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How to think about the clear-sky
shortwave water vapor feedback

Check for updates

Florian E. Roemer1,3 , Stefan A. Buehler1 & Kaah P. Menang1,2

Earth’s climate feedback quantifies the response of Earth’s energy budget to temperature changes
and thus determines climate sensitivity. The climate feedback is largely controlled by water vapor
which absorbsboth longwave radiation emittedbyEarth andshortwave radiation from theSun. For the
clear-sky shortwave water vapor feedback λSW, a gap remains between process understanding and
estimates fromcomprehensive climatemodels. Therefore,wepresent a hierarchyof simplemodels for
λSW. We show that λSW is proportional to the change with temperature in the square of atmospheric
transmissivity that depends on the atmospheric concentration of water vapor and its ability to absorb
shortwave radiation. The global mean λSW is well captured by a simple analytical model that
approximates the strong spectral variations in water vapor absorption, whereas its temperature
dependence results from spectral details in water vapor absorption. With this study, we expand the
conceptual understanding of an important but understudied feedback component.

Water vapor is themost important greenhouse gas inEarth’s atmosphere. In
particular, it strongly absorbs terrestrial radiation and thus reduces the
magnitude of the longwave feedback by roughly a factor of two [e.g., refs.
1,2]. However, water vapor also absorbs solar radiation and thus causes a
corresponding shortwave water vapor feedback. At the same time, con-
ceptual and analytical studies to understand the effect ofwater vaporhave so
far been limited to the longwave feedback [e.g., refs. 3–6]. To close this gap,
we present a hierarchy of simple analytical and numerical models to study
the clear-sky shortwave water vapor feedback.

The main mechanism of the shortwave water vapor feedback is the
same as for the longwave, resulting from two well-understood properties of
water vapor. First, water vapor effectively absorbs both terrestrial and solar
radiation, and second, its concentration increases with warming following
the Clausius-Clapeyron relation. Hence, water vapor absorption increases
with temperature. However, there is one important difference between the
longwave and shortwave water vapor feedbacks: The longwave water vapor
feedback is closely linked to changes in longwave thermal emission [e.g.,
refs. 3,7], whereas shortwave thermal emission is generally negligible in
Earth’s atmosphere. Following commonpractice [e.g., ref. 8], we thus define
shortwave radiation as radiation originating from the Sun in the spectral
range 2000–32000 cm−1 that encompasses 98% of the total solar irradiance.

Although the shortwave water vapor feedback originates from clear-
sky processes, its magnitude is substantially affected by the presence of
clouds: The global mean shortwave water vapor feedback is estimated at
around 0.16Wm−2 K−1 in clear-sky conditions, but its magnitude increases

to 0.25–0.3 Wm−2 K−1 under all-sky conditions [e.g., refs. 9–11]. This is
because cloud particles scatter shortwave radiation which increases its path
length in Earth’s atmosphere and thus enhances the effect of water vapor
absorption9. However, this scattering strongly depends on cloud altitude,
cloud microphysics, and cloud overlap, which cannot be quantified analy-
tically. Therefore,we focus on the clear-sky shortwavewater vapor feedback,
which we will refer to as λSW in the following.

Although shortwave water vapor absorption is well established to
increase with warming12, it is not obvious how exactly this leads to the
numerical estimates of λSW from comprehensive climate models9–11. Fur-
thermore, in contrast to the longwave feedback [e.g., refs. 5,13–15], little is
known about the surface temperature dependence of λSW and what pro-
cesses control it16. To address these questions, we build a hierarchy of
analytical and numerical models for λSW, ranging from strongly idealized
approximations to explicit radiative transfer simulations. In this way, we
isolate the effects of different physical processes controlling λSW. This
approach is inspired by recently developed analytical models for the clear-
sky CO2 radiative forcing and the clear-sky longwave feedback

5,6,17,18. These
models have helped bridge the gap between complex climate models and
physical process understanding and thus have solidified our understanding
of these important quantities.

In the following,we introduce ahierarchyof simplemodels forλSWand
use it to study its magnitude and its dependence on surface temperature. In
particular, we focus on the effect of different assumptions aboutwater vapor
absorption. In our most realistic model, in the following referred to as the
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radiative transfer model, we use explicit radiative transfer simulations to
assess the effects of processes not included in our analytical models. In this
way, we provide insights into the underlying physical mechanisms that
control λSW.

Results
A simple model for the clear-sky shortwave water vapor
feedback
The shortwave water vapor feedback λSW quantifies how increasing water
vapor absorption with warming reduces the amount of shortwave radiation
that Earth reflects back into space (F"

SW). In the clear-sky conditions studied
here, this upwelling radiation comes from two different sources, namely
reflection at Earth’s surface and molecular Rayleigh scattering in Earth’s
atmosphere. However, while both contribute substantially to F"

SW, mole-
cularRayleigh scattering ismostly independentofwater vapor and thusdoes
not strongly affect the water vapor feedback, as discussed in more detail
below. Therefore, we represent the atmosphere by a non-scattering
single layer.

To start, we recall that

λSW ¼
Z ν1

ν0

λSW;ν dν ð1Þ

where λSW,ν is the monochromatic feedback at a given wavenumber ν, and
(ν0, ν1) refer to the lower and upper bound of the considered spectral range,
respectively. In the following, we thus first derive our model for mono-
chromatic radiation, that is, radiationof a singlewavenumber. In thismodel,
F"
SW;ν is proportional to solar irradiance S0,ν, its incident zenith angle θ, and

Earth’s surface albedoαsfc, as sketched inFig. 1. Furthermore,F"
SW;ν depends

on the transmissivity of Earth’s atmosphere to shortwave radiation tν. In our
model, we approximate tν as a function of water vapor absorption only,
neglecting absorption by other greenhouse gases and molecular scattering.
Because solar radiation passes through Earth’s atmosphere twice (before
and after being reflected at the surface), F"

SW;ν is proportional to t
2
ν (Fig. 1).

Therefore, we write the monochromatic clear-sky shortwave water vapor
feedback as

λSW;ν ¼ � d
dT

F"
SW;ν ¼ �S0;ν αsfc

d
dT

t2ν : ð2Þ

Herewe assume that neither S0,νnor αsfc varywithT in order to isolateλSW,ν

from the surface albedo feedback. Furthermore, we neglect the spectral
variations in αsfc because these variations are very specific to the respective

surface type. The atmospheric transmissivity can be expressed as

tν ¼ e�τν ; ð3Þ

where τν is the optical depthofEarth’s atmospherewhichwe approximate as

τν ¼
κH2O;ν

MH2O

cosðθÞ ; ð4Þ

MH2O
¼ Mref

v e�L=ðRvTÞ: ðClausius� Clapeyron relation Þ ð5Þ

This approximation follows closely Jeevanjee4, except for a few minor
modifications described in the Methods section. In this model, τν depends
on two central quantities: First, the columnwater vaporMH2O

ðTÞ based on
the Clausius—Clapeyron relation in Eq. (5), and second, the mass
absorption cross-section of water vapor κH2O;ν

which we assume to be
independent of temperature. The parameters and physical constants in Eqs.
(4) and (5) as well as their numerical values, can be found in the Methods
section. Using Eqs. (3)–(5) and the chain rule, we can rewrite Eq. (2) as

λSW;ν ¼ 2 S0;ν αsfc
L

RvT
2 τν e

�2τν ; ðmonochromatic feedback Þ

ð6Þ

see “Methods” for a step-by-step derivation. Equation (6) reveals two
interesting properties of λSW,ν. First, while MH2O

itself strongly increases
withT, the relative increase inMH2O

is proportional toL/(RvT
2). Because the

change in atmospheric transmissivity—and thus λSW,ν—depends on the
relative change inMH2O

, the Clausius-Clapeyron relation causes a negative
dependence on T of λSW,ν.

Second, λSW,ν is proportional to the product τν e
�2τν —an expression

thatmaximizes at τν=0.5 (black line in Fig. 2). In otherwords, our analytical
model predicts that λSW,ν is strongest at wavenumbers where τν = 0.5. This
result holds remarkably well in the radiative transfer model when its nor-
malized λSW,ν is binnedwith respect to thewater-vapor optical depth (green
line in Fig. 2, see “Methods” for details). This property is notable because
several studies have shown that longwave emission and absorption max-
imize around τν = 1 [e.g., refs. 18–21]. Themain difference in our context is
that, due to reflection at the surface, solar radiation passes through the
atmosphere twice, doubling the atmospheric path length.Wecan further see
that λSW,ν is substantial for a range of optical depth from about 0.05 to 2,
corresponding to a transmissivity between around 0.95 and 0.14 (gray
shading in Fig. 2). In the following, we will refer to this range as “transition
region” because these τν are located at the transition between the optically
thin and optically thick regimes.

As mentioned above, the broadband λSW results from spectrally inte-
grating the monochromatic feedback λSW,ν over a wide range of wave-
numbers. Although we can simply perform this integration numerically,
this misses a lot of interesting insights into the physical mechanisms that
driveλSW. Inparticular,κH2O;ν

exhibits very complex spectral variations (see
Fig. 3, thin purple line). In the following, we therefore present a hierarchy of
simple models for λSW from the most idealized to the most realistic. The
main difference between these models comes from different assumptions
about the spectral variation of water vapor absorption κH2O;ν

. For a better
overview, the models are listed in Table 1.

Gray model
In our first and simplest model, we assume that both κH2O;ν

and S0,ν are
spectrally invariant (“gray”), that is, they do not varywithwavenumber ν. In
this gray model, the spectral integral is represented by a single broadband
value κgrayH2O

, resulting in a gray optical depth τgray. This gives

λgraySW ¼ 2 S0 αsfc
L

RvT
2 τgray e�2τgray : ð graymodel Þ ð7Þ

sfc

00,,

00,,sfcsfc 00,,

ssffccfff
22

00,,
Rayleigh scattering

(neglected)

Fig. 1 | Sketch of single-layer model for the clear-sky shortwave water vapor
feedback λSW. This model is used to derive a simple expression for the clear-sky
upwelling shortwave radiation at the top of the atmosphere (in the absence of
molecular Rayleigh scattering) based on incoming solar radiation S0,ν, solar incident
angle θ, atmospheric transmissivity tν, and surface albedo αsfc.
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There is no canonical way to determine the value of κgrayH2O
. For the following

analysis, we chose κgrayH2O
� 5 � 10�3 m2 kg�1 which reproduces the

insolation-weighted mean transmissivity at the global mean T = 290 K in
our spectral model, visualized by the gray and purple lines in Fig. 4a (see
“Methods” for details).

We evaluate theperformanceof the graymodel inFig. 4b (gray line).At
290 K, λgraySW � 0:6Wm�2 K�1, almost four times larger than the clear-sky
estimate of 0.16 Wm−2 K−1 of Soden et al.9 (filled circle in Fig. 4b). Fur-
thermore, λgraySW exhibits a very pronounced dependence on T, with a peak of
more than 0.8 Wm−2 K−1 at around 300 K—in stark contrast to the much
weaker dependence on T in the radiative transfer model (green line in
Fig. 4b).

This discrepancy occurs because λgraySW is sensitive to the value of τgray as
stated by Eq. (7) and visualized in Fig. 2. BecauseMH2O

increases by a factor
of 40between270Kand330K, sodoes τgray and thus tgray decreases from0.96
to 0.16, passing through the entire transition region. However, the radiative
transfer model shows a much weaker dependence on T; the insolation-
weightedmean transmissivity in these simulations only decreases from 0.78
to 0.57 in the same range of T, as contrasted in Fig. 4a (gray and green lines,
respectively).

This overestimation of the dependence on T is inherent in the gray
model and occurs regardless of the value chosen for κgrayH2O

. This is because a
higher value of κgrayH2O

only shifts the peak in λgraySW to lower values ofMH2O
—

and thus lower T—and vice versa, but does not change the magnitude of the
peak.Thus, the graymodel is clearlynot suited to capture thebehavior ofλSW.

Exponential model
In our second model, we include spectral variations in κH2O;ν

. Instead of
directly including the complex spectral dependency of κH2O;ν

, we use an

exponential approximation. This approach is motivated by the fact that
whenwe resort the κH2O;ν

spectrum indecreasing order, the resulting κ0H2O;ν
is largely well approximated by an exponential function, as demonstrated in
Fig. 3. This approach also follows previous work in the longwave spectral
range [e.g., refs. 4,5,22]. Due to the simple exponential dependency in the
spectral dimension, the spectral integral λexpSW can be expressed analytically as

λexpSW ¼ S0 αsfc
L

RvT
2

l
Δν

e�2τexpν ðν1Þ � e�2τexpν ðν0Þ
h i

; ð exponentialmodel Þ

ð8Þ

where Δν = ν1− ν0 and l = 1713 cm−1 is the inverse slope of logðκ0H2O;ν
Þ, as

described in more detail the “Methods”.
The importance of considering the spectral dimension to capture λexpSW

is demonstrated in Fig. 5 which visualizes the spectral distributions of τν, tν,
and λSW,ν. For better visibility, the spectra are sorted by descending κH2O;ν

.
Because κexpH2O;ν

varies by many orders of magnitude throughout the spec-
trum, τexpν and thus texpν only lie within the transition region (gray shading)
in a small part of the spectrum (thick solid lines in Fig. 5a, b). As a con-
sequence, the integrated transmissivity in the exponential model only
decreases from 0.94 to 0.74 between 270 K and 330 K (Fig. 4a, blue line).
Although these absolute values of transmissivity aremuchhigher than in the
radiative transfer model, their change with T—the relevant quantity for
λSW—is quite similar.

Furthermore, Fig. 5c demonstrates that indeed only the transition
region exhibits substantial λexpSW;ν (thick solid lines). This is why the inte-
grated λexpSW is much smaller than λgraySW and much closer in magnitude to the
radiative transfermodel (Fig. 4b). AsT increases, the spectral location of the
transition region shifts, but itswidthdoesnot change formostT, because it is

Fig. 2 | Monochromatic clear-sky shortwave water
vapor feedback λSW,ν as function of water vapor
optical depth τν. Shown are the normalized λSW,ν for
our analytical model (black) and the radiative
transfer model (green), plotted against τν (bottom
axis) and transmissivity tν (top axis). The transition
region where λSW,ν is strongest is shaded in gray.
Details on the normalization procedure are pro-
vided in the Methods.

Fig. 3 | Mass absorption cross-section of water
vapor κH2O;ν . Actual water vapor absorption spec-
trum, calculated for reference values of temperature
Tκ = 280 K and pressure pκ = 850 hPa (50 cm−1

moving average, thin purple line) and the same
spectrum sorted by decreasing κH2O;ν

(thick purple
line), as well as the exponential approximation of the
sorted spectrum (blue), and our gray approxima-
tion (gray).
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primarily determined by the exponential fit parameter l in Eq. (8). This is
why λexpSW exhibits a much weaker dependence on T than λgraySW , with a
moderate increase to λexpSW ¼ 0:2Wm�2 K�1 at 270 Kand a slowdecrease at
higher T (Fig. 4b, c).

The reasons for this dependence on T can be best understood by a
closer inspection of Eq. (8), which contains two multiplicative terms that
depend onT. The first term is the Clausius-Clapeyron factor CC≡ L/(RvT

2)
which induces a negative dependence on T as discussed above. The second
T-dependent term of Eq. (8) is the factor

TR � e�2τexpν ðν1Þ � e�2τexpν ðν0Þ ¼ max texpν

� �2�min texpν

� �2
: ð9Þ

We refer to this factor as the transmittivity range factor (TR) because it
quantifies the range between the maximum and minimum values of the
squared transmissivities across the spectrum at a given T. For all T con-
sidered here, maxðtexpν Þ2 ! 1 due to the small κH2O;ν

at high ν. At T ≳
275 K, minðtexpν Þ2 ! 0 and thus TR ! 1. However, at T ≲ 275 K,
minðtexpν Þ2 > 0 and thus TR < 1. This is visualized by the thick solid blue line
in Fig. 5b that does not fall below around texpν � 0:75 at the y-intercept.We
can also think of this factor as quantifying the number of wavenumbers
within the transition region. At lowT, even the strongest absorbing parts of
the spectrum are located far below the upper end of the transition region,
and thus, parts of the transition region are not “occupied” by any
wavenumber. This is visualized by the thick solid blue line in Fig. 5a that
does not cover the entire transition range.

The analytic nature of Eq. (8) allows us to disentangle these two effects
quantitatively.Whenwe only consider theClausius-Clapeyron effect, we set

TR ¼ 1 and the exponential model simplifies to

λexp;CCSW ¼ S0 αsfc
L

RvT
2

l
Δν

: ð exponentialmodel;CConly Þ ð10Þ

As expected, λexp;CCSW continuously decreases with T (dotted blue line in
Fig. 4c).

In contrast, we extract the effect of the transmissivity range on λSW by
replacing T in the Clausius-Clapeyron factor by a constant reference value
Tref = 290 K:

λexp;TRSW ¼ S0 αsfc
L

RvT
2
ref

l
Δν

e�2τexpν ðν1Þ � e�2τexpν ðν0Þ
h i

: ð exponentialmodel;TR only Þ

ð11Þ

As expected, λexp;TRSW increases for T ≲ 275 K and is constant at higher T
(dashed blue line in Fig. 4c).

In thisway,we cannowunderstand thedependenceonTofλexpSW:Below
275 K, λexpSW increases with T because the fraction of the spectrumwithin the
transition region increases; at higher T this effect saturates, and thus the
negative dependence on T of the Clausius-Clapeyron relation dominates.
However, this dependence on T still differs substantially from the radiative
transfer model, which exhibits a monotonously increasing λSW (solid blue
and green lines in Fig. 4c, respectively).

Spectral model
In our third model, we replace the exponential κexpH2O;ν

by the actual
absorption spectrum κH2O;ν

, and we also consider spectral variations in the
incoming solar radiation S0,ν. This requires a numerical integration to cal-
culate the broadband feedback as

λspecSW ¼ 2 αsfc
L

RvT
2

Z ν1

ν0

S0;ν τν e
�2τνdν: ð spectralmodel Þ ð12Þ

In contrast to the more idealized gray and exponential models, this semi-
analytical spectral model reproduces the continuously increasing λSW seen
in the radiative transfer model, although it still underestimates the
magnitude of the increase (purple line in Fig. 4c). This better performance
of the spectral model is not caused by the inclusion of the solar spectrum.
This is because the sawtooth-like shape of κH2O;ν

means that both relatively
high and relatively low values of κH2O;ν

— and thus τν—are distributed
across the solar spectrum, thus canceling out most systematic effects of
spectral variations in the solar irradiance (not shown). This further indicates
that spectral variations in αsfc, which we neglect in this study, presumably
also have a negligible effect on λSW.

Instead, the main reason for the better performance of the spectral
model compared to the exponential model originates from details of water
vapor spectroscopy. This can be readily seen in Fig. 5 which compares the
spectral distributions of τν and λSW,ν between the exponential and the
spectral model (thick solid and dotted lines in panels a and c, respectively).
In the exponential model, the slope of logðτνÞ is constant by definition and
thus the width of the spectral region that has τνwithin the transition region
stays constant above around 275 K, as described in the previous section. In
contrast, the actual τν used in the spectral model features a much steeper
slope for the highest values of κH2O;ν

, which correspond to comparatively
few strong water vapor absorption lines (dotted lines in Fig. 5a). At low T—
and thus smallMH2O

— it is only these few strongabsorption lineswith large
κH2O;ν

that produce values of τν within the transition region. This is
visualized by the blue dotted line that transects the gray-shaded transition
region at a quite steep slope (Fig. 5a). At higher T, a much larger number of
intermediate κH2O;ν

produce values of τνwithin the transition region. This is
visualized by the yellow dotted line that transects the gray-shaded transition
region at a much flatter slope (Fig. 5a). As a consequence, the width of the
spectral region that contributes to λSW—and thus λSW itself— continuously
increases with T in the spectral model, as demonstrated in Fig. 5c (dotted

Table 1 | The model hierarchy used to study the clear-sky
shortwave water vapor feedback λSW

Model assumptions included
processes

equation

Gray model κgrayH2O
spectrally

invariant

linear H2O
absorption

Eq. (7)

S0 spectrally invariant

αsfc spectrally invariant

MH2O
calculated from

Eq. (5)

Exponential model κexpH2O;ν exponentially

decreasing

linear H2O
absorption

Eq. (8)

S0 spectrally invariant

αsfc spectrally invariant

MH2O
calculated from

Eq. (5)

Spectral model κH2O;ν spectrum linear H2O
absorption

Eq. (12)

S0,ν spectrum

αsfc spectrally invariant

MH2O
calculated from

Eq. (5)

Radiative
transfer model

κH2O;ν spectrum linear H2O
absorption

–

S0,ν spectrum non-linear H2O
absorption

αsfc spectrally invariant other
greenhouse gases

MH2O
from single-

column model
molecular
scattering
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lines). At the T considered here, this effect is stronger than the negative
dependence onT induced by the Clausius-Clapeyron factor, which explains
the positive dependence on T of λspecSW .

Even for the spectralmodel, the spectral distributions of τν and tν differ
quite substantially from the radiative transfer model (Fig. 5a, b). This is
because of the approximation that τν is governed only by water vapor
absorption. In reality, τν is also shaped, among other factors, by absorption
of other greenhouse gases and molecular scattering, as discussed in more
detail in the following section. However, most of these other factors do not
vary withT and therefore their inclusion has a much weaker effect on λSW,ν

(Fig. 5c).

Radiative transfer model
Our final and most realistic model is not based on Eqs. (4)–(6) but instead
consists of explicit radiative transfer simulations based on the line-by-line
model ARTS23,24. In contrast to the idealizedmodels above, we do not derive
MH2O

from Eq. (5) but instead use atmospheric profiles of temperature and
water vapor concentration based on the single-column atmospheric model
konrad25–27 (see “Methods” for details).Hence, thismodel includesprocesses
not captured by the more idealized models presented above, such as
deviations from the linear relationship betweenMH2O

and τν assumed inEq.
(4), absorption by other greenhouse gases, and molecular Rayleigh scat-
tering (see Table 1).

Asmentioned above, both themagnitude and dependence onT of λSW
are similar between the spectral model and the radiative transfer model.
However, the radiative transfer model generally exhibits higher values of
λSW, particularly at high T. These differences can be attributed to deviations
from some of our approximations. We disentangle the effects of these
approximations by analyzing different configurations of both the spectral
model and the radiative transfer model in which we successively remove
discrepancies between the two models. The different steps are described
below and visualized in Fig. 6a.

The calculation ofMH2O
in Eq. (5) makes two major approximations

that cause it to underestimate the increase ofMH2O
withwarming compared

to konrad (solid purple and green lines in Fig. 6b, respectively). First,
equation (5) only considers the equilibrium water vapor pressure es over
water, while konrad accounts for the lower es over ice

26. When we analo-
gously calculate es over water in konrad, the discrepancies decrease below
around 290 K (dashed green line in Fig. 6b). Second, Eq. (5) applies the
Clausius-Clapeyron scaling ofMH2O

to surface temperature Ts rather than
the temperature of the lower troposphere TLT where most water vapor is
located.This part of the atmosphere is somewhat colder than the surface, but
warms at a similar rate as T increases. To approximate this behavior in our
spectral model, we replace T in Eqs. (5) and (12) by TLT = T − 16 K; this
empirical tuning yields a much better agreement with konrad (dashed
purple line in Fig. 6b). The combined inclusion of these two effects

Fig. 4 | Comparison of different models for the
clear-sky shortwave water vapor feedback λSW.
Dependence of (a) atmospheric transmissivity and
(b,c) clear-sky shortwave water vapor feedback λSW
on surface temperature T in our model hierarchy.
For reference, previous estimates of the global mean
clear-sky and all-sky λSW are shown in (b). In (c), we
disentangle the effects of the Clausius-Clapeyron
factor (CC) and the transmissivity range factor (TR)
on λSW.
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substantially decreases the discrepancies in λSW (dashed light green and
dashed purple lines in Fig. 6a).

In our analytical models, we neglect Rayleigh scattering by air mole-
cules, which is responsible for ≈ 30 % of F"

SW. This is why even the spectral
model strongly underestimates τν (and overestimates tν) at ranks of κH2O;ν
above 10,000, the spectral region where Rayleigh scattering is stronger than
water vapor absorption (Fig. 5a,b). However, a large part of the scattering
occurs above the atmospheric boundary layer where most water vapor is
located. Furthermore, water vapor absorption tends to be strongest for low
wavenumbers ν, whereas Rayleigh scattering mostly occurs at high ν.
Therefore, radiation scattered by air molecules is much less likely to be
absorbed by water vapor compared with radiation reflected at the surface,
and thus is much less affected by the increase in MH2O

with warming.
Therefore, the λSW in our radiative transfer model only decreases slightly
when we perform simulations without scattering (dashed medium green
line in Fig. 6a).

In our analytical models, we also neglect the absorption of greenhouse
gases other than water vapor, such as CO2, CH4, and O3. This absorption
reduces the effect of water vapor by causing some wavenumbers to be
optically thick regardless of water vapor concentration, effectively “mask-
ing” water vapor absorption, and thus reducing the number of wave-
numbers that pass through the transition region. This effect is particularly
striking when comparing the spectra of τν between the spectral model and
the radiative transfermodel for the ranks of κH2O;ν

between 2500 and 10000
(Fig. 5a). This part of the spectrum largely consists of wavenumbers located
in windows between strong water vapor absorption bands but close to the
bandcenters of other greenhouse gases (not shown). Therefore, the radiative
transfer model exhibits very high values of τν despite relatively moderate
values of κH2O;ν

in these spectral regions, which by construction are not

captured by the spectral model. However, because the absorption by non-
H2O greenhouse gases does not strongly depend on T, this has only a weak
effect on λSW:Whenwe remove all greenhouse gases other thanwater vapor
fromour radiative transfermodel, λSW only increases slightly (short-dashed
dark green line in Fig. 6a).

Another simplification in our analytical models is the assumption that
τν scales linearly withMH2O

. Although this is a decent approximation at low
T, water vapor absorption scales supralinearly with T, causing a stronger
λSW at high T. This supralinear scaling is caused by self-broadening
mechanisms by which interactions between water molecules increase the
width of their absorption lines [e.g., ref. 28]. Part of this broadening is
describedby thewater vapor self continuum,which scalesquadraticallywith
water vapor concentration [e.g., ref. 29].Whenwe run the radiative transfer
model without water vapor continuum absorption, that is, only including
water vapor line absorption, the resulting λSW is in good agreementwith our
spectral model below around 310 K; however, the spectral model slightly
overestimates λSW below 290 K and underestimates it above 290K (dotted
black and dashed purple lines in Fig. 6a, respectively). This is presumably
because water vapor line absorption is also subject to self-broadening
mechanisms and thus also increases supralinearly withMH2O

.
Finally, in our analytical models, we also neglect the temperature

dependencies of two quantities used to calculateMH2O
. First, we neglect the

temperature dependence of the reference water vapor columnMref
v , which

in the model of Jeevanjee4 changes by approximately 0.2 % K−1. Second, we
neglect the temperature dependence of the latent heat of vaporization for
H2O, L, which decreases with T by around −0.1 % K−1 [e.g., ref. 30].
However, since the temperature dependence ofMH2O

is dominated by the
Clausius-Clapeyron factorL/(RvT

2)≈7%K−1, bothof these approximations
presumably have only a minor effect.

Fig. 5 | Monochromatic optical depth τν, trans-
missivity tν, and clear-sky shortwave water vapor
feedback λSW,ν. Spectral distributions of (a) τν, (b)
tν, and (c) λSW,ν for different surface temperatures T,
all sorted by descending κH2O;ν

. In (a) and (b), the
transition region is shaded in gray. Shown are the
curves for the exponential model (thick solid lines),
the spectral model (thick dotted lines), and the
radiative transfer model (thin solid lines).
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Discussion
We present a model hierarchy ranging from analytical models to radiative
transfer simulations and use these models to study the clear-sky shortwave
water vapor feedback λSW. In our analytical models, λSW is proportional to
the change in the square of atmospheric transmissivity tν with temperature
T. This means that λSW originates mainly from spectral regions that tran-
sition from optically thin to optically thick, peaking at an optical depth of τν
= 0.5. In this way λSW departs from the τν = 1 “law” previously found for
longwave emission [e.g., refs. 18–21].

Furthermore, we highlight the role of water vapor spectroscopy in
determining both the magnitude and temperature dependence of λSW.
Because water vapor absorption κH2O;ν

varies across many orders of mag-
nitude throughout the shortwave spectrum, only a small part of the spec-
trum contributes to λSW at any given temperature. This behavior is overall
well captured by approximating κH2O;ν

to decrease exponentially with
wavenumber ν. However, the dependence of λSW on surface temperature T
is determined by subtleties in the spectrum of κH2O;ν

that cause the fraction
of the spectrum with τν ≈ 0.5 to continuously increase with temperature.
This demonstrates that the spectral dimension is a useful perspective not
only for the longwave [e.g., refs. 3,13,31,32], but also for the shortwave part
of Earth’s radiative feedback.

At globalmeanT=290 K,most of ourmodels yield a λSWbetween 0.13
Wm−2 K−1 and 0.15 Wm−2 K−1, similar to the estimate of Soden et al.9 of
0.16Wm−2 K−1, albeit slightly smaller. Asmentioned above, the all-sky λSW
is substantially stronger due to the effect of scattering by clouds and aerosols.
Although these effects cannot be quantified analytically, it would be inter-
esting to systematically assess the effects of cloud altitude, cloud micro-
physics, and cloud overlap on the magnitude of λSW.

With this work, we provide simple physical explanations for the
magnitude of λSW and its dependence on T, complementing similar stu-
dies of the longwave feedback3–6. In this way, we provide a more complete
picture of the role of water vapor in Earth’s climate system, bridging the

gap between complex climate models and theoretical process
understanding.

Methods
Monochromatic feedback
From Eq. (2), we use Eqs. (3)–(5) and the chain rule to derive Eq. (6) as
follows:

λSW;ν ¼ �S0;ν αsfc
d
dT t2ν
� �

¼ �S0;ν αsfc
d
dT e�2τν
� �

¼ 2 S0;ν αsfc
dτν
dT e�2τν

¼ 2 S0;ν αsfc
d logðτν Þ

dT τν e
�2τν

¼ 2 S0;ν αsfc
L

Rv T
2 τν e

�2τν : ðmonochromatic feedback Þ

ð13Þ

To compare the behavior of this simple analytical model with the radiative
transfer model in Fig. 2, a normalization is performed. For the analytical
model, this simply means isolating the mathematical expression τν e

�2τν

and plotting it as a function of τν (black line). For the radiative transfer
model, we bin its full λSW,νwith respect to the optical depth τνofwater vapor
absorption in the interval τν∈ [0, 3] in steps of 0.01 and calculate the average
λSW,ν over each bin. We then scale these averages so that their integral over
the interval τν∈ [0, 3] is equal to that of the analytical expression τν e

�2τν to
compare the variations with τν (green line).

Gray model
Weapproximate the spectral integral by replacing themonochromatic τν by
a single value

τgray ¼
κgrayH2O

MH2O

cosðθÞ : ð14Þ

Fig. 6 | Effect of clear-sky processes not included in
our analytical models. a Comparison between λSW
from different versions of the spectral model (pur-
ple) and radiative transfer model (green). b Relative
change in water vapor columnMH2O

with warming
based on the simple Clausius-Clapeyron (CC) scal-
ing in Eq. (5) (purple) and based on the single-
column model konrad on which our radiative
transfer model is based (green).
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To evaluate the model numerically, we chose κgrayH2O
so that our gray model

reproduces the insolation-weighted zenith transmissivity of Earth’s atmo-
sphere to shortwave radiation at the globalmean surface temperature ofT=
290 K, which we calculate using the actual spectra of κH2O;ν

and S0,ν. This
gives

κgrayH2O
¼ � cosðθÞ

MH2O
ð290KÞ log

1
S0

R ν1
ν0
S0;ν e

�κH2O;ν
MH2O

ð290KÞ= cosðθÞ dν
� �

¼ � cosð48:19�Þ
21:4 kgm�2 logð0:85Þ

¼ 5:1 � 10�3 m2 kg�1:

ð15Þ

Exponential model
We account for spectral variations in τν but not in S0,ν, yielding the
monochromatic

λexpSW;ν ¼ 2
S0
Δν

αsfc
L

RvT
2 τexpν e�2τexpν ; ð exponential model;monochromatic Þ

ð16Þ

from which we infer the broadband exponential feedback by spectral inte-
gration:

λexpSW ¼ 2
S0
Δν

αsfc
L

RvT
2

Z ν1

ν0

τexpν e�2τexpν dν: ð17Þ

This integral can be expressed analytically using the exponential ansatz

τexpν ¼ MH2O

cos θ
κexpH2O;ν

¼ MH2O

cos θ
κ0 e

�ν=l: ð18Þ

and thus

d logðτexpν Þ
dν

¼
d log κexpH2O;ν

� �
dν

¼ � 1
l
; ð19Þ

similar to Jeevanjee et al.18 and Jeevanjee & Fueglistaler21. We thus rewrite
Eq. (17) as

λexpSW ¼ 2 S0 αsfc
L

RvT
2

1
Δν

R ν1
ν0
ð�lÞ d logðτν Þdν τexpν e�2τexpν dν

¼ S0 αsfc
L

RvT
2

l
Δν

R ν1
ν0

d
dν e

�2τexpν dν

¼ S0 αsfc
L

RvT
2

l
Δν e�2τexpν ðν1Þ � e�2τexpν ðν0Þ
h i

: ð exponential model Þ
ð20Þ

To evaluate the model numerically, we first resort κH2O;ν
in decreasing

order, similar to the approach of Romps et al.22. We then perform a linear
least-squares fit against the resorted logðκ0H2O;ν

Þ as a function of
wavenumber ν. This gives us the exponential fit

κexpH2O;ν
¼ 0:57m2 kg�1 � e�ν=1713 cm�1

: ð21Þ

Spectral model
We include the actual spectra of both τν and S0,ν which yields

λspecSW;ν ¼ 2 αsfc
L

RvT
2 S0;ν τνe

�2τν : ð spectralmodel;monochromatic Þ

ð22Þ

Due to the complex spectral dependencies of τν and S0,ν, the broadband
feedback has to be inferred by evaluating the integral numerically:

λspecSW ¼ 2 αsfc
L

RvT
2

Z ν1

ν0

S0;ν τνe
�2τνdν: ð spectralmodel Þ ð23Þ

Radiative transfer model
For our radiative transfer simulations, we use the line-by-line model ARTS
version 2.623,24, which was recently extended to support radiation from a
solar source33.We cover a spectral range of 2000–32000 cm−1 with a spectral
resolution of 1 cm−1, disabling thermal emission.We include absorption by
H2O, CO2, O3, CH4, N2, and O2. Line absorption is calculated using the
internal ARTS Catalog Data, which in turn is based on the high-resolution
transmissionmolecular absorptiondatabase [HITRAN,34] as of 2022-05-02.
Continuum absorption is calculated using the MT_CKD models for CO2

and N2 (both version 2.5), O2 (version 1.0), and water vapor (version 4.0)
35.

For computational efficiency, we use the ARTS-internal absorption lookup
table36.

The atmospheric input is from the single-column model konrad ver-
sion 1.0.125–27 and emulates the properties of our analytical models: For a
given surface temperatureTbetween250Kand330K,weassumea constant
temperature lapse rate Γ = 6.5 K km−1 in the troposphere untilTstrat = 194K
is reached; in the stratosphere above we assume constant T = Tstrat. Relative
humidity is set to 75 % in the troposphere, in the stratosphere we use the
same water vapor volume mixing ratio as at the tropopause. We use 128
vertical atmospheric layers; surface albedo, solar zenith angle, and solar
irradiance are the same as in our analyticalmodels (see below). The trace gas
concentrations for CO2, CH4, and O3 follow Wing et al.37.

Parameter selection
Our analytical models contain a number of parameters, which we chose
based on several previous studies (see Table 2). Themodel is very similar to
themodel developed by Jeevanjee4, but differs in a few details. First, we scale
the optical depth τν by a factor of 1= cosðθÞ to account for the fact that the
solar radiation is incident at an angle θ relative to the zenith37,38; see below for
a discussion of howwe chose θ. Second, instead of the pressure scaling term
used by Jeevanjee4, we approximate the effect of pressure broadening by
calculating the water vapor mass absorption cross-section κH2O;ν

at an
effective reference temperature and pressure, following Stevens & Kluft6.
Furthermore, we use different reference temperature values to derive the

Table 2 | Parameters and physical constants used in
our models

Meaning Value Reference

αsfc Surface albedo 0.12 L’Ecuyer et al.39

S0 Insolation 340 W m−2 Cronin38

θ Solar zenith angle 48.19∘ Cronin38

Tκ Temperature for calculation of κH2O;ν 280 K Stevens & Kluft6

pκ Pressure for calculation of κH2O;ν
850 hPa Stevens & Kluft6

Tstrat Stratospheric temperature 194 K Stevens & Kluft6

Ts Reference surface temperature 290 K

R Relative humidity 0.75 Jeevanjee4

Γ Temperature lapse rate 6.5 K km−1 Jeevanjee4

pref
v Reference water vapor pressure 2.5 ⋅ 1011 Pa Jeevanjee4

ν0 Lower bound of spectral range 2000 cm−1

ν1 Upper bound of spectral range 32000 cm−1

L Latent heat of vaporization for H2O 2.5 ⋅ 106 J kg−1

Rv Specificgas constant ofwater vapor 461.5 J kg−1 K−1
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constant

Mref
v ¼ R prefv ðTs þ T stratÞ

2ΓL
: ð24Þ

Following Stevens & Kluft6, we use a stratospheric temperature of Tstrat =
194 K instead of 210 K, but λSW is not very sensitive to this choice.We use a
fixed surface temperature of Ts = 290K instead of the variable T ∈ [250 K,
330 K], which would induce a weak temperature dependence inMref

v . This
makes the model conceptually simpler and only has a minor impact
(see above).

Our analytical models state that λSW scales directly with surface albedo
αsfc, consistent with the previous finding that λSW is strongest in the polar
regions, where the surface albedo is highest9. This in turn means that
quantitative assessments of λSW are very sensitive to the choice of αsfc. The
surface albedo αsfc = 0.12 in ourmodel represents the global mean clear-sky
albedo, which we derive from the global mean ratio of reflected shortwave
radiation (USW)anddownwelling shortwave radiation (DSR) at the surface
[39, their Tab. 4].

In our model, we neglect variations in the solar zenith angle, which
in the real world differs between the polar regions and the tropics, but
instead only consider one single incident angle θ = 48.19∘. This angle
represents the global mean insolation-weighted zenith angle and,
combined with a solar constant of S�0 ¼ 510 Wm−2 yields the global
mean insolation of S0 ¼ S�0 cosðθÞ ¼ 340 Wm−2, as described in detail
by Cronin38. This means that our estimate at lowT is presumably higher
than the local λSW expected in Earth’s polar regions, which in the real
world exhibit lower solar irradiance and vice versa for tropical regions.
The solar spectrum used for both the spectral model and the radiative
transfermodel is the SSI CDR reference spectrum ofMay 200440, rescaled
to a solar constant of S�0 ¼ 510Wm�237.

Data availability
The model output data used in this study can be found at Roemer et al.41.

Code availability
The code used in this study can be found at Roemer et al.42.
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