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Abstract We investigate the effect of uncertainty in water vapor continuum absorption at terrestrial
wavenumbers on CO2 forcing F, longwave feedback λ, and climate sensitivity S at surface temperatures Ts

between 270 and 330 K. We calculate this uncertainty using a line‐by‐line radiative‐transfer model and a single‐
column atmospheric model, assuming a moist‐adiabatic temperature lapse‐rate and 80% relative humidity in the
troposphere, an isothermal stratosphere, and clear skies. Due to the lack of a comprehensive model of continuum
uncertainty, we represent continuum uncertainty in two different idealized approaches: In the first, we assume
that the total continuum absorption is constrained at reference conditions; in the second, we assume that the total
continuum absorption is constrained for all atmospheres in our model. In both approaches, we decrease the self
continuum by 10% and adjust the foreign continuum accordingly. We find that continuum uncertainty mainly
affects S through its effect on λ. In the first approach, continuum uncertainty mainly affects λ through a decrease
in the total continuum absorption with Ts; in the second approach, continuum uncertainty affects λ through a
vertical redistribution of continuum absorption. In both experiments, the effect of continuum uncertainty on S is
modest at Ts = 288 K (≈0.02 K) but substantial at Ts ≥ 300 K (up to 0.2 K), because at high Ts, the effects of
decreasing the self continuum and increasing the foreign continuum have the same sign. These results highlight
the importance of a correct partitioning between self and foreign continuum to accurately determine the
temperature dependence of Earth's climate sensitivity.

Plain Language Summary Water vapor in Earth's atmosphere acts as a strong greenhouse gas by
absorbing thermal radiation and thus plays a central role in controlling Earth's climate. Although water vapor
absorption is well‐understood overall, uncertainties remain in the so‐called water vapor continuum, an
absorption component that cannot yet be calculated from first principles. We investigate the impact of
continuum uncertainty at terrestrial wavenumbers on climate sensitivity, the expected temperature increase that
would result from a doubling of atmospheric CO2 concentration. For this, we use a very simple climate model
and represent continuum uncertainty in an idealized way. We find that uncertainty in the continuum mostly
affects climate sensitivity by affecting the additional thermal radiation Earth emits to space as it warms. At
temperatures similar to the current global average this effect is modest: changes in the water vapor continuum
within the uncertainty only change climate sensitivity by 0.02 K, or about 1%. However, at temperatures similar
to those in tropical regions, changes in the continuum within the uncertainty change climate sensitivity by up to
0.2 K, or about 6%. This shows that uncertainty in the water vapor continuum substantially contributes to
uncertainty in the temperature dependence of climate sensitivity.

1. Introduction
Water vapor plays a central role in determining Earth's climate because it strongly absorbs and emits infrared
radiation (Foote, 1856; Tyndall, 1861a, 1861b). Absorption by water vapor is well‐understood overall but sub-
stantial uncertainty remains in the water vapor continuum, an absorption component that varies smoothly in the
spectral dimension, and that is more uncertain than the line spectrum (e.g., Baranov et al., 2008; Ptashnik
et al., 2011; Shine et al., 2012, 2016). Here we investigate the effect of this uncertainty at terrestrial wavenumbers
on CO2 forcing, longwave feedback, and climate sensitivity.
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Uncertainty in the water vapor continuum fundamentally arises from uncer-
tainty in the underlying physical processes. Possible explanations for the
continuum discussed in the literature include far‐wing absorption of single
water vapor molecules (e.g., Clough et al., 1989; Ma & Tipping, 1991), ab-
sorption by bound and quasi‐bound complexes of two water vapor molecules
(e.g., Mukhopadhyay et al., 2015; Ptashnik et al., 2011) and of water and non‐
water molecules such as nitrogen or oxygen (e.g., Vigasin, 2000), as well as
collision‐induced absorption (e.g., Baranov & Lafferty, 2012). Although it
seems likely that no single process is sufficient to explain the continuum,
substantial uncertainty remains regarding the relative importance of these
processes (e.g., Mlawer et al., 2023; Shine et al., 2012, 2016).

Therefore, continuum absorption cannot yet be calculated from first princi-
ples but is rather estimated using semi‐empirical continuum models, most
commonly the Mlawer‐Tobin‐Clough‐Kneizys‐Davies model (MT_CKD,
Mlawer et al., 2023). This is commonly done by—somewhat arbitrarily—
truncating water vapor absorption lines at 25 cm− 1 from the line center; the
remaining water vapor absorption is then defined as continuum absorption
(e.g., Clough et al., 1989; Mlawer et al., 2023; Shine et al., 2012; Tipping &
Ma, 1995). This continuum absorption is further split into two components:
(a) The self continuum comprises absorption due to interactions between two

water molecules and thus depends quadratically on water vapor volume mixing ratio q; furthermore, self con-
tinuum absorption decreases with temperature T. (b) The foreign continuum comprises absorption due to in-
teractions between a water molecule and a non‐water molecule and thus depends linearly on q, with no known
dependence on T (e.g., Burch & Alt, 1984; Mlawer et al., 2023; Shine et al., 2016).

To accurately determine the water vapor continuum and its components, models rely on data from laboratory
measurements (e.g., Fournier et al., 2024; Odintsova et al., 2022; Paynter et al., 2009), satellite observations (e.g.,
Newman et al., 2012), and field campaigns (e.g., Liuzzi et al., 2014; Serio et al., 2008). However, those mea-
surements still exhibit both substantial spread and spectral gaps which further contribute to uncertainty (Baranov
et al., 2008; Ptashnik et al., 2011; Shine et al., 2016). This uncertainty concerns both the absorption of solar
radiation in the visible and near‐infrared spectral ranges as well as the absorption of terrestrial radiation in the
mid‐ and far‐infrared spectral ranges (Shine et al., 2016). In this study, we exclusively focus on the effect of the
continuum on terrestrial radiation.

Continuum absorption is strongest within water vapor absorption bands but its climate impact is strongest in the
atmospheric windows where the self continuum is often the dominant absorber (Figure 1). In the context of
terrestrial radiation, the mid‐infrared window (750 cm− 1 to 1,250 cm− 1) is particularly relevant because a sub-
stantial part of the outgoing longwave radiation L is emitted here.

As surface temperature Ts increases—and relative humidity stays constant—q increases exponentially. This
increase in q causes both self and foreign continuum absorption to strongly increase with Ts, more than offsetting
the self continuum's negative direct dependence on T (Pierrehumbert, 2010). At Ts ≈ 300 K continuum absorption
becomes optically thick which closes the mid‐infrared window and strongly inhibits Earth's ability to radiate
energy to space (e.g., Koll & Cronin, 2018). This directly affects Earth's longwave feedback λ, the change in L
with Ts. Furthermore, both self and foreign continuum mask part of the absorption by CO2 and thus reduce the
magnitude of CO2 forcing F (Jeevanjee, Seeley, et al., 2021). Consequently, continuum absorption directly af-
fects climate sensitivity S = − F/λ, the temperature increase caused by a CO2 doubling (e.g., Stevens &
Kluft, 2023).

At the same time, uncertainty in self continuum absorption in the mid‐infrared window is still around 10%–20%
and does not seem to decrease over time (see Figure 2, also e.g., Baranov et al., 2008; Shine et al., 2016). In many
cases, uncertainty is even larger for the foreign continuum and within water vapor bands because measurements
there are impeded by the very strong line absorption (Paynter & Ramaswamy, 2011, 2012). Furthermore, un-
certainties in self and foreign continuum are usually correlated (see Section 4, also e.g., Shine et al., 2016).

Figure 1. Importance of water vapor continuum strongly varies spectrally.
Shown are the spectrally resolved opacities τν of water vapor as a function of
wavenumber ν (20 cm− 1 moving average) for an atmospheric column (288 K
surface temperature, 80% relative humidity). Shown are the τν of water vapor
lines (black), total water vapor continuum (light blue), as well as split into
water vapor self continuum (dashed blue) and water vapor foreign
continuum (dotted blue).
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Given the direct effect of continuum absorption on F and λ, this substantial
uncertainty raises two important questions: (a) How large is the resulting
uncertainty in F and λ—and thus S—in the context of contemporary climate
change? (b) How does this uncertainty affect the surface temperature
dependence of these quantities (e.g., Kluft et al., 2021; Meraner et al., 2013;
Romps, 2020; Seeley & Jeevanjee, 2021)? These surface temperature de-
pendences can be helpful to investigate F, λ, and S in past climates of Earth
where the global‐mean surface temperature was substantially lower or higher
than it is today, but also to analyze how F and λ vary throughout different
climate zones on present‐day Earth.

To date, uncertainty in water vapor continuum absorption has mostly been
discussed within the field of spectroscopy (e.g., Baranov et al., 2008; Ptashnik
et al., 2011; Shine et al., 2012, 2016). In the climate community, the
importance of the water vapor continuum for λ is well‐established (e.g., Koll
et al., 2023; Seeley & Jeevanjee, 2021; Stevens & Kluft, 2023), but much less
is known about how uncertainty in the continuum propagates to uncertainty in
L, F, and λ (Kiehl & Ramanathan, 1982; Paynter & Ramaswamy, 2011,
2012), and how it affects S.

To expand on those studies, we take a holistic look at the effect of uncertainty
in water vapor continuum absorption at terrestrial wavenumbers on F, λ and
S, as well as their temperature dependences, using an idealized atmospheric
model. To this end, we first develop a conceptual understanding of how in-

dependent variations in self and foreign continuum absorption differently affect F, λ, and S (Section 3). We then
investigate the effect of continuum uncertainty. Given the lack of a comprehensive model of continuum uncer-
tainty, we represent this uncertainty using two different idealized approaches (Section 4). Throughout, we illu-
minate the underlying processes by spectrally decomposing the effect of continuum uncertainty on F and λ,
bridging the gap between spectroscopy and climate science.

2. Methods
2.1. Atmospheric Model

We use the single‐column model konrad (Dacie et al., 2019; Kluft et al., 2019) to create profiles of temperature T
and water vapor volume mixing ratio q on 256 vertical levels for surface temperatures Ts ∈ [269 K, 331 K] in 1 K
increments. The T profiles follow a moist adiabat in the troposphere until they reach 175 K. Above, we assume a
fixed isothermal stratosphere with T = 175 K. This approach eliminates stratospheric feedbacks and allows us to
focus exclusively on the troposphere.

Relative humidity is set to 80% in the troposphere and stratospheric q is set to the tropopause value. The effect of
this simplified assumption is discussed in Section 5.1. The concentrations of trace gases follow the convention of
the Aqua‐Planet Experiment also used in the Radiative‐convective equilibrium model intercomparison project
(Wing et al., 2018): 348 ppm CO2, 1,650 ppb CH4, and 306 ppb N2O. The O3 concentration follows the profile
derived byWing et al. (2018), which is a function of pressure only and does not account for changes caused by the
vertical expansion of the troposphere with Ts. However, this approach captures the first‐order effect of ozone,
namely the masking of emission in the window.

2.2. Radiative Transfer Model

For each Ts we calculate the spectrum of clear‐sky outgoing longwave radiationLν using the line‐by‐line radiative
transfer model ARTS (Buehler et al., 2018; Eriksson et al., 2011). We perform the calculations at 32,768 (215)
frequencies uniformly spanning the spectral range 10 cm− 1 to 3,250 cm− 1, accounting for absorption by water
vapor, CO2, CH4, N2O, O3, N2 and O2.

Line absorption in ARTS is calculated using the internal ARTS Catalog Data, which in turn is based on the high‐
resolution transmission molecular absorption database (HITRAN, Gordon et al., 2022) as of 2022–05–02.
Continuum absorption is calculated using the latest (at the time of analysis) MT_CKD models for CO2 and N2

Figure 2. Water vapor continuum absorption is still uncertain. As an
example, the self continuum absorption cross‐section Cself at 944.19 cm− 1 is
shown as function of temperature T from MT_CKD version 4.0 (Mlawer
et al., 2023) (line) and from laboratory measurements (symbols). The shaded
areas correspond to differences of ±10% and ±20% from MT_CKD,
respectively. The measurements at 296 K are slightly offset along the
temperature axis for better visibility. Laboratory data were read off from
Baranov et al. (2008, their Figure 8) and Ptashnik et al. (2011, their Figure 7).
(Eng & Mantz, 1980; Hinderling et al., 1987; Loper et al., 1983; Nordstrom
et al., 1978; Peterson et al., 1979; Taylor et al., 2003).
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(both version 2.5), O2 (version 1.0), as well as water vapor (version 4.0), which has also been included in both
HITRAN and the ARTS Catalog Data (Mlawer et al., 2023). At the time of writing, the only changes made since
concern minor revisions of the water vapor foreign continuum in version 4.1.1 (Mlawer et al., 2023). Consistent
with MT_CKD, water vapor lines are cut off at 25 cm− 1 from the line center. Wings beyond that wavenumber and
the associated “pedestal” under the line are removed, as described in detail in Clough et al. (1989).

2.3. CO2 Forcing, Longwave Feedback, and Climate Sensitivity

For each Ts we calculate the spectrally resolved clear‐sky 2 × CO2 radiative forcing Fν by performing simulations
of spectrally resolved clear‐sky outgoing longwave radiation Lν at two different CO2 concentrations: a baseline
concentration of 348 ppm (note that this differs from the often‐used pre‐industrial value of 280 ppm) and a
doubled CO2 concentration of 696 ppm. The clear‐sky spectral CO2 forcing is then

Fν (Ts) = − [Lν (Ts, 696 ppm CO2) − Lν (Ts,348 ppm CO2)]. (1)

Here Fν is the instantaneous radiative forcing, as our experimental setup does not allow for stratospheric cooling
and the resulting radiative adjustment. However, as the stratosphere contains so little water vapor, the continuum
presumably has no impact on the adjustment process, and thus continuum uncertainty is expected to have the same
effect on instantaneous forcing as it would on effective forcing, the relevant quantity for calculating climate
sensitivity.

For each Ts we calculate the spectrally resolved clear‐sky longwave feedback λν as the centered finite difference

λν (Ts) = −
Lν (Ts + 1 K, Ti+1, qi+1) − Lν (Ts − 1 K, Ti− 1, qi− 1)

2 K
, (2)

where xi±1 = x (Ts ± 1 K) for the profiles of temperature T and water vapor volume mixing ratio q, respectively.

The spectral surface feedback λν, sfc is defined as the change in Lν that is caused by variations in Ts alone, with T
and q unchanged. Therefore, we calculate it as

λν, sfc (Ts) = −
Lν (Ts + 1 K, Ti, qi) − Lν (Ts − 1 K, Ti, qi)

2 K
, (3)

where xi = x (Ts) for x ∈ {T, q}.

The spectral atmospheric feedback, the radiative signature of changes in T and q, is calculated as

λν, atm (Ts) = λν (Ts) − λν, sfc (Ts). (4)

These spectrally resolved quantities are integrated to yield the broadband quantities as

a(Ts) =∫
ν1

ν0
aν (Ts) dν, (5)

where a ∈ {F, λ, λsfc, λatm} and (ν0, ν1) = (10 cm− 1, 3,250 cm− 1).

Finally, the longwave clear‐sky climate sensitivity S, the temperature increase caused by a CO2 doubling
assuming clear skies and constant albedo, is calculated as

S(Ts) = −
F(Ts)

λ(Ts)
. (6)

2.4. Emission Fraction

To analyze the different impacts of self and foreign continuum on λν, we calculate the emission fraction fem which
represents which species dominates different spectral regions at different surface temperatures Ts. To this end, we
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calculate the spectrally resolved opacity τν, s(p) of each absorbing species s from the top of the atmosphere (TOA)
to each pressure level p using ARTS. In addition to CO2 and water vapor lines, we consider the self and foreign
continuum separately.

The emission pressure pem, ν, s of each species is then defined as the largest p, that is, the lowest level, where
τν, s(p) ≤ 1 as seen from TOA. From this, we define the “emitting” species at each wavenumber ν as the
species with the smallest pem, ν, s, that is, the species that emits from the highest level in the atmosphere. If no
species has τν, s > 0.5 at the surface, we neglect atmospheric emission and no “emitting” species is chosen for
that wavenumber; if multiple species have the same pem, ν, s, they all contribute to atmospheric emission so all
of them are chosen as “emitting” species.

We separately consider three main spectral regions of interest: the FIR water vapor band (FIR, 200 cm− 1 to
600 cm− 1), the major CO2 band (600 cm− 1 to 750 cm− 1), and the atmospheric window (750 cm− 1 to 1,250 cm− 1).
We define the emission fraction fem, s (Ts) as the fraction of all simulated wavenumbers within each of those
spectral regions at which each species s is the “emitting” species, estimating which species most strongly impacts
atmospheric emission and thus λ at a given Ts.

2.5. Uncertainty in Continuum Absorption

We perform a number of different experiments in which we vary the magintude of the water vapor continuum.
Apart from the baseline experiment with the unaltered continuum, we separately vary the magnitude of self and
foreign continuum by±10%. Finally, we perfrom two different experiments to represent continuum uncertainty in
an idealized way. Both of them are based on the assumption that the total continuum absorption is well‐
constrained, and that the main uncertainty arises from the partitioning between self and foreign continuum. In
the single‐constraint experiment, we assume that the constraint on the total continuum applies at a single set of
reference conditions, while in the general‐constraint experiment, we assume that the constraint generally applies
at all atmospheric conditions. In the following, these two experiments are described in more detail.

2.5.1. The Single‐Constraint Experiment

We assume that the spectrally resolved total continuum opacity τν, cont is perfectly constrained for reference values
of temperature T0 = 296 K, air pressure p0 = 1013 hPa, and water vapor volume mixing ratio q0 = 0.02. These
values are chosen to mimic conditions commonly present in both laboratory and field studies of the continuum,
which provide a constraint on the total continuum absorption. For a discussion about the effect of the choice of q0
see Section 5.2.

We assume a spectrally uniform uncertainty in the self continuum of ±10%, and account for the negative corre-
lation between self and foreign continuum uncertainty by adjusting the foreign continuum accordingly. We derive
this adjustment from the reference opacities τν,self,0 = τν,self (T0, p0, q0) and τν,foreign,0 = τν, foreign (T0, p0, q0). The
scaling factor xν is then defined as the factor τν, foreign,0 has to be multiplied with to compensate for a change in
τν, self, 0 of ±10% so that the total continuum opacity at the given reference values is conserved. This yields

x±ν = 1∓ 0.1 ⋅
τν, self, 0

τν, foreign, 0
, (7)

where x+ν is the scaling factor for the foreign continuum if the self continuum is increased by+10% and vice versa.

This adjustment of the foreign continuum is only of O(10%) in the water vapor bands, but exceeds 100% in the
atmospheric windows, where the self continuum is much stronger than the foreign continuum. This large
adjustment in the windows means that an increase of the self continuum by 10% would cause the new self
continuum to be stronger than the current total continuum—and thus would require negative foreign continuum
absorption to achieve radiative closure in the case of x+ν . This indicates that a substantially stronger self continuum
is unlikely, at least in the windows. This is also consistent with the fact that more recent laboratory studies based
on cavity ring down spectroscopy observe weaker self continuum absorption in the 1,000 cm− 1 window than
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predicted by MT_CKD 4.0 (Cormier et al., 2005; Fournier et al., 2024).
Therefore, we only focus on the case where the self continuum is decreased by
10% and the foreign continuum is increased by factor x−ν .

2.5.2. The General‐Constraint Experiment

We assume that the spectrally resolved column‐integrated total continuum
opacity τν, cont is perfectly constrained for all of our atmospheric profiles. This
means that we derive the foreign continuum scaling factor xν separately for
each Ts, using the temperature and humidity profiles described in Section 2.1.
We calculate τν,self (Ts)= τν,self (Ti, pi, qi) and τν,foreign (Ts)= τν,foreign (Ti, pi,
qi), where xi = x (Ts) for x ∈ {T, p, q}. From this, we analogously derive the
scaling factor

x−ν (Ts) = 1 + 0.1 ⋅
τν, self (Ts)

τν, foreign (Ts)
, (8)

where, for the same reasons described above, we only consider the case of a 10% decrease in the self continuum
and an increase in the foreign continuum by factor x−ν (Ts) . Because the self continuum increases much more
strongly with Ts than the foreign continuum, the adjustment of the foreign continuum strongly increases with Ts

(Figure 3).

3. Effect of Variations in Self and Foreign Continuum
Before we proceed to investigate the impact of overall continuum uncertainty, this section first investigates the
effect of variations in self and foreign continuum absorption in order to understand the relevant physical
mechanisms. To this end, we separately vary the magnitude of self and foreign continuum absorption by ±10%
throughout the whole simulated spectral range (10 cm− 1 to 3,250 cm− 1). This way, we investigate how self and
foreign continuum differently affect both CO2 forcing and longwave feedback.

3.1. Effect on CO2 Forcing

Conceptually, the clear‐sky CO2 forcing F depends on two factors (Jeevanjee, Seeley, et al., 2021). First, the
temperature contrast between surface and stratosphere determines F in a dry atmosphere because surface
emission is replaced with stratospheric emission at the edges of CO2 absorption bands. Second, the presence of
water vapor means that part of the original emission originates from the troposphere rather than the surface, due
both water vapor line and continuum absorption. This change in the original emission level reduces the tem-
perature contrast with the stratosphere and thus weakens F.

At low Ts the spectrally resolved forcing Fν is most pronounced at the edges of the major CO2 band (600 cm− 1 to
750 cm− 1). At high Ts—and thus large water vapor volume mixing ratios q—water vapor absorption masks Fν at
the CO2 band edges, while the concomitant vertical expansion of the troposphere “unlocks” a substantial Fν in the
CO2 band center (Jeevanjee, Seeley, et al., 2021; Kluft et al., 2021; Seeley & Jeevanjee, 2021, see also Figure 4a).
Overall, F increases with Ts until around 295 K due to the increasing surface‐stratosphere temperature contrast; at
even higher Ts the weakening effect of the exponentially increasing q dominates (Kluft et al., 2021, see also
Figure 5a). For the minor CO2 bands in the atmospheric window around 950 cm− 1 and 1,050 cm− 1 this decrease in
F is roughly uniform, while for the major CO2 band at 667 cm− 1 F decreases slowly at first and much more
strongly above Ts ≈ 315 K (see Figure 5a).

Together with water vapor line absorption, the water vapor continuum determines the atmospheric layer whose
emission is replaced by stratospheric emission when CO2 is doubled. When continuum absorption is increased,
the original emission level is located at lower temperatures. Hence, the temperature contrast with the stratosphere
is smaller which weakens F, and vice versa for a decreased continuum. Consequently, the effect of the continuum
on Fν is mostly limited to the edges of the CO2 absorption bands (Figures 4e and 4i).

Due to the exponential Clausius‐Clapeyron relation and the quadratic dependence of the self continuum on q, the
effect of the self continuum on F increases with Ts until around 310 K and stays constant for even higher Ts

Figure 3. Scaling factors x−ν for foreign continuum to compensate for change
in self continuum of − 10%. Shown are the x−ν for the single‐constraint
experiment (dashed) and the x−ν (Ts) general‐constraint experiment for selected
surface temperatures Ts (solid).
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Figure 4. Spectrally‐resolved effect of water vapor continuum absorption on CO2 forcing Fν (a, e, i, m) and longwave
feedback λν (b, f, j, n), which is also decomposed into surface feedback (c, g, k, o) and atmospheric feedback (d, h, l, p) for
surface temperatures Ts of 280 K (black), 300 K (red), and 320 K (yellow). Shown are the baseline values (a–d), and the
effects of 10% increase in self continuum absorption (e–h) and foreign continuum absorption (i–l). Finally, the results are
shown for the single‐constraint (m–p) and general‐constraint experiments (q–t).
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(Figures 5d and 5g). This results from compensation between the self continuum's effect on the forcing contri-
butions of the major CO2 band and the minor CO2 bands. The effect of the self continuum on the forcing
contribution of the minor CO2 bands decreases above 310 K because self continuum absorption becomes much
stronger than CO2 absorption in the window. This in turn is because CO2 concentration stays constant with Ts in
our experiments, while q increases exponentially. In contrast, the effect of the self continuum on the forcing
contribution of the much stronger major CO2 band continues to increase with Ts (Figures 5d and 5g).

For the same perturbation of ±10%, the foreign continuum has a much weaker effect on F. Because it is much
weaker in the atmospheric window than the self continuum, the foreign continuum only affects the major CO2

band and mainly at Ts ≤ 310 K (Figures 4i and 5d).

For Ts = 288 K, the spectrally integrated effect of both water vapor self and foreign continuum on F is small:
variations of ±10% in the self continuum only change F by less than 0.02 W m− 2 (0.4%), the same variations in
the foreign continuum have an even smaller effect of <0.01 W m− 2 (0.1%). Even at Ts = 320 K variations in the
self continuum only change F by around 0.04 W m− 2 (1%). These uncertainties are smaller than those found by
Paynter and Ramaswamy (2012), who assumed a larger, spectrally varying uncertainty in the continuum of up to
±50% and consequently found an uncertainty in F of up to ±3% (their Figure 14).

Figure 5. Spectrally‐integrated effect of water vapor continuum on CO2 forcing F (a, d, g), longwave feedback λ (b, e, h), and climate sensitivity S (c, f, i). Shown are the
total values (a–c) of the baseline simulation (black), as well as the absolute differences Δx (d–f) and relative differences Δx

x (g–i) caused by variations in self continuum
(blue) and foreign continuum (green) of +10% (dark shading) and − 10% (light shading) for x ∈ {F, λ, S}. The same quantities are shown for the single‐constraint
experiment (purple), as well as for the general‐constraint experiment (orange). For selected experiments, the forcing terms are split into the contribution by the major CO2
band Fmajor (ν < 900 cm− 1, dash‐dotted) and minor CO2 bands Fminor (ν > 900 cm− 1, loosely dotted), and the feedback terms are split into surface feedback λsfc (dashed) and
atmospheric feedback λatm (dotted).
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3.2. Effect on Longwave Feedback

Before we analyze the effect of variations in the water vapor self and foreign continuum on the longwave
feedback λ, we briefly review the current understanding of its spectrally resolved counterpart λν (Figure 4b). In the
atmospheric window (750 cm− 1 to 1,250 cm− 1), λν is mostly governed by the strongly stabilizing (negative)
surface feedback λsfc. However, the window continuously closes with increasing Ts which weakens λsfc and
causes it to almost vanish at Ts ≈ 310 K (e.g., Koll & Cronin, 2018; Kluft et al., 2021, see also Figures 4c and 5b).
Above 310 K the dependence of λν in the window on water vapor volume mixing ratio q and thus on Ts is weaker
than at lower Ts. This is because λsfc is replaced by a weakly destabilizing (positive) atmospheric feedback λatm
caused by the water vapor continuum which is described in more detail below (Koll et al., 2023, see also
Figures 4d and 5b). This atmospheric feedback is less senstitive to changes in Ts than λsfc is during the closing of
the window, and thus the total feedback λ is less sensitive to Ts above 310 K.

Outside the window region, λν is almost entirely determined by λatm. In the center of the major CO2 band
(600 cm− 1 to 750 cm− 1), λatm is close to zero at Ts = 288 K because the emission level there is located in the
stratosphere but becomes strongly stabilizing at high Ts due to the vertical expansion of the troposphere. This
stabilizing λatm is strongest at the band edges, where it is already present for Ts < 288 K, but also reaches the band
center at Ts > 300 K. At Ts > 320 K the stabilizing λatm is weakened due to masking by water vapor absorption
(Kluft et al., 2021; Seeley & Jeevanjee, 2021, see also Figures 4d and 5b).

Finally, λatm is weakly stabilizing in the water vapor bands in the far‐infrared (FIR, 200 cm− 1 to 600 cm− 1) and
mid‐infrared (MIR, 1,250 cm− 1 to 2,000 cm− 1), which are dominated by water vapor line absorption. Here, the
first‐order approximation of a constant emission temperature would imply constant L with Ts—and thus a neutral
λatm assuming τ ≫ 1 (Ingram, 2010; Jeevanjee, Koll, & Lutsko, 2021; Simpson, 1928a, 1928b). However, this
approximation does not hold entirely due to effects like pressure broadening which induce a weakly stabilizing
λatm (Feng et al., 2023; Koll et al., 2023, see also Figure 4d).

Water vapor continuum absorption affects λ by altering both λsfc and λatm (Koll et al., 2023). In the following, we
therefore discuss the partial feedbacks induced by separately increasing self and foreign continuum by 10%. A
destabilizing partial feedback means that the total feedback becomes less stabilizing, and vice versa.

The continuum dampens the stabilizing λsfc in the atmospheric window by damping surface emission. Hence, a
stronger continuum dampens λsfc more and thus induces a destabilizing partial feedback at Ts < 310 K, when the
window is still open, and vice versa for a weaker continuum. This destabilizing partial feedback can be seen for
both continuum components, but the effect of the self continuum (Figure 4g) is much stronger than that of the
foreign continuum (Figure 4k) for the same perturbation of +10%.

The continuum affects λatm because its emission temperature is sensitive to the temperature lapse rate. Because the
moist‐adiabatic lapse rate decreases with warming this leads to an additional increase in q. This in turn causes the
continuum to emit at lower temperatures, giving rise to a destabilizing lapse‐rate feedback (Koll et al., 2023). The
effect of variations in the self continuum on λatm is weaker than that on λsfc below Ts ≈ 310 K but becomes the
dominant effect at higher Ts (Figure 5e). Below Ts ≈ 300 K the effect on λatm is mostly limited to the atmospheric
window but it also reaches the absorption bands of water vapor and CO2 at higher Ts. This destabilizing effect of
an increased self continuum on λatm continuously increases with Ts in both water vapor and CO2 absorption bands,
while in the window it peaks at around 300 K and slowly decreases at higher Ts (Figure 4h). In contrast, the
foreign continuum has a weakly stabilizing effect on λatm throughout the spectrum, particularly in the FIR water
vapor band (Figure 4l).

The stabilizing effect of a foreign continuum increase might seem surprising at first. To understand it, and also the
other described changes, it is useful to think of them as resulting from shifts in the absorption species that control
the main spectral regions as Ts increases. These shifts can be seen by looking at the emission fraction fem, s (Ts),
which quantifies how much of the emission in a certain spectral band is controlled by species s at surface tem-
perature Ts (see Section 2.4 for details). This approach allows us to explain (a) differences between self and
foreign continuum, (b) differences among spectral regions, and (c) dependence on surface temperature Ts

(Figure 6). The explanation relies on the dependences of the opacity of the different absorbing species on q and
thus on Ts under constant relative humidity (Figure 6 first column) which can be expressed as
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dlog(τself)
dTs

>
dlog(τH2O lines)

dTs
>

dlog( τforeign)
dTs

>
dlog(τCO2 )

dTs
. (9)

Regarding the opposite signs of the partial feedbacks of self and foreign continuum, the implications of Equa-
tion 9 are sketched for the FIR water vapor band (Figure 6a). This sketch also builds on results of the radiative
transfer simulations shown in Figure 6b. The strong Ts dependence of τself means that the self continuum “gains
ground” compared to the other species and thus fem,self strongly increases with Ts. In contrast, the weak Ts

dependence of τforeign means that the foreign continuum “loses ground” compared to the other species and thus

Figure 6. Absorption species that control the different spectral regions shift with surface temperature Ts. Shown are band‐averaged opacity τ (first column), band
emission fraction fem (second column), band‐integrated outgoing longwave radiation L (third column), and band‐integrated longwave feedback λ (fourth column). An
idealized sketch of the mechanism in the far‐infrared (FIR) water vapor absorption band is shown in the first row. Below, the actual values are shown for the FIR band, the
major CO2 band, and the atmospheric window. Note that the results shown in the third and fourth columns represent the changes in L and λ caused by increasing self and
foreign continuum absorption by 10%, except for the first row where the absolute values of L and λ are sketched.
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fem, foreign decreases with Ts. Accordingly, a stronger self continuum mostly
reduces L at high Ts, while a stronger foreign continuum mostly reduces L at
low Ts. Hence, L increases less strongly with Ts when the self continuum is
increased but more strongly when the foreign continuum is increased. In other
words, the self continuum induces a destabilizing partial feedback while the
foreign continuum induces a stabilizing partial feedback. For the same
perturbation of ±10% these partial feedbacks in the FIR have roughly the
same magnitude at Ts = 288 K, while the destabilizing self continuum partial
feedback becomes much stronger at higher Ts (Figure 6b).

Furthermore, this framework can also help us understand why the self con-
tinuum partial feedback varies among different spectral regions and with Ts.
In contrast to the exponential Clausius‐Clapeyron relation imposed on water
vapor, CO2 concentration stays constant with Ts in our experiments. Hence,
fem, self in the CO2 band strongly increases with Ts at the cost of CO2 ab-
sorption. Therefore, the destabilizing lapse‐rate feedback induced by the self

continuum continuously masks more of the stabilizing Planckian response induced by CO2 at the edges of the
667 cm− 1 CO2 band, above Ts ≈ 320 K this effect even reaches the band center (Figures 4h and 6c).

In the window, fem,self also increases with Ts along with the self continuum partial feedback. At Ts ≈ 300 K,
however, fem, self ∼ O(1) which means that the self continuum controls most of the emission in the window.
Further increasing Ts thus leads to a much weaker increase in fem,self than below 300 K and thus the self con-
tinuum's destabilizing effect weakens (Figure 6d).

Looking at the spectral integral, the effect of variations in the water vapor continuum on λ strongly varies with Ts.
At Ts = 288 K a 10% stronger self continuum causes λ to become 0.04 Wm− 2 K− 1 (2%) less negative. This effect
continuously increases with Ts and reaches a maximum of around 0.06 W m− 2 K− 1 (4%) around 300 K. Varying
the foreign continuum by ±10% has a much weaker effect. At Ts below around 295 K the foreign continuum's
effect on the surface feedback dominates which causes a destabilizing partial feedback for an increase in foreign
continuum absorption, and vice versa. At higher Ts the effect on the atmospheric feedback dominates, which
causes a stabilizing partial feedback for an increase in foreign continuum absorption, and vice versa.

4. Effect of Continuum Uncertainty
In the last section we have learned how variations in water vapor self and foreign continuum differently affect
both CO2 forcing F and longwave feedback λ by varying their magnitude separately. In this section, we build on
this understanding and use it to investigate the effect of uncertainty in water vapor continuum absorption.

In order to properly represent this uncertainty, we need to consider that uncertainties in self and foreign continuum
are not independent of each other. The foundation for our knowledge of the continuum is formed by field ob-
servations and laboratory measurements, both of which rely heavily on measurements of the total continuum. A
change in the self continuum is thus usually accompanied by an opposite change in the foreign continuum to
restore radiative closure, and thus uncertainties in self and foreign continuum are usually negatively correlated
(Delamere et al., 2010; Mlawer et al., 2019, 2023; Mlawer & Turner, 2016; Shine et al., 2016; Turner et al., 2004).
To explore the implications of this negative correlation, we consider two different idealized approaches, which
are described in more detail in Section 2.5.

4.1. The Single‐Constraint Experiment

The purpose of this experiment is to investigate the effect of uncertainty in the surface temperature dependence of
the total continuum absorption. We therefore assume that the spectrally resolved total continuum opacity τν, cont is
perfectly constrained at the reference conditions T0 = 296 K, p0 = 1013 hPa, q0 = 0.02 (see Section 2.5.1 for
details). Due to the different dependences of self and foreign continuum on T and in particular q, this approach
only conserves the total continuum opacity at the given reference conditions. This means that in atmospheres with
q < q0, the adjustment of the foreign continuum dominates, increasing the total continuum absorption relative to
the baseline simulation. In contrast, in atmospheres with q > q0, the adjustment of the self continuum dominates,
decreasing the total continuum absorption (Figure 7).

Figure 7. Single‐constraint experiment changes total continuum absorption
in atmospheric profiles. Shown is the change in column‐integrated total
continuum opacity in the single‐constraint experiment (τν,cont) relative to the
baseline experiment (τν,cont, 0) for different surface temperatures Ts.

Journal of Advances in Modeling Earth Systems 10.1029/2023MS004157

ROEMER ET AL. 11 of 21

 19422466, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023M

S004157, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.1.1. Effect on CO2 Forcing

Similar to the separate variations of self and foreign continuum discussed above, the CO2 forcing F in the single‐
constraint experiment mainly changes at the edges of the main CO2 band (Figure 4m). At surface temperatures
Ts < 310 K, the stronger foreign continuum dominates which leads to a slightly weaker F; at Ts > 310 K the
weaker self continuum dominates which leads to a slightly stronger F (Figure 5d). However, this effect on F is
mostly weaker than ±1%, at Ts = 288 K F is reduced by 0.03 W m− 2 (0.6%).

4.1.2. Effect on Longwave Feedback

The effect on longwave feedback λ has different signs for different surface temperatures Ts as well (Figures 4n and
5e). At Ts < 290 K, the stronger foreign continuum dominates which causes a net destabilizing partial feedback.
This mainly occurs because a stronger foreign continuum weakens the surface feedback which more than offsets
the strengthening of the surface feedback due to the weaker self continuum (Figures 4g–4k and 4o). However, this
changes at Ts ≈ 300 K, when the effect of the self continuum on the surface feedback becomes dominant
(Figures 4o and 5e). At Ts ≈ 315 K, the surface feedback diminishes, as already described in Section 3.2.

Already at Ts ≈ 290 K, the stabilizing partial atmospheric feedback becomes stronger than the destabilizing partial
surface feedback and thus the net partial feedback becomes stabilizing (Figure 5e). In contrast to the surface
feedback, the net effect on the atmospheric feedback is stabilizing throughout the simulated Ts range (Figure 5e).
This is because both a weaker self continuum and a stronger foreign continuum cause a stabilizing partial at-
mospheric feedback (see Section 3.2 and Figures 4h, 4l, and 4p). This effect increases with Ts until around 320 K
and stays roughly constant after (Figure 5e).

The strongest effect occurs in the atmospheric window, where the magnitude of λwindow is increased by about
0.05 W m− 2 K− 1 on average between 290 and 310 K. Because the magnitude of λwindow decreases by about
0.05 W m− 2 K− 1 per 1 K increase in Ts, the single‐constraint experiment lowers the value of Ts at which the
atmospheric window closes by about 1 K. Phrased differently, because the opacity τ of continuum absorption
continuously increases with Ts (Figure 6 first column), variations in the continuum strength can be thought of as
shifting τ in Ts space—and thus also the Ts at which the window closes.

At low Ts the partial feedback is destabilizing (positive) and almost entirely limited to the window. With
increasing Ts the partial feedback becomes increasingly stabilizing (negative) throughout the spectrum, also
affecting the far‐infrared (FIR) water vapor absorption band (Figure 4n). At very high Ts, the partial feedback
becomes slightly less stabilizing in the window, while it continues to become more stabilizing in the FIR. This
occurs because at those high Ts the continuum controls most of the emission in the window so further increasing
Ts has a weaker effect on λ, while this is not the case in the FIR (see Section 3.2 and Figure 6).

Looking at the spectral integral, the effect on λ is modest at Ts= 288 K: The destabilizing partial surface feedback
and the stabilizing partial atmospheric feedback almost perfectly cancel, leading to a minimally stabilizing effect
in λ of only − 0.002 W m− 2 K− 1 (+0.1%).

In contrast, the single‐constraint experiment has a substantial effect at Ts > 300 K, where it leads to a stabilizing
partial feedback of around − 0.07 W m− 2 K− 1 (+7%) (dark purple line in Figure 5e). At those Ts the single‐
constraint experiment has a much stronger effect on λ than a reduction of the self continuum by − 10% alone
(light blue line in Figure 5e). This can be attributed to the strongly stabilizing effect of increasing the foreign
continuum, which is discussed in detail in Section 3.2.

4.1.3. Implications for Climate Sensitivity

The effect on climate sensitivity S is clearly dominated by the effect on the longwave feedback λ rather than on
the CO2 forcingF (Figures 5g–5i). At Ts= 288 K the effect is modest, with a reduction in S of only 0.02 K (0.8%).
At even lower Ts the slightly destabilizing effect on λ is compensated by its weakening effect on F which leads to
almost no change in S. At higher Ts, however, the single‐constraint experiment has a substantial effect: above
300 K the strongly stabilizing effect on λ clearly dominates over the increasing effect on F which reduces S by
more than 0.2 K (7%).
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4.2. The General‐Constraint Experiment

The purpose of this experiment is to investigate the effect of uncertainty in the vertical distribution of continuum
absorption. We therefore assume that the column‐integrated continuum opacity τν,cont is perfectly constrained for
all of our atmospheric profiles (see Section 2.5.2 for details). However, the redistribution of absorption between
self and foreign continuum leads to changes in the vertical profile τν,cont(p). This vertical redistribution also
occurs in the single‐constraint experiment, but the general‐constraint experiment allows for an isolation of the
effect, without any changes in the column‐integrated τν, cont with respect to the baseline simulation.

4.2.1. Effect on Outgoing Longwave Radiation

To understand the effect on CO2 forcing, longwave feedback, and climate sensitivity in the general‐constraint
experiment, it is helpful to take a step back and first analyze the effect on the outgoing longwave radiation
spectrum Lν. For almost all Ts, Lν is reduced compared to the baseline simulation, which is caused by changes in
the vertical opacity profile τν(p). These changes occur because the quadratic dependence of the self continuum on
q means that the self continuum is more concentrated in the lower troposphere (“bottom‐heavy”), whereas the
foreign continuum only depends linearly on q, and thus is somewhat less bottom‐heavy. This is demonstrated by
the ratio between self and foreign continuum opacity, which generally is highest in the lowest part of the
troposphere (Figure 8a). Consequently, by reassigning some of the absorption from the self to the foreign

Figure 8. Repartitioning of absorption between self and foreign continuum vertically redistributes atmospheric opacity.
Shown are the vertically resolved ratio between opacities of self continuum τself(p) and foreign continuum τfrgn(p) (a, c) and
change in total opacity Δτ(p) in the general‐constraint experiment with respect to the baseline simulation (b, d) for
wavenumbers ν = 330 cm− 1 (a, b) and ν = 1,000 cm− 1 (c, d), for different surface temperatures Ts. The column‐integrated
values are shown as light dashed lines and the respective emission levels are shown as solid circles. Also shown are the
changes in spectrally resolved outgoing longwave radiation ΔLν for the same Ts (e), and the self continuum's temperature
dependence exponent n from MT_CKD 4.0 (f).
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continuum, opacity is redistributed from the lower to the upper troposphere (Figure 8b), which shifts atmospheric
emission toward lower temperatures and thus reduces Lν (Figure 8e).

This reduction of Lν generally increases with Ts because self continuum opacity increases with Ts and thus more
opacity is redistributed at higher Ts. However, at Ts ≫ 300 K, the effect starts to decrease again—first in the
window (Figure 8e) but at even higher Ts also in other parts of the spectrum (not shown).

This can be explained by the negative temperature dependence of the self continuum. In the MT_CKD 4.0 model,
this is represented as

Cself(T) = Cself(296 K)(
296 K
T

)

n

, (10)

where Cself is the self continuum absorption cross‐section and n is the spectrally varying temperature dependence
exponent, which causes the self continuum absorption cross‐section to decrease with T (Mlawer et al., 2023, see
also Figures 2 and 8f).

Because τself(T ) ∝ Cself(T ) ⋅ q2(T ), the ratio τself/τforeign still strongly increases with Ts throughout the troposphere
in our experiments. Because of the strongly negative T dependence of Cself in the window, the high T in the lower
troposphere causes the increase in τself/τforeign with Ts to slow down substantially, while this effect is less pro-
nounced in the cooler upper troposphere. In other words, while τself/τforeign in the window is bottom‐heavy at low
Ts, it actually peaks at 400 hPa for Ts = 320 K (Figure 8c).

Consequently, at sufficiently high Ts, replacing self continuum absorption with foreign continuum absorption
becomes less effective in redistributing opacity from the lower to the upper troposphere in the window
(Figure 8d). In fact, most of the opacity is distributed from the middle troposphere to the lower troposphere.
However, this presumably has no effect on Lν because the emission level in the window is around 400 hPa for
Ts = 320 K (yellow circle in Figure 8d). Conversely, some opacity is still redistributed from the middle to the
upper troposphere. This redistribution reduces Lν, but to a lesser extent than at lower Ts (Figure 8e).

4.2.2. Effect on CO2 Forcing

In the context of CO2 forcing F, the redistribution of opacity from the lower to the upper troposphere means that
this opacity can mask a larger part of the CO2 absorption spectrum. Analogous to the arguments from Section 3.1
(Jeevanjee, Seeley, et al., 2021), this decreases F in the general‐constraint experiment (Figure 4q). Due to the
vertical redistribution of absorption (Section 4.2.1), the effect on F increases with Ts until around 310 K, and
decreases again at higher Ts (Figure 5d). Again, the effect is small in magnitude with around − 0.01 W m− 2

(− 0.2%) at 288 K and a maximum effect of − 0.025 W m− 2 (− 0.6%) at 310 K.

These results are similar in magintude to the single‐constraint experiment, both giving roughly an effect of
O(1%). However, the two approaches deliver quite different dependences on Ts. While the sign of the effect
switches in the single‐constraint experiment, it is negative for all Ts in the general‐constraint experiment.

4.2.3. Effect on Longwave Feedback

At first glance, the effect on λν in the general‐constraint experiment looks somewhat similar to that seen in the
single‐constraint experiment (Figures 4n and 4r). However, at closer inspection, it becomes clear that those results
occur for quite different reasons. In the single‐constraint experiment, the positive partial feedback at low Ts was
due to the effect on λsfc (Figure 4o). In the general‐constraint experiment, however, the effect on λsfc is zero by
construction (Figure 4s), because λsfc is only affected by the column‐integrated total τν, which is conserved.
Rather, the entire effect on λν can be explained by the effect on the atmospheric feedback (Figure 4t).

The reason for this is again the redistribution of absorption from the lower to the upper troposphere, as explained
in Section 4.2.1. The consequent reduction in Lν increases with Ts until around 310–320 K, depending on ν,
equivalent to a positive partial feedback. At higher Ts, the sign of the partial feedback switches from positive to
negative as the Lν reduction starts to decrease with Ts (Figure 5e).
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Overall, the effect is in the same order of magnitude as for the single‐constraint experiment, both giving effects of
O(1%) or less at 288 K and up toO(5%) above 300 K. However, the two experiments disagree about both the sign
of the effect and the exact Ts dependence.

4.2.4. Implications for Climate Sensitivity

The effect on S is again dominated by the effect on λ, while the effect on F is much weaker. At 288 K, S is
increased by 0.02 K (1%). The effect on S reaches a peak of around 0.05 K (2%) at around 300 K. Following the Ts

dependence of the effect on λ the sign of the effect on S switches at around 310 K, reaching a reduction of S of up
to − 0.15 K (6%) at 330 K (Figures 5f and 5i).

The two uncertainty experiments disagree on sign and Ts dependence of the effect of continuum uncertainty on S.
The difference is most pronounced at around 300 K, where both experiments predict a local maximum of the
effect, but of opposite sign. However, they agree that the magnitude of the effect is ofO(1%) at 288 K and reaches
O(5%) above 300 K.

5. Discussion
We have developed a careful mechanistic understanding of how uncertainty in the continuum at terrestrial
wavenumbers affects CO2 forcing F, longwave feedback λ, and climate sensitivity S; but how applicable is this to
real world uncertainty? In the following, we address the assumptions underlying our idealized representations of
atmosphere and spectroscopy and discuss their implications for the generalizability of our results.

5.1. Atmospheric Idealizations

In our representation of the atmosphere, we make two major simplifications, both of which are widely used in
idealized single‐column studies of Earth's climate (e.g., Jeevanjee, Koll, & Lutsko, 2021; Jeevanjee, Seeley,
et al., 2021; Kluft et al., 2021; Koll & Cronin, 2018; Koll et al., 2023; Seeley & Jeevanjee, 2021; Stevens &
Kluft, 2023).

First, our single‐column approach by design does not account for horizontal variations in temperature and hu-
midity. The main effect of this approach is an underestimation of the effect of continuum uncertainty due to the
non‐linear dependence of the self continuum on q. To estimate the global mean effect, an average over all Ts

weighted by their occurrence on Earth is better suited. The first‐order effect of this can be estimated by simply
averaging the simulated effects of continuum uncertainty over all Ts that are commonly observed on Earth (270–
310 K). This gives an average effect of continuum uncertainty on climate sensitivity of around − 0.07 K in the
single‐constraint experiment and +0.03 K in the general‐constraint experiment. Those values are larger than the
±0.02 K found for Ts = 288 K, but of similar magnitude, which suggests that this simplification does not
qualitatively affect our results. Note that this estimate only captures variations in Ts, but not variations in relative
humidity R at a given Ts which also occur in the real world. To properly account for this, one would need a
realistic global climatology of Ts and R, which is beyond the scope of our single‐column approach.

Second, we assume a vertically uniform relative humidity profile R = 80%. This approach overestimates mid‐
tropospheric R compared to observational estimates, which generally lie between 40% and 60% (e.g., Sher-
wood et al., 2010; Wright et al., 2010). However, defining a non‐uniform R profile for a wide range of Ts comes
with its own challenges. Defining R as function of pressure does not capture the vertical expansion of the
troposphere as Ts increases, hence it is best practice to defineR as function of temperature instead (Romps, 2014).
However, there are many degrees of freedom in choosing a function for R, and the resulting feedback is often
sensitive to details in the exact definition of this function (Bourdin et al., 2021). The main effect of assuming a
vertically uniformR profile is an overestimation of the effect of continuum uncertainty due to an overestimation
of mid‐tropospheric R. To estimate the effect of this assumption, we performed our analysis for an exemplary,
and inherently somewhat arbitrary non‐uniform R profile (Figure A1), which is described in more detail in
Appendix A. As expected the effect is somewhat reduced in magnitude, but apart from that the results look very
similar (Figure A2).

Therefore, rather than trying to capture both horizontal and vertical variations in R in a realistic way, the goal of
this study is to develop a conceptual understanding of how continuum uncertainty propagates to uncertainty in the
radiative properties of the Earth. To this end, simplifying assumptions are generally much easier to interpret than
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results of more complex experiments, as they help to focus on the essential processes at play. Our conclusions
regarding the different mechanisms by which self and foreign continuum affect forcing and feedback at different
Ts, as well as the different effects of the two uncertainty experiments, do not seem to be affected by either of these
simplifications.

5.2. Spectroscopic Idealizations

Due to the lack of a comprehensive model for continuum uncertainty, we have to rely on idealized representations
of this uncertainty. We perform two experiments based on different idealized representations of continuum
uncertainty. Both of them are obviously not meant to be perfectly realistic; in fact, they can be considered rather
extreme cases that isolate different aspects of continuum uncertainty.

In both approaches, we represent uncertainty by assuming a 10% weaker self continuum compared with
MT_CKD 4.0. This is arguably a conservative estimate, particularly in the 1,000 cm− 1 window, where a number
of studies are consistent with a roughly 20% weaker self continuum than in MT_CKD 4.0 (Burch & Alt, 1984;
Cormier et al., 2005; Fournier et al., 2024, see also Figure 2). Additional simulations we performed show that the
effect of continuum uncertainty is to first order proportional to the assumed magnitude of uncertainty, so the
effects of different magnitudes of continuum uncertainty can be estimated from the results presented here. This
might also be useful to evaluate how future achievements in reducing continuum uncertainty affect uncertainty in
climate sensitivity.

We further assume that continuum uncertainty is spectrally uniform. Given the fact that the continuum in different
parts of the spectrum likely originates from different physical processes, this spectral uniformity is unlikely to
properly represent actual continuum uncertainty. This caveat thus needs to be considered when interpreting the
broadband quantities derived from this assumption.

Similarly, we discard the possibility that the self continuum might be stronger than current estimates because this
would violate radiative closure in the windows. Although a stronger self continuum than in MT_CKD 4.0 is
unlikely for the arguments outlined above, it cannot be entirely ruled out. However, unless the total continuum
absorption in the windows is currently substantially underestimated, this increase in the self continuum would
have to be much smaller than 10% in the windows. In that case, the effect on S would presumably be qualitatively
similar to the continuum uncertainty analyzed above, but with opposite sign and substantially reduced magnitude,
given that most of the effect of the continuum originates in the window.

Furthermore, we assume that total continuum absorption is perfectly known—under some reference conditions in
the single‐constraint experiment and even for all atmospheric profiles in the general‐constraint experiment. In
reality, instrumental errors limit the accuracy of continuum measurements and field studies of the continuum are
additionally affected by aerosol effects (e.g., Shine et al., 2016). Both of these effects cause uncertainty in total
continuum absorption and thus also in the magnitude of our foreign continuum adjustment. For a weaker
adjustment than assumed above, the effect of continuum uncertainty can be estimated qualitatively from Figure 5.
The effect would roughly lie in between the case without foreign continuum adjustment (light blue) and either the
single‐constraint (purple) or general‐constraint experiment (orange), respectively. This would imply a weaker
effect on S at high surface temperatures and a still small effect for Ts = 288 K. For a stronger adjustment than
assumed above, the effect of continuum uncertainty would be even stronger at high surface temperatures.

Moreover, we do not account for uncertainty in the temperature dependence of the self continuum. A recent
comparison of different laboratory studies suggests that the negative temperature dependence might be over-
estimated in MT_CKD 4.0 (Fournier et al., 2024). This can be expected to induce additional uncertainty in F, λ,
and S.

For the single‐constraint experiment specifically, the choice of the reference values T0, p0, and q0 themselves is to
some extent arbitrary. The values we use are chosen to mimic conditions commonly present in both laboratory and
field studies of the continuum. Different choices of these reference values, particularly of q0, have a non‐
negligible quantitative impact on the effect of continuum uncertainty: For q0 = 0.01, the foreign continuum
adjustment is only half as strong compared to q0 = 0.02, which reduces the effect on S by about one third at high
Ts (Figure A2). The biggest effect of q0 is on the exact Ts at which the effects on F and λ change sign, while their
magnitudes are in many cases quite similar. Regardless of the choice of q0, the effect of continuum uncertainty on
S is modest for Ts = 288 K but substantial at high Ts.
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For the general‐constraint experiment, the combination of a perfectly constrained total continuum absorption for
all Ts and a decrease in the self continuum, which strongly increases with Ts, is a rather extreme case. This is
because this combination implies that the foreign continuum increases more strongly with Ts than is supported by
our current understanding. This strong increase of the foreign continuum with Ts would either have to come from
a stronger‐than‐linear dependence on q, which contradicts its definition, or from a strongly positive dependence
on T, which contradicts the current consensus that the foreign continuum is temperature independent.

Given the limited realism in our representations of continuum uncertainty therefore, the results presented in this
study should not be viewed as conclusive quantitative statements on the exact effect of uncertainty in water vapor
continuum absorption. However, they give a good picture of the magnitude and temperature dependence of the
effect and illuminate the different processes at play.

6. Synthesis
We have developed a conceptual understanding of how uncertainty in water vapor continuum absorption at
terrestrial wavenumbers affects CO2 forcing F, longwave feedback λ, and climate sensitivity S. This under-
standing is based on simulations that are idealized both in their treatment of the atmosphere and their repre-
sentation of continuum uncertainty, which allows us to isolate different aspects of the effect of continuum
uncertainty and analyze the underlying processes.

Our results highlight in particular the different effects of self and foreign continuum on λ, which arise from their
different dependences on water vapor concentration q and temperature T. This has implications for both the
dependence of the column‐integrated continuum absorption on surface temperature Ts, and the vertical distri-
bution of continuum absorption within the atmospheric column at a given Ts. This demonstrates the importance of
a correct partitioning between self and foreign continuum absorption and its relevance for climate studies.

Overall, despite the substantial remaining uncertainty in water vapor continuum absorption at terrestrial wave-
numbers, the impact of this uncertainty on S in our simulations is modest for Ts = 288 K. This is the case
compared to both the overall uncertainty in S (Sherwood et al., 2020) and the much smaller uncertainty in the
clear‐sky longwave S studied here (Jeevanjee, 2023; Kluft et al., 2019; Manabe & Wetherald, 1967; Stevens &
Kluft, 2023). However, continuum uncertainty has a substantial effect on S at Ts above 300 K. This causes a non‐
negligible effect in the global mean for present‐day climate, but also directly affects the surface temperature
dependence of S.

Therefore, a better understanding of the processes that cause the water vapor continuum and better estimates of its
magnitude would contribute to further constraining the temperature dependence of S. This temperature depen-
dence is for example, relevant to understand past and possible future climates of Earth, but also those of Venus or
Earth‐like exoplanets, for example, in the context of the runaway greenhouse effect (e.g., Goldblatt et al., 2013). It
could also be useful to interpret estimates of S based on paleoclimate records from very warm climates such as the
Paleocene‐Eocene (e.g., Caballero & Huber, 2013). While continuum uncertainty only has a modest impact on S
for Ts = 288 K, it does affect estimates of S in very warm climates. Therefore, continuum uncertainty affects the
relationship between S inferred from those paleoclimate records and S relevant for contemporary climate change.

For a more quantitative assessment, it would be important to develop a comprehensive model of continuum
uncertainty which, to our knowledge, does not currently exist. Such a model would need to not only include the
actual uncertainty in self and foreign continuum, but also account for the correlation between the two as a function
of temperature and water vapor concentration, covering both terrestrial and solar wavenumbers. Once such a
model exists, it will be possible to assess the exact effect of continuum uncertainty under different climate states
and the implications for interpreting paleoclimate records. Furthermore, one could then quantify the effect under
present‐day climate for a realistic global climatology that accounts for horizontal and vertical variations in
temperature and humidity, for example, using a general circulation model.

Appendix A: Sensitivity to Idealizations
To investigate the impact of the assumption of a vertically uniform relative humidity profileR, we performed the
same analysis as in Section 4.2 for a non‐uniform R profile. We chose a C‐shaped R (Sherwood et al., 2010;
Wright et al., 2010), defined as a function of atmospheric temperature T (Romps, 2014). The profile features
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vertically uniformR = 80% from the surface to the top of the boundary layer
(Ts − 10 K). Above the boundary layer, R first linearly decreases to a min-
imum of 40% in the mid‐troposphere at 250 K, and then linearly increases
again to 80% at 175 K. The R for different Ts are shown as function of p
(Figure A1a) and T (Figure A1b).

The effect of this profile on CO2 forcing F, longwave feedback λ, and climate
sensitivity S is shown in Figure A2. Due to the lower mid‐troposphericR, λ is
more negative (Figure A2b), which results in a lower S (Figure A2c).
Regarding the effect of continuum uncertainty, the choice ofR profile mainly
affects the single‐constraint experiment, where the relative effect on λ and S
are reduced by about a third (Figure A2h,i). For the general‐constraint
experiment, the effect of continuum uncertainty is only affected for
Ts > 300 K. Apart from that, the Ts dependence of all quantities is qualita-
tively very similar to the case of a vertically uniform R profile.

Finally, the effect of a different choice of q0 = 0.01 for the single‐constraint
experiment is shown in Figure A2. The effect on λ and S is increased at
Ts < 295 K but decreased by up to a third at Ts > 295 K compared to the case
of q0 = 0.02 (Figures A2h and A2i). Overall, the Ts dependence is again
qualitatively similar.

Figure A1. Profiles of relative humidity R assuming vertically varying R,
plotted against pressure p (a) and temperature T (b).

Figure A2. Like Figure 5 but now comparing the single‐constraint (purple) and general‐constraint (orange) for vertically uniform (solid) and C‐shaped (dashed) R
profiles. Additionally, the results of the single‐constraint experiment are shown for the choice of q0 = 0.01 (light purple).
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Data Availability Statement
Our analysis is based on the konrad model version 1.0.1 (available at https://doi.org/10.5281/zenodo.6046423,
Kluft et al., 2022), with some modifications to the model to support the scaling of absorption species (available at
https://doi.org/10.5281/zenodo.10961148, Roemer et al., 2024a). For the radiative transfer simulations, we use
the ARTS model version 2.6.2 (available at https://doi.org/10.5281/zenodo.10868342, Buehler et al., 2024). The
model output produced in this study can be found at https://doi.org/10.5281/zenodo.10963838 (Roemer
et al., 2024c), the code needed to run the models and produce the figures of this study can be found at https://doi.
org/10.5281/zenodo.10963797 (Roemer et al., 2024b).
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