 

(dashed) to RCE simulations in Konrad (solid). While more accurate in the upper 
stratosphere, the cooling-to-space approximation (dotted) breaks down in the 
lower stratosphere. (b) Averaged across all simulations, emission to space by 
ozone and water vapour captures less than 20% of the total longwave cooling 
below 10hPa.
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Extended Data Fig. 6 | Spectral efficiency and source scaling are nearly 
constant throughout the depth of the stratosphere, but cooling-to-space 
spectral efficiency is not. (a) Spectral efficiency η (c) source scaling α, and (d) 
the combined effect of these quantities on stratospheric cooling ηT

α
 across the 

depth of the stratosphere for pre-industrial CO2 concentration (black) and for a 

quadrupling (red) and a quartering (blue) of CO2 from PI. (b) Cooling-to-space 
spectral efficiency ηCTS is substantially greater than η in the upper stratosphere 
and approximately equal to η in the lower stratosphere. Since most stratospheric 
emission to space originates from the lower stratosphere, assuming ηCTS ≈ η yields 
a first-order estimate of effective radiative forcing.
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Extended Data Fig. 7 | Stratospheric cooling is amplified when longwave emission by ozone and water vapour is held constant. Stratospheric temperature change 
from pre-industrial conditions (black) under subsequent doublings (warmer colours) and halvings (cooler colours) of CO2 concentration when longwave emission by 
ozone and water vapour is held constant.
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Extended Data Fig. 8 | Changes in emission to space by ozone and water vapour  
increase the magnitude of the stratospheric adjustment. As in Fig. 5, but with  
radiative forcing calculations across the entire spectrum included (Eq. 28 = dash  
dot lines, line-by-line computations in Konrad = pluses). To account for the 

reduction in emission by ozone and water vapour as the stratosphere cools, we 
use ηCTS which is roughly equal to η in the lower stratosphere, but substantially 
larger than η in the upper stratosphere (Extended Data Fig. 6).
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Extended Data Fig. 9 | The magnitude of the stratospheric adjustment 
changes relatively little with CO2 concentration. Radiative forcing across the 
CO2 band due to doubling of CO2 under 0.25x, 0.5x, 1x, 2x, and 4x pre-industrial 
CO2 concentration. In all runs, surface temperature is held fixed to 287K. 
Line-by-line computations in Konrad (crosses) are compared to Eq. 7 (solid 
lines). Effective radiative forcing (orange) falls about halfway between the 
instantaneous radiative forcing (purple) and a theoretical maximum radiative 
forcing (grey, Eq. 8) where ozone and water vapour do not mute stratospheric 
cooling. The magnitude of the stratospheric adjustment is shown in green. As in 
Extended Data Fig. 8, accounting for the reduction in emission elsewhere in the 

spectrum (Eq. 28 = dash dot lines, line-by-line computations in Konrad = pluses) 
increases the stratospheric adjustment by about 20%. As CO2 concentration 
increases, CO2’s 1000cm−1 bands, which our model neglects, become more 
emissive (difference between purple crosses and pluses). Note that, using 
RRTMG in Konrad, ref. 18 found a weak negative relationship between CO2 
concentration and the stratospheric adjustment; given that ref. 18 also found 
the magnitude of the stratospheric adjustment to be somewhat sensitive to 
the computational method used, this discrepancy may be due to differences in 
RRTMG and line-by-line computations in ARTS.
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Extended Data Table 1 | List of parameters used in our simple model

See methods section for details.
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