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Abstract Earth's climate sensitivity is greatly affected by the compensation between temperature feedback
and water vapor (WV) feedback. Using abrupt 4xCO, experiments, we show that the global-mean WV feedback
is nearly a linear function of the temperature feedback, the slope of which is explained by the longwave radiative
efficiency of WV (¢). Although e remains constant across models in the global mean, it exhibits substantial
spatial variations and is particularly weak in Antarctica, where near-surface inversions decouple the surface
from the free troposphere. We introduce a surface—free troposphere temperature difference (SFTD) metric,
showing that positive SFTD (e.g., high lifting condensation level) amplifies ¢, while negative SFTD (e.g., strong
surface inversion) suppresses it. These findings provide a clear explanation of how local climate conditions
modulate the radiative compensation between temperature and WV feedbacks.

Plain Language Summary Earth's climate sensitivity depends strongly on how temperature and
water vapor (WV) feedbacks compensate for each other to control the radiative energy loss to space. Here, we
introduce a measure of this compensation, showing that the WV feedback is largely a function of the
temperature feedback in different climate models. Although this relationship is robust on the global scale, it
becomes sensitive to clouds, free-tropospheric lapse rate, and surface temperature in zonal mean climatology. In
particular, the compensating effect is weak in high latitudes when near-surface temperature inversion occurs,
highlighting the importance of base state climate in shaping Earth's climate response.

1. Introduction

Earth's climate is regulated by the balance between incoming shortwave radiation and outgoing longwave ra-
diation (OLR) at the top of the atmosphere (TOA). Natural variations and anthropogenic emissions disrupt this
balance by introducing radiative forcing (F), leading to an energy imbalance (N) at the TOA, which warms or
cools the surface temperature until a new equilibrium is established. Radiative feedback parameters (1) quantify
changes per degree of global mean surface temperature increase (AT,) under a given radiative forcing:

N =F+ AT, (1)

As the surface warms, atmospheric and surface conditions evolve, further altering the global mean TOA radiative
fluxes. The combined effect of these adjustments typically reduces the net energy imbalance, yielding a negative
(stabilizing) value for A. The temperature change AT, required to restore energy equilibrium is often referred to as
equilibrium climate sensitivity (Bony et al., 2013; Charney & DeVore, 1979).

It is well-known that the radiative feedback parameter is greatly contributed by temperature and water vapor
(WV) feedback processes (Y. Huang et al., 2007). With surface warming, an increase in temperature enhances the
thermal emission from the surface and atmosphere, reducing the energy imbalance and leading to a negative,
stabilizing feedback process. An increase in specific humidity tends to reduce the thermal (longwave) emission of
the atmosphere and absorb more shortwave radiation, leading to a positive, destabilizing feedback process. This
compensation between temperature and WV feedbacks comes largely from a relatively constant global mean
relative humidity (RH) in the atmosphere of the Earth (Held & Shell, 2012; Held & Soden, 2000; Ingram, 2010,
2013; Jeevanjee et al., 2021; Manabe & Wetherald, 1967; Soden & Held, 2006), so that the specific humidity is
largely a function of temperature, controlled by the Clausius-Clapeyron relation. As a result, a negative feedback
process caused by atmospheric warming is naturally linked with a positive feedback process caused by the related
increase in specific humidity. This motivates studies to adopt a fixed RH feedback analysis framework (Held &
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Shell, 2012; Zelinka et al., 2020) or combine WV and temperature (or lapse rate) feedback for feedback analysis
(Shell et al., 2008; Sherwood et al., 2020; Soden et al., 2008). The combined temperature and lapse rate feedback
has been found to effectively reduce the inter-model spread in global mean radiative feedback among climate
models (Caldwell et al., 2016; Held & Shell, 2012), while leaving a distinct meridional structure that is more
stabilizing in low latitudes and more destabilizing in high latitudes (Feldl & Merlis, 2023).

The strong temperature dependence of WV via the Clausius-Clapeyron relation is well-known, yet the quanti-
tative relationship between temperature and WV remains unclear. This is in part because the radiative feedback is
driven by a spatial integration over layer-by-layer atmospheric perturbations that have undergone complex
radiative transfer processes. This study aims to achieve a quantitative explanation of the radiative compensation
between temperature and WV.

2. Feedback Decomposition Methods

We derive radiative feedback parameters from 150-year abrupt-4xCO, experiments using 44 CMIP6 models.
Specifically, we regress the first and last 10 years of global-mean, annual-mean downwelling radiative flux
anomalies at the TOA against the global-mean, annual-mean near-surface air temperature, obtaining feedback
parameters as the regression slopes. Radiative flux outputs in both all-sky and clear-sky (i.e., no clouds) con-
ditions are used to separate the feedback parameters into longwave (LW) and shortwave (SW) components. In
addition to the global-mean, zonal-mean radiative feedback is derived against the zonal-mean, annual-mean near-
surface air temperature.

The LW and SW feedback parameters can be attributed to contributions from surface temperature (7), air

temperature (7,), WV, albedo (ALB), and clouds (CLD):

A=Adr, + Ap, + Apwwv + Aowerp + Aswwy + Aswerp + Aacss @)

Arw Asw

Temperature (7 and T,) affects the longwave feedback, albedo affects the shortwave feedback, and atmospheric
absorbers (WV and clouds) influence both. Methods such as partial radiative perturbation (PRP) (Wetherald &
Manabe, 1988) and radiative kernels (Shell et al., 2008; Soden et al., 2008), introduced later in this section, are
commonly used to estimate the magnitudes of each term.

Perturbations in these variables can be caused by various processes and can be combined to obtain the radiative
feedback parameters of these feedback processes. For instance, the temperature feedback is often decomposed
into a vertically uniform “Planck” (PL) feedback and a non-uniform “lapse rate” (LR) feedback process:

A=Ap + A7, (PL) + Aig + Apwwy + Aswwv + Aewerp + Aswcrp + AaLs- 3)
E/_/

ApL Awv AcLp

The Planck feedback (4p,) includes the direct contribution of surface warming, Ay, and an atmospheric
component under vertically uniform warming, 17 (PL). Consequently, the atmospheric warming term (47,) in
Equation 2 is equivalent to A7 (PL + LR), where PL and LR denote atmospheric warming processes, and
A7, (LR) is equivalent to A, g.

Awy arises from enhanced longwave trapping and shortwave absorption due to the increased specific humidity
associated with warming, as expressed in Equation 3. With this decomposition, 1,z and Ay often exhibit strong
anti-correlation and a large spread across models (Soden & Held, 2006; Soden et al., 2008), although adding them
together reduces the overall spread by about half (Soden & Held, 2006).

Alternatively, Ingram (2010) and Held and Shell (2012) propose using RH as a state variable for feedback
analysis, so that feedback processes due to atmospheric warming and moistening under fixed RH are combined. In
this framework, Equations 2 and 3 can be rewritten as:

A=A, + A7, (PL) + Ayyjru(PL) + A1k + Awyira(LR) + Awyire + Acep + Aacss 4

PL* LR*
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where * denotes the sum of radiative feedback caused by warming and moistening under fixed RH. Here, Ayy|zy
(both longwave and shortwave) is the portion of WV feedback that accompanies temperature changes at fixed RH,
while Ayyygy corresponds to changes in RH itself. Held and Shell (2012) found that the inter-model spread in A g+
is about half that in either A,z or Ayy.

Regardless of whether one adopts the conventional (Equation 3) or the fixed RH framework (Equation 4),
radiative feedbacks can be derived via either the radiative kernel method or the PRP method, using outputs from
the same abrupt-4xCO, simulations, as described in Supporting Information S1. Following Smith et al. (2021),
only changes between the surface and a time-varying tropopause (Reichler et al., 2003) are considered when
calculating temperature and WV feedbacks.

3. The Radiative Efficiency of Water Vapor

Using the radiative kernel method, Figure 1a illustrates how different variables contribute to radiative feedbacks
under both the conventional (Equation 3) and fixed-RH (Equation 4) frameworks. It shows that the longwave
feedbacks from atmospheric temperature (47,) and WV following fixed-RH (4., wvjry) compensate for each
other, while the surface temperature feedback (1r) does not involve this compensation. To quantify this
compensation, we define the “radiative efficiency of WV” as

=_ /ILW/,1WV|RH =1 /ILAW,T; ’ )
T, T,

a

where A, Aow wvirn. and Asw wy are excluded because they do not directly involve in this compensation. The
term Ay 7 * is the longwave atmospheric feedback under fixed RH, equivalent to the sum of A7 and A,y wy gy -
Using multi-model mean values of i = —2.89 W m?> K™! and Awr: = =157 W m?> KL, we
obtaine = 1 — 1.57/2.89 = 0.46.

3.1. € Explains the Well-Known Compensation Between Temperature and Water Vapor in Inter-model
Spread

This compensation manifests not only in the multi-model mean but also across individual models. In Figure 1b,
despite the substantial inter-model spread in A7, and 4w, wy|zy alone, their linear relationship (slope = —¢) reveals
arobust compensation. The near-zero intercept implies that 4; vy zy has no independent component unrelated to

temperature.

It is well-established that combining the lapse rate and WV feedbacks reduces inter-model spread, particularly
under the specific humidity or fixed RH frameworks Soden and Held (2006) and Held and Shell (2012). To link ¢
with these studies more explicitly, we demonstrate that the inter-model spread in temperature feedback
(Figure 1b, x-axis) is predominantly influenced by changes in the lapse rate (Figure 1c, x-axis):

Ar, ® g + ZTG(PL), (6)

where ZII(PL) = —2.47 Wm™2K™! is the multi-model mean Planck feedback, which remains relatively uniform
across models (Figure 1a) and is largely controlled by the magnitude of the temperature kernel.

The spread in WV feedback (Figure 1c, y-axis) primarily arises from the longwave component (Figure 1b, x-axis)

as Agy wy exhibits small variation across models (0.02 W m 2 K™

Awv = Arwwvire + Aswwvs Q)

The variation in RH results in a nearly negligible global mean A,y gy (0.03 W m~2 K™, with an additional
inter-model spread of 0.05 W m~> K™, as shown on the y-axis of Figure Ic, in comparison with Figure 1b.

Combining the above, the global-mean WV feedback is approximately a linear function of A;p:
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Figure 1. (a) Decomposing radiative feedback (W m~2 K™') of 150 years abrupt-4xCO, experiments using all-sky radiative kernel (Soden et al., 2008), following
Zelinka et al. (2020) and the tropopause definition by Reichler et al. (2003). The mean and standard deviation of 44 CMIP6 models are marked. The mean of total
radiative feedback is —1.03 W m™2 K™, with a standard deviation at 0.36 W m~> K™, The total radiative feedback is decomposed following Equation 3 on the left and
Equation 4 on the right. (b) The relation between atmospheric temperature feedback (47, x-axis) and water vapor (WV) feedback holding fixed relative humidity
(Aw,wvirr) across 44 models. The efficiency of WV, e, defined as the ratio between multi-model-mean A7, and multi-model-mean A,y wvgy (shown as a black dashed
curve), is nearly fixed at 0.46 across all models. (c) Is the same as (b) except for the relation between lapse rate feedback (4;z, x-axis) and WV feedback

(Awyv = Lwwvirn + Aowwvire + Asw,wy); the dotted line has the same slope at € = 0.46 but shifts —2.47 W m~2 K" in x-axis to remove the effect from ZTa (PL) and

shifts 0.27 W m~2 K~ in x-axis to add the effect from jsw,wv-

Awy & = €[Arg + A, (PL)] + Agwwv- ®)

This relationship is illustrated by the dotted black line in Figure 1c and closely matches the slope shown in
Figure 1b. With e = 0.46, the combined spread of Ay + A, is approximately half that of 1, , as noted by Soden
et al. (2008), Shell et al. (2008), and Held and Shell (2012).
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Figure 2. (a) Radiative efficiency of water vapor based on the all-sky radiative kernel (red), clear-sky radiative kernel (blue),
and clear-sky partial radiative perturbation (black), using the abrupt 4xCO, simulation of CMIP6 models. The actual
atmospheric warming (“PL + LR,” dashed) and the vertically uniform atmospheric warming (“PL,” solid) are applied.
Results are inferred from radiative feedback parameters of multi-model-mean of the CMIP6 models presented in Figure S1 in
Supporting Information S1. (b) Cloud masking effect, €,1_y/ €ciear—sky (sOlid black, ratio between red and blue in panel (a)),
compared to cloud transmittance T4 (dotted black).

In summary, global-mean WV feedback scales linearly with temperature feedback, governed by a consistent
efficiency e. This relation constrains the stabilizing feedback component of climate sensitivity across models
(Figure 1a).

3.2. Understanding ¢ From Zonal-mean Decomposition

Under clear-sky conditions, accurate radiative calculations expect a radiative efficiency ¢ ~ 0.75 (Feng, Paynter,
Wang, & Menzel, 2023; Raghuraman et al., 2019), which is primarily governed by WV spectroscopy and pressure
broadening (Feng, Paynter, & Menzel, 2023; Koll & Cronin, 2018; Koll et al., 2023). This value is significantly
higher than the global-mean ¢ ~ 0.46 inferred from all-sky kernels, but remains consistent when clear-sky kernels
are used.

To understand this discrepancy, we decompose ¢ zonally. Figure 2a shows that the clear-sky e peaks at
approximately 0.8 in the tropics and decreases to 0.2 at high latitudes. This reveals a strong meridional structure,
which is contrary to the uniform values expected from conceptual studies.

Clouds reduce € by about 40% (solid black, Figure 2b), and this suppression closely tracks the broadband cloud
transmittance:
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< K7, ait-sky

~cld = >
K T,clear-sky

where K7_denotes the surface temperature kernel. This ratio represents the extent to which clouds attenuate OLR
(Shell et al., 2008; Soden et al., 2008). The zonal mean <4 (dotted black, Figure 2b) is approximately 0.6,
exhibiting some latitudinal variability associated with the climatological distribution of clouds. The agreement
between T4 and the reduction in e confirms that cloud masking scales with longwave attenuation.

While clouds reduce € overall, they do not account for the much weaker € in high latitudes compared to the
tropics. This dominance of temperature over WV feedback has long been recognized as an important charac-
teristic of the polar climate (e.g., Langen et al., 2012; Pithan & Mauritsen, 2014; Taylor et al., 2013; Zelinka
et al., 2012), and is further explained in Section 4.

4. Understanding the Sensitivity to Clear-Sky Base State

As € evaluates the radiative efficiency of WV relative to temperature within a fixed RH framework, the differ-
ences in clear-sky e between high latitudes and the tropics could arise from the lapse rate feedback process,
surface warming patterns, or the base state conditions of the surface and atmosphere (on which the feedback
processes occur). We first examine the role of lapse rate feedback processes, which are known to vary with
latitude. However, as shown in Figure 2a, incorporating 4; only shifts e by less than 0.1. It suggests that the
differences in lapse rate changes are not the dominant driver of e.

These findings indicate that clear-sky base-state conditions serve as a significant control on meridional variations
in €, which motivates further analysis using a method that does not depend on a fixed reference climate state. The
PRP method (Wetherald & Manabe, 1988), unlike the radiative kernel approach, allows the base state to vary
across different geographic locations and models. Global-scale PRP calculations (Supporting Information S1) are
conducted for the same set of CMIP6 models, which are utilized to infer the clear-sky feedback parameters
presented in Figure S1 in Supporting Information S1. Feedback parameters based on the PRP are similar to those
based on the clear-sky kernel, but exhibit a much larger inter-model spread because the base state at each location
is no longer prescribed. The PRP accounts for variations in climatological state across models, although it may be
less accurate than the kernel for shortwave components in regions where diurnal variations are important, as the
kernel data set is computed as the monthly mean of 3-hourly radiative sensitivity. In general, the monthly mean
PRP method shows better agreement with the CMIP6 outputs compared to the clear-sky kernel (Figures S1g and
S1h in Supporting Information S1). The inferred € is shown as black in Figure 2a.

The PRP framework explicitly incorporates base state inputs, including surface temperature, atmospheric tem-
perature, WV, and other greenhouse gas concentrations, allowing us to examine which of these shape the zonal
structure of e. Given that CO, and other well-mixed gases, along with stratospheric temperatures, are relatively
uniform across latitudes, we focus on three key factors that exhibit strong meridional gradients: surface tem-
perature, tropospheric temperature, and WV.

To isolate their roles, we perform mechanism-denial PRP experiments. Each experiment modifies one of the three
base state components, using a “Control” state constructed from zonal, multi-model, and monthly means of the
first 10 years of the abrupt-4xCO, runs (black lines in Figures 3c—3h). For each experiment, three radiative
transfer calculations are performed:

1. The base state temperature, humidity, and surface conditions.
2. A 1-K uniform troposphere—surface warming with fixed specific humidity (compared with (1) to derive 47 ).
3. A 1-K uniform warming with fixed RH (compared with (2) to derive A,y wy|rn)-

In all experiments, the stratosphere is isothermal with uniform specific humidity. Tropopause temperature (77),
pressure (P,), and surface pressure (P,) match the Control. Under these assumptions, the Control (black curve in
Figures 3a and 3b) closely reproduces the multi-model-mean ¢ (solid black curve in Figure 2a), confirming that
variations in € are driven by base state structure, not meridional differences in warming.
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4.1. Effects of Base State Water Vapor

Following PRP methods and the experiment set up described earlier, a “global mean q” experiment is designed to
test whether the weak effect of WV at high latitudes is attributable to the low moisture content. This experiment
assumes that all model grids share the same specific humidity profiles at the global mean values, leading to
unrealistically high RH in high latitudes and low RH in the tropics, as presented in Figures 3c—3e. These inferred
RH profiles at the altered base state are held fixed to compute the magnitude of Ay zy and €. With the same global
mean humidity, the magnitude of A7 becomes more stabilizing at high latitudes and less stabilizing in the low
latitudes compared to the Control (Figure S2a in Supporting Information S1). However, the resulting ¢, displayed
as the blue curve in Figure 3a, retains a meridional structure similar to that of the Control. As a result, Ar, is still
much more important than 4, wyzy in high latitudes, even though the moisture content is 10 times higher than
the reality. This experiment suggests that the low moisture content cannot explain the weak e in high latitudes.

We find that WV affects ¢ mainly through the Clausius-Clapeyron (CC) relationship, which describes how
moisture content increases with warming. This relationship can be approximated as:

ex R Hekrc(T_Tfreué) 9)

where e is the vapor pressure, Tgeese 18 273.15 K, k.. ~ 0.07 K™', as in the August-Roche-Magnus formulation
(Alduchov & Eskridge, 1996). The parameter k.. characterizes the exponential sensitivity of vapor pressure to
temperature, corresponding to roughly a 7% increase in saturation vapor pressure per 1 K of warming.

To isolate the role of this scaling term, we conduct a sensitivity experiment that reduces k.. from 0.07 to 0.04 K™,
A smaller k.. weakens the increase in vapor pressure with warming, resulting in reduced e (Figure 3a, blue dashed
curve). This diminished e makes the longwave feedback more stabilizing: the sum of Ay wy|zy and A7, becomes
more negative than in the Control experiment (Figure S2a in Supporting Information S1). In the extreme case
where k.. = 0, vapor pressure becomes constant and independent of temperature. Without additional WV from
warming, there is no increase in atmospheric opacity, and thus zero e.

These results show that the magnitude of € is strongly controlled by the CC scaling but relatively insensitive to the
absolute base-state moisture content. Therefore, under the real-world CC relation (k.. ~ 0.07 K™"), the zonal-
mean WYV feedback is primarily shaped by the zonal-mean base state of temperature and temperature feedback.

4.2. Effects of Base State Temperature

To isolate the base state effects of the lower tropospheric temperature, surface temperature, and free tropospheric
(FT) lapse rate, three experiments are conducted following the description at the beginning of Section 4.

In the first experiment, we retain the climatological surface temperature (7 ) but assume that the temperature lapse
rate is uniform from the tropopause to the surface at I'y. This assumption constructs the temperature profiles as
shown in Figures 3f—3h. The constant lapse rate at I'; generates a weaker meridional structure in €, as shown in
Figure 3b. It indicates that € is weaker in high latitudes in part due to the weaker thermal contrast and the lapse rate
between tropopause and surface. However, the constant lapse rate cannot fully explain the particularly weak ¢
over the Antarctic (75-90°S), likely due to the presence of near-surface inversion (Figures 3f and 3h).

Figure 3. Zonal mean water vapor (WV) efficiency (¢) calculated using the partial radiative perturbation method and an analytical theory under clear-sky conditions,
highlighting effects of (a) base state of WV and (b) base state of air and surface temperature. Black curves in both panels are Control experiments, using temperature and
humidity conditions of monthly mean, multi-model-mean of CMIP6 abrupt 4xCO, experiments (black in panels (c-h)). In panel (a), the control temperature profiles are
applied to all cases. “global mean q” takes a global mean specific humidity profile (the relative humidity [RH] of which is shown as solid blue in panels (c—e)).

“k.. = 0.04” adopts the actual RH profile (black in panels (f~h)) but hypothetically assumes a weaker CC scaling. In panel (b), the control RH profile is applied to all
cases. “Constant I';” adopts idealized temperature profiles with vertically constant lapse rate, Iy, that maintains the climatological tropopause pressure, tropopause
temperature, surface pressure, and surface temperature (red in panels (f-h)). “Constant I'r;” adopts a I'z; that maintains the maximum tropopause temperature and its
pressure level; the I'rr and surface pressure are used to infer T, g7 as the surface temperature. The yellow curves with markers are the same as “Constant I'r7”” except that
the actual climatological surface temperature, as shown as black markers panels (f-h), is applied to replace T 7. Dotted curves in panel (b) are estimates of e estimated

from Equation 11.
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The second experiment is designed to examine the effects of lower tropospheric and surface temperatures. At each
latitude, we construct a set of base state temperature profiles where the lower tropospheric temperature variation is
removed, using a uniform FT lapse rate I'zy. The bottom of the FT layer is identified as the layer with the
maximum FT temperature T, above 850 hPa. The 850 hPa is used because the emission of WV is most important
in the layers above it (Feng, Paynter, Wang, & Menzel, 2023). The pressure and altitude at this layer are denoted
as pyr and zj, respectively. With the ideal gas law and hydrostatic balance, tropopause and surface pressure can
be expressed as a function of temperature as (Wallace & Hobbs, 2006):

8
T, \Frr
Tr
where g is gravity (9.8 m s™2), R is the specific gas constant for dry air (287.05 Jkg™' K™'). This equation assumes
that the temperature lapse rate is constant from the tropopause to the surface temperature. With this assumption,
we can approximate the average FT lapse rate, ' as:

T,
In =+
8 Trr
FT — 5
Rinf

Assuming the FT lapse rate is further extended to the surface, the surface temperature T ;r would be:

RUpr.
P, g
TS,FT = T, (ﬁ) = T?T + Z’;"TFFT (10)

t

The constructed temperature profiles are shown as yellow in Figure 3; they overlap nicely with the Control in the
middle and upper troposphere but omit the lower troposphere inversion. Using the idealized temperature profiles
and surface temperature at T sy as the base state, the meridional differences in € are greatly reduced (solid yellow
curve without markers in Figure 3a). Compared to the first experiment, a higher lapse rate I'r7 in place of I,
significantly enhances € at high latitudes. It confirms that € is proportional to the tropospheric lapse rate. Because
the zonal mean I'r7 is relatively constant (5.0-6.7 K km™") as the static stability of extratropics tends to be greater
than a moist adiabat (Schneider & O’Gorman, 2008), ¢ produced by the I'z7 experiment varies little with latitude.

The third experiment isolates the effects of lower tropospheric temperature variation and surface temperature.
This experiment is identical to “Constant I'z7,” except that the Control surface temperature is used in radiative
transfer, instead of T rr. As shown in Figure 3 (yellow curve with markers), this experiment overlaps with e of
Control, reproducing a weak ¢ in Antarctica despite its lack of atmospheric temperature inversion except just
above the surface. The finding that the lower tropospheric temperature has almost no effect on € is consistent with
previous studies (Feng, Paynter, Wang, & Menzel, 2023; H. Huang & Huang, 2022), suggesting that longwave
radiative sensitivity is mostly determined by the middle and upper tropospheres.

4.3. Theory

The experiments conducted in Section 4.2 suggest that the meridional variations in € can be explained by free-
tropospheric temperature lapse rate (I'z7), troposphere thickness, and surface temperature. These variables are
important for longwave radiation and have been used by Feng, Paynter, and Menzel (2023) to explain the radiative
feedback parameter under a clear-sky condition. As mentioned above, Feng, Paynter, and Menzel (2023) expects
a relatively constant clear-sky e of approximately 0.75. While this is much larger than the all-sky e due to the
removal of cloud effects, the magnitude of clear-sky e when a relatively constant I'z; is maintained in experiment
“constant I'g7” is indeed close to 0.75 (Figure 3). The idealized study cannot explain the weak € in polar climate
because, similar to the experiment “constant I'z7,” it assumes no temperature discontinuity between 7 and the
atmosphere (Feng, Paynter, & Menzel, 2023; Koll & Cronin, 2018).

The effect of base state 7, on €, assuming independence from atmospheric conditions, can be understood
analytically. Denoting the OLR from the surface as F(7) and the derivative of F(T) with respect to T as F(T)’,
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if the base state T increases by 1 K, the thermal energy passing through the atmosphere increases proportionally
by a = F(T,)'/F(T;). As a result, the thermal energy absorbed by the WV would increase proportionally to
F(T,) by a, because its absorptivity is independent of 7. Likewise, the sensitivity of WV radiative effect on
specific humidity increases proportionally with Ty by a. Using F(T,) and F(T,)" from radiative transfer calcu-
lations, we derived the global mean of a as 1.8% K™ ' (the zonal mean ranges from 1.6 t0 2.1% K™"). Alternatively,
a can be derived using the surface temperature kernel and F(T,) estimates from H. Huang and Huang (2022),
consistent with ours.

This effect of base state T can be incorporated into the analytical formula proposed by Equation 9 of Feng,
Paynter, and Menzel (2023) to approximate € as:

Y
e~ 1——————+aSFID (11)
14 STt
R’
SFTD =T, — T, py = T, — Tty — 7 Tpr (12)

As defined in Equation 10, T p7 is the surface temperature assuming a uniform FT lapse rate I' sy from tropopause
to surface under hydrostatic balance. @ = 1.8% K™ is derived earlier. Surface and FT temperature differences
(surface—free troposphere temperature difference [SFTD]) quantifies the thermal decoupling between the surface
and free troposphere, including its thickness. The y is a fitting parameter that converts the effects on strong WV
channels to longwave broadband, as a simplification of Equation 10 of Feng, Paynter, and Menzel (2023), which
accounts for the gas overlap and is mainly affected by the relative importance of WV compared to CO,. Because
CO, is homogeneous and Section 4.1 has shown that the spatial variation of WV has little effect on €, y can be
assumed as a constant and is empirically derived as 1.8. k. is the CC scaling at 0.07 K™' (see Equation 5).

The analytical formula (Equation 11) can then be applied to the three experiments conducted in Section 4.2, using
the lapse rate and surface temperature of each experiment as input. The results are shown as dotted curves in
Figure 3b. For the two experiments with zero SFTD, the analytical formula closely reproduces the small
meridional variations in these PRP experiments. Since the two experiments differ only in lapse rates, which the
formula captures well, we conclude that higher lapse rates enhance € by increasing thermal emission shift. This
conclusion is largely consistent with previous studies on the control of the lapse rate on the thermal emission shift
(Feng, Paynter, & Menzel, 2023; Y. Huang & Bani Shahabadi, 2014).

By including the effects of SFTD, the analytical formula explains the meridional variations in € induced by the
decoupling of surface temperature from lower-tropospheric temperature (yellow curves with markers in
Figure 3b). As visualized in Figures 3f-3h and 4g, SFTD is positive in low latitudes where the lapse rate below the
lifting condensation level (LCL) exceeds that above, resulting in enhanced €. In contrast, SFTD becomes negative
in regions with near-surface inversions, such as Antarctica, reducing € by up to 0.4. These results demonstrate that
SFTD serves as a simple yet effective measure of € under clear-sky conditions.

Building on this insight, we now incorporate the cloud masking effect to explain the full spatial pattern of e,
combining the analytical expression for clear-sky ¢ with the cloud masking term approximated by cloud
transmittance:

4

kee T, pr

— 4+ 4SFID | T (13)
T+
R

e~|1-—

Figure 4 illustrates how this formulation captures the spatial structure of €. The distribution of clear-sky ¢
(Figures 4a, 4c, and 4e) strongly mirrors that of SFTD. Regions with large positive SFTD, such as the dry
subtropical continents with elevated LCLs, exhibit high clear-sky e (red areas in Figures 4b and 4c). These regions
often have weak convection, minimal cloud cover, and near-unity transmittance (Figure 4d). As a result, high ¢
persists even under all-sky conditions (Figures 4b and 4f).
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Equation 10. (f) All-sky e based on Equation 12. (g) Idealized temperature profile in regions with temperature inversion (linked with negative SFTD, marked as blue) and

dry adiabatic lapse rate (linked with positive SFTD, marked as red) in the lower troposphere.

Tir = maX(T(P)psesohPa)
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Conversely, regions with near-surface temperature inversions, such as the Arctic, Antarctica, and stratocumulus
decks, exhibit negative SFTD and correspondingly low e (blue areas in Figures 4b and 4c). In stratocumulus
regions, extensive low-level cloud cover further suppresses ¢ under all-sky conditions (Figures 4b, 4d, and 4f)).

In summary, the spatial variability in longwave radiative efficiency of WV is primarily governed by clear-sky
thermodynamic structure, as captured by SFTD, while clouds act as another modulator through their masking
effect on thermal radiation.

5. Summary and Discussions

This study introduces a metric to quantify the radiative efficiency of WV (e¢) in the TOA energy budget
(Equation 5). It cleanly isolates the compensating radiative feedback processes caused by warming and moist-
ening under fixed RH (Feng, Paynter, & Menzel, 2023; Held & Shell, 2012; Ingram, 2010, 2013; Jeevanjee
et al., 2021; Koll & Cronin, 2018; Koll et al., 2023). The € is found to be nearly model-independent and that the
WYV feedback is largely a linear function of temperature feedback (Equation 8 and Figures 1b and 1c).

We further show that e exhibits a strong dependence on the climatological base state of temperature and is much
weaker at high latitudes than at low latitudes. This state dependency in e is largely attributed to SFTD. We show
that local TOA radiative energy is more dominated by temperature changes in regions with negative SFTD
(indicating greater inversion strength) and less dominated in regions with positive SFTD (indicating a
higher LCL).

Our study emphasizes the importance of the temperature structure in the radiative feedback process. The global
mean ¢ is largely controlled by the nearly constant FT lapse rate in the tropical and extratropical regions
(Frierson, 2008; Schneider, 2007; Schneider & O’Gorman, 2008). Deviations from the global mean are mainly
caused by the near-surface temperature inversion in the high-latitude atmosphere, which is governed by a state of
radiative-advective equilibrium (Cronin & Jansen, 2016; Miyawaki et al., 2022; Payne et al., 2015) with in-
fluences from sea ice (Boeke et al., 2021; Feldl et al., 2020) and topography (Hahn et al., 2020). It is also
important to note that although WV has weak effects on feedback at TOA, it remains crucial through its influence
on surface and atmospheric energy budgets (Blanchet et al., 1995; Chung & Feldl, 2024; Curry et al., 1995; Henry
et al., 2021).

Data Availability Statement

CMIP6 abrupt 4xCO2 experiment is accessible via https://aims2.1lnl.gov/search/cmip6. Radiative kernel data sets
are publicly accessible via https://climate.earth.miami.edu/data/radiative-kernels (Soden et al., 2008). Results
from partial radiative perturbation experiment are available at Feng (2025).
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