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Abstract

The Earth’s global radiation budget depends critically on the relationship between outgoing
ongwave radiation (OLR) and surface temperature (7). Using the fifth generation of European
ReAnalysis dataset, we find that although OLR appears to be linearly dependent on T over a wide
range, there are significant deviations from the linearity in the OLR-T; relationship for regions
warmer than 270 K T, which covers 89% of the surface of Earth. While the AMIP runs of CMIP6
models largely capture the overall OLR-T relationship, considerable discrepancies are found in
clear-sky OLR at given T ranges. In this study, we investigate physical mechanisms that control the
clear-sky OLR-T; relationship seen in reanalysis and CMIP6 models by using accurate radiative
transfer calculations. Our study identifies three key mechanisms to explain both the linearity and
departure from linearity of the clear-sky OLR-T relationship. The first is a surface contribution,
controlled by the thermal emission of the surface and the infrared opacity of the atmosphere,
accounting for 60% of the observed clear-sky OLR-Tj linear slope. The second is changes in
atmospheric emission induced by a foreign pressure effect on water vapor and other greenhouse
gases, which accounts for 30% of the linear slope in a clear-sky condition. The third is changes in
atmospheric emission induced by variations in relative humidity (RH), particularly in the
mid-troposphere (250 to 750 hPa), which determines the non-linearity in the clear-sky OLR-T;
relationship and adds to the remaining 10% of the slope. The inter-model spread in
mid-tropospheric RH explains a large fraction of the differences in clear-sky OLR across CMIP6
models at given surface temperatures. Furthermore, the three key mechanisms outlined here apply
to the OLR-T; relationship in all-sky conditions: clouds disguise the surface contribution but
increase the atmospheric contribution, retaining a similar linear slope to the clear-sky condition

while amplifying the non-linear curvature.

1. Introduction

The Earth’s climate is regulated by the balance
between the net incoming solar radiation and the
outgoing longwave radiation (OLR) at the top-of-
atmosphere (TOA). The surface of the Earth absorbs
energy from incoming solar radiation and emits it in
the longwave spectrum. Greenhouse gases and clouds
trap the longwave energy radiated from the surface
and re-radiate a fraction of it back to space, con-
trolling the OLR at the TOA. Any additional energy

© 2023 The Author(s). Published by IOP Publishing Ltd

input leads to an increase in the planet’s surface tem-
perature (T5), which is a key quantity for evaluating
the potential impacts of climate change on natural
and human systems. Understanding the global rela-
tionship between OLR and T; is vital for compre-
hending the radiation balance of the present-day cli-
mate and serves as an important indicator of future
climate change.

The relationship between OLR and surface tem-
perature (T;) has been extensively studied using
Earth system models and observational data. Previous
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research has revealed that over Earth’s surface, the
OLR exhibits a near-linear relationship with T, char-
acterized by a regression coefficient of approximately
2W m~2K~! under clear-sky conditions [1-3]. This
overall linearity is attributed to the trapping green-
house effect of water vapor, which is predominantly
influenced by T and offsets the growth curve in sur-
face thermal emission [2]. However, it is import-
ant to note that OLR is not solely controlled by
T, as it is also sensitive to atmospheric conditions
and clouds [4-12]. Consequently, stronger deviations
from a simple linear function over T are observed
in subtropical and tropical regions [13], exhibiting
seasonal [14] and inter-annual variations [15], as well
as under global warming scenarios [16, 17].

This study investigates the key atmospheric con-
ditions that shape the observed OLR over the present-
day Earth in sections 2 and 3 and the causes of the
inter-model spread in clear-sky OLR in section 4. The
results are summarized and discussed in section 5.

2. The OLR-T; relationship in the
present-day Earth

OLR is jointly determined by the opacity of the atmo-
sphere and the thermal emissions from both the sur-
face and the atmosphere. Mathematically, it can be
expressed as follows:

OLR:/‘IUBU(TS)dU—l—/EUdU
=3B(T,) +E.

(1)

Here, T, represents the surface temperature, v
denotes the spectral frequency, ¥, and E,, refer to
the transmittance through the entire atmosphere and
atmospheric emission at each spectral frequency,
respectively. B, (T;) represents the black-body emis-
sion at frequency v, determined by Planck func-
tion of temperature at T;. The terms E = fv E,dv
and B= [ B,dv correspond to the integrated atmo-
spheric emission and black-body emission, respect-
ively. The term T = [ T, B, (Ts)dv/B(Ty) represents
the broadband transmittance, indicating the rate at
which surface emission transmits to space.

With an increase in surface temperature (d7T5),
OLR increases (FOLR) under the impact of the co-
variation of atmospheric transmittance and emis-
sion with 6T, (6% and 0E). SOLR can be analytically
decomposed as:

SOLR = (T +6%) B(Ts + 6Ts) — TB(Ts) + 6E
=T [B(Ts+ 6Ts) — B(Ts)] +B(Ts + 6T5) 6% + OF.

TSB(Ty), surface’

‘atmosphere’

(2)

In this expression, the total JOLR is decomposed
into a surface and an atmospheric contribution. The

] Feng et al

surface contribution, TIB(Ty), represents the change
in OLR resulting from a one-sided partial radiat-
ive perturbation in T,. When 6T, = 1K, this term
is known as the ‘surface Planck feedback’ [2, 18,
19] or the surface temperature kernel [10, 20, 21]
at local grid points. The atmospheric contribution,
B(T + 0T,)6F + SE, accounts for changes in JOLR
due to perturbations in atmospheric transmittance
and emission.

Under clear-sky conditions, Koll and Cronin
[2] proposed that the rate at which surface
emission transmits to space determines JOLR
(0OLRy ~ T06B(T,), where the subscript ‘cs’
denotes the clear-sky conditions hereinafter). They
found that the clear-sky OLR tends to increase lin-
early with T rather than following a quadratic growth
curve following B(T), consistent with earlier studies
[1]. They further suggested that this linearity arises
because the quadratic growth curve rate in B(T) is
offset by the rate at which water vapor transmittance
(~ %) decreases with Ts.

With the fifth generation of European ReAnalysis
(ERAS5 [22]) and line-by-line radiative transfer code,
GPU-able Radiative Transfer code (GRTCODE, see
appendix A), we can quantitatively examine how well
the surface contribution can explain the observed and
simulated OLR-T; relationship on present-day Earth.
Figure 1(a) shows the multi-year-mean OLR at every
grid point on Earth as a function of T, based on the
reanalysis, with the global distribution of multi-year-
mean T presented in figure B1. Figure 1(a) suggests a
near-linear increase in OLR with T, with more pro-
nounced deviations from linearity in warmer regions.
The linear regression slope is 1.93 W m~2 K~! under
clear-sky conditions, consistent with the findings of
(2], and 1.68 W m~2 K~ ! under all-sky conditions.

To compute T,6B(T;) at each grid point, we con-
duct line-by-line radiative transfer calculations using
GRTCODE, as described in appendix A. Similar to
figures 1(a) and (d) presents T0B(T) as a func-
tion of Ts. When compared to the observed clear-
sky OLR-T; slope, however, T0B(Ty) is significantly
lower and decreases further with increasing T. The
magnitude of T 6B(Ty) is highly consistent with the
line-by-line calculations conducted in [19] and the
clear-sky surface temperature kernel available in pub-
licly accessible datasets [10, 20].

To determine how much OLR increase from a ref-
erence T due to the surface contribution, we integrate
T (as a function of T,) over B(T;) as:

T=T;

AOLR. (T;) = / TdB(T;). (3)

Tssz,ref

The derived AOLR, . is then utilized to ‘predict’
the clear-sky OLR curve and is shown as the black
dashed curve in figures 1(b) and (c), following [2],
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Figure 1. (a) All-sky and (b) clear-sky outgoing longwave radiation (OLR) in W m =2 as a function of local surface temperature
(Ts) in K, based on multi-year-mean gridded ERA5 reanalysis from 1998 to 2014. The color represents the percentile of data grids
falling within each 1K x 1 W m™2 box over the globe. The solid curves show the mean OLR at each 1 K T bin from ERA5. The
dotted lines represent the linear regression lines of OLR to T, with the regression coefficients labeled (based on 220 to 305K T
range). The top x-axis displays the percentiles of the surface area colder than 220, 240, 260, 280, and 300 K based on
multi-year-mean T. Panel (c) is similar to (b), but it covers the T range from 270 K to 305 K, corresponding to 89% of the surface
area. Panel (d) is similar to (b) but represents the clear-sky surface contribution to the OLR-T; slope, evaluated as T;dB(T)
(equation (2)) at every grid cell, and the mean of it at every T bin is integrated into the dashed curves in panels (b) and (c).

using reference T, T ref, at 270 K. It becomes evident
that AOLRy. significantly underestimates the OLR
slope, regardless of the reference T (figures 1(b) and
(c)). Thus, the surface contribution T6B(T;) alone
cannot explain the linear OLR-T relationship to first
order. In particular, in regions with T; above 290K,
T OB(T;) is less than 1Wm™2K~! (figure 1(d)).
Given its magnitude, which is much smaller than
the actual OLR-T; slope observed in these regions
(~2Wm™2K 1) [3], T6B(T,) cannot account for
the observed OLR-T; slope, regardless of the grid
points being selected from this region. A significant
portion of the linearity must arise from the atmo-
spheric contribution in equation (2).

Although figure 1 shows a linear OLR-T; rela-
tionship over a wide range of T, the near-perfect lin-
earity mainly exists in the cold regions (T < 270K),
which only cover a small fraction (11%) of Earth

surface (see figure B1). As T increases, OLR devi-
ates more strongly from a simple linear function
over T, and this deviation pattern is well described
by the mean OLR at each Ty bin shown as solid
curves in figures 1(a)—(c). The mean OLR-T; curves
under clear-sky (figure 1(b)) and all-sky conditions
(figure 1(a)) appear similar, with a steeper gradi-
ent in regions with T above 270 K, reaching a peak
at 298K, and then a dip at 302K. From the sea
surface temperature shown in figure Bl, we find
that the OLR peak is reached in the subtropical
ocean and tropical cold pool, corresponding to dry,
subsidence region. The dip is reached in the trop-
ical warm pool, corresponding to moist, convect-
ive regions. The observed OLR curvature cannot
be explained by the surface (AOLR(T;), dashed
curves in figures 1(b) and (c)) via the term TSB(T)
(figure 1(d)).
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In the next section, we investigate the role of the
atmospheric contribution on the observed OLR-T;
relationship, based on the regions with T above 270 K
(89% of the surface area). Over this T; range, the lin-
ear regression slope is 2.11 and 2.24 Wm™2K™! for
clear- and all-sky conditions respectively. Section 3.1
focuses on the clear-sky OLR and conducts exper-
iments to identify key atmospheric conditions that
contribute to the linear regression slope and the
curvature as observed in figure 1(b) for clear-sky
OLR. Section 3.2 further discusses the cloud effects in
amplifying the atmospheric contribution and shaping
the all-sky OLR shown in figure 1(a).

3. How atmosphere shapes the OLR-T;
relationship

3.1. Clear-sky

While the surface contribution to clear-sky OLR,
which can be directly computed from radiative trans-
fer models, fails to effectively explain the observed
OLR-Tj relationship, the atmospheric contribution
poses a challenge due to the interplay between
transmission, emission, and perturbations to them.
Alternatively, we infer the sum of atmospheric con-
tributions from the OLR increase not explained by
AOLRs as AOLR

AOLR(T;) = OLR(T, = T;) — OLR (T, = 270)
AOLRym (T;) = AOLR(T;) — AOLRy (T5) .
(4)

Figure 2 shows the AOLRy, AOLR ., and
AOLR 4tm based on monthly-mean reanalysis data-
set in black curves, with respect to 270K Tj; sim-
ilar results but with respect to 220K are shown in
figure B2. In the 270 to 305K T range, the clear-
sky OLR-T slope is at 2.11 Wm 2 K~! (figure 2(a)),
and 1.27 W m~2K~! of it is explained by the surface
term (figure 2(b)). Figure 2(c) reveals that the atmo-
spheric term not only contributes to 0.85 W m ™2 K™
of the linear slope but also controls the curved OLR—
T, relationship.

Earlier studies [13] have depicted a ‘radiator fin’
in dry, descending regions and a ‘radiator furnace’
in moist, ascending regions, which highly aligns with
the key feature observed in figure 1. The proposed
explanation was that higher OLR occurs in drier
regions because the atmosphere is more transparent
in the longwave spectrum with less water vapor con-
tent, allowing for more efficient heat loss to space
[13]. Thus it would appear that the transmittance
of the entire atmospheric column (T and 0%) might
explain the observed OLR-T; curve. On the other
hand, it is well-known that OLR is quantitatively sens-
itive to layer-by-layer perturbations in atmospheric
humidity [5-7, 9, 11, 12, 17]. However, it is unclear
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whether the OLR sensitivities to the humidity per-
turbations in global-mean or local grid points would
lead to a conclusion that differs from the first-order
picture in which transmission through the entire
atmospheric column shapes the OLR-Tj relationship.

To understand how the complex atmospheric
properties shape the observed OLR-Tj relationship,
we construct a set of atmospheric columns using
the ERAS5 reanalysis dataset. At each 1K T bin, we
build three cases, as summarized in table 1, that have
identical temperature and ozone profiles, well-mixed
greenhouse gas contents, stratospheric water vapor,
and column-integrated water vapor in the tropo-
sphere (CIWV), but distribute CIWV differently in
vertical levels.

In case (a), the tropospheric relative humidity
(RH) is fixed at 40%, while the bottom layer humidity
is adjusted to achieve the prescribed CIWV. Case (b)
assumes vertically-uniform tropospheric RH within
each T bin, with the RH values inferred from the pre-
scribed CIWV. Case (c) utilizes the mean RH profile
at each T bin derived from ERA5 and should largely
reproduce the mean OLR of each bin. Given that
the transmittance through the entire atmospheric
column (%) is primarily controlled by water vapor
[23] via CIWV, we expect T and changes in trans-
mittance (%) to be similar across these different
cases.

Following this idea, we conduct clear-sky radiat-
ive transfer calculations for three cases at every T bin
using MODTRAN 5.2 [24] (see appendix A) to derive
the OLR-T relationship, AOLR; (figure 2(a)), the
surface component, AOLR . (figure 2(b)), and the
atmospheric component, AOLR; o (figure 2(c)).
As expected, the surface component overlaps among
the three cases, primarily owing to the dominant
impact of CIWV on the magnitude of T, further
suggesting the similarity of 5% across these cases.
Consequently, any discrepancies observed in the
OLR-Tj relationship among the three cases can be
attributed solely to changes in atmospheric emission.
These OLR-Tj relationships and their differences are
used to elucidate how atmospheric conditions shape
the slope and curvature observed in the OLR-Tj
relationship.

3.1.1. Atmospheric emission maintains the
near-constant JOLR /0T

Figure 2(a) shows that the observed OLR-Tj
slope is much steeper than the surface component
(figure 2(b)) could explain, even in case (a) when a
constant tropospheric RH is maintained. This result
should not be taken for granted because it breaks
‘Simpson’s law’ suggested by previous studies [18,
25], which states that if the water vapor mass at any
given temperature level is constant (i.e. constant RH)
regardless of T, then thermal emission from water
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Figure 2. The clear-sky OLR curvature is sourced from atmospheric emission, controlled by the variation in RH with respect to
Ts, particularly in the vertical range between 250 and 750 hPa. (a) The black solid curve is the same as figure 1 but for AOLR,
using ERAS reanalysis. Markers are color-coded for atmospheric columns constructed with different temperature and humidity
conditions as described in table 1. (b) Same as (a) but for AOLR . (c) Same as (a) but for AOLRs atm. The blue dotted curve
shows B(Tyet + 0.25AT;) — B(Tyet) based on equation (9) in [19], where Ty is set to be 230 K inferred from the mean
atmospheric emission at 270 K Ts. (d) AOLRgs,aim when RH profile from ERAS5 is used from surface to TOA layer-by-layer,
color-shaded by vertical pressure layer [hPa].

Table 1. A summary of atmospheric columns constructed at every 1 K surface temperature bin with different vertical distribution of
tropospheric humidity. Temperature profiles, well-mixed greenhouse gases, O3, and tropospheric column-integrated water vapor
(CIWV), and stratospheric humidity (above 200 hPa) are the same in cases a, b, and c as in ERA5 multi-year-mean. Clear-sky radiative
transfer calculations are conducted at every T bin using MODTRAN 5.2 [24] at 1 cm ™! spectral resolution to obtain AOLR,
AOLR s, and AOLRs atm presented in figure 2. AOLRg, and AOLRcs atm are used to derive the linear regression slope

(OOLRg st /OTs and OOLRcs,aum /OTs) and are presented in this table.

Experiments Temperature Humidity OOLR,; s/ OT; OOLR ot /DT

Atmospheric columns with different tropospheric humidity

a. 40% RH Multi-year-mean Prescribed CIWV 130Wm™ K™ 0.62Wm2K™!
within each T bin 40% tropospheric RH
figure B4(b) (except for the bottom
layer)
b. Mean RH Figure B4(b) Prescribed CIWV 1.34Wm 2K™! 070 Wm—2K™!
Vertically-uniform
RH in the troposphere
Green curve in
figure B4(a)
¢. RH profile Figure B4(b) Vertically-resolved 127Wm™2K™! 0.87Wm2K™!
tropospheric RH
ERA5 — — 1.27Wm™ K" 085Wm*K™'
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(b) Clear-sky Transmittance to TOA
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Figure 3. (a) Integrated water vapor path (WVP) (gm™2) from TOA to layer-by-layer atmosphere as a function of air and surface
temperatures, for cases with different humidity inputs. (b) The same as (a) except for the atmospheric transmittance with water
vapor as the only greenhouse gas (measured from the top-of-atmosphere to the surface, Planck-averaged over 1 to 3250 cm™!).

vapor should be largely constant even when the sur-
face warms. Figure 3(a) shows that case (a) maintains
a near-constant water vapor path (WVP) at tem-
perature levels, but AOLR 4tm still increases signi-
ficantly with T (figure 2(b)). A similar magnitude in
AOLRg; 4tm is found even when water vapor is held as
the only greenhouse gas in figure B3 for an idealized
scenario constructed in table C1.

To understand why AOLRg 4m increases with
T;, we examine the opacity of water vapor of case
(a) in figure 3(b). It shows that with constant RH,
AOLRg 4tm increases with T because the opacity of
water vapor is not constant for the same mass of
water vapor. Simpson’s law would only hold if spe-
cific humidity is invariant with T; on both temper-
ature (i.e. by holding RH) and pressure coordinates.
This necessitates that temperature profiles from vari-
ous T perfectly overlap in a pressure coordinate. As
an example, in table C1 and figure B3(c), a hypo-
thetical scenario ‘Simpson’ is constructed by extend-
ing the temperature—pressure profile at 270K T to
warmer temperatures and higher pressure levels. This
scenario maintains zero AOLRy aum (figure B3(a)),
but requires an unrealistic increase in surface pres-
sure with respect to T. Because the surface air pres-
sure is relatively constant across Ts, as opposed to
‘Simpson’ (figure B3(c)), a foreign pressure effect on
the thermal emission of water vapor is introduced,
reducing the extinction efficiency per unit mass at a
given air temperature [19, 26, 27]. Consequently, the
opacity contour shifts to warmer atmospheric layers

(figure 3(b)), leading to an increase in AOLR 4tm
with Ts. The effective emission temperature of the
atmosphere follows this shift and increases by approx-
imately 0.25K for every 1K increase in T, (25%
of AT;). This rate of emission temperature shift
is determined by the Clausius—Clapeyron equation
and the hydrostatic balance [28], as demonstrated in
equation (9) of [19]. Therefore, AOLR; atm increases
with T in case (a) due to changes in emission
temperature. AOLRg.m appeared to be linearly
dependent on T; because the dampened emission
temperature shift (25%) cancels out the growth curve
in B(T;), making the observed OLR-T; relationship
much steeper and much more linear than the surface
contribution could explain (figures 1(b)—(d)).

3.1.2. Atmospheric emission shapes the clear-sky
OLR-T; relationship via relative humidity distribution
However, case (a) cannot reproduce the curved
OLR-Tj relationship even with its total atmospheric
transmittance matching the reanalysis. The big dis-
crepancies between case (a) and other cases with the
same CIWV but varying humidity profile preclude
any major effects from the trapping greenhouse effect
of water vapor (via T and §%), suggesting that the
atmospheric emission must have played a key role in
shaping the observed OLR-T; curve.

Figure 2 demonstrates that the curved OLR-Tj
relationship is better captured in case (b), where
RH is uniformly prescribed in every tropospheric
layer to yield the mean CIWV at each T bin. With
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the moister tropospheric-mean RH at 302K than at
298K (green curve in figure B4(a)), the transmit-
tance contour is lifted to colder temperature layers
from 298 to 302 K (green in figure 3(b)). Therefore,
OLR at 302K is lower than 298 K because atmo-
spheric emission at colder layers contributes to OLR
more effectively in moist regions (302 K) than in dry
regions (298 K).

Surprisingly, with the vertically uniform tro-
pospheric RH simplification, case (b) cannot fully
explain the linear slope in AOLRg am (figure 2(c)).
It underestimates the overall AOLR. and fails to
account for the maximum AOLR 4m Occurring at
298 K instead of 294 K, where the mean tropospheric
RH is the lowest (figure B4(a)). Case (c) eliminates
these discrepancies by using a vertically-resolved RH
profile in the troposphere at each T bin. Figure 2(d)
shows that the WVP with respect to air temperat-
ure levels reaches a minimum at 298 K, and the con-
tour curves in the mid-troposphere (around 240 to
270K air temperature levels or 250 to 750 hPa pres-
sure levels) are much steeper than the average tropo-
sphere. It suggests that the mean tropospheric RH in
Case (b) inadequately represents the humidity change
in the mid-troposphere.

By considering contributions from realistic RH
layer-by-layer from the surface to the TOA and con-
ducting radiative transfer calculations, we demon-
strate in figure 2(d) that the mid-troposphere
(between 250 and 750 hPa) significantly influences
both the slope and intensity of the AOLRg atm—
T, curve. While previous studies have recognized
the importance of mid-tropospheric humidity
using radiative partial perturbation methods and
kernels [7, 11, 12], the radiative transfer through
the constructed columns proves that the mid-
tropospheric humidity is important because it
determines the atmospheric emission to space.
The importance of mid-tropospheric RH shown
here also explains why the OLR-T relationship
appears more linear when grids with conserved mid-
tropospheric RH, rather than boundary-layer RH, are
chosen [3].

In summary, we find that the surface contribution
alone is insufficient to describe the clear-sky OLR—
T; relationship (figure 2(b) versus figure 2(a)). On
the one hand, a significant fraction (approximately
40%) of the linear slope in the observed OLR-T;
relationship is attributable to atmospheric thermal
emission, primarily from water vapor (figure B3(a)),
which is induced by the foreign pressure effect and
enhanced by variations in tropospheric RH. On the
other hand, the curved shape in the OLR-T; rela-
tionship is predominantly due to atmospheric emis-
sion: OLR peaks at 298K because this 1K sur-
face temperature bin on average corresponds to the
driest mid-troposphere, allowing for more effect-
ive emission from warmer atmospheric layers rather
than just the surface. These key characteristics of
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the clear-sky OLR-T relationship cannot be repro-
duced without considering the vertical distribution
of RH.

3.2. All-sky

Based on similar approaches conducted in section 3,
figure 4(a) shows that the all-sky OLR-T; curve
(AOLR) is quite similar to clear-sky, with comparable
magnitudes of linear slope for the 270 to 305K
T, range, and a similar curved shape that deviates
from the linear slope among CMIP6 models and
the reanalysis. The AOLRy. of ERA5 is computed
using the all-sky total atmospheric transmittance and
shown in figure 4(b) based on GRTCODE.

With cloud masking effects, AOLRy. can only
explain 27% of the slope in the OLR-T relationship
(the solid curve with markers in figure 4(b)). The
OLR-Tj slope stays comparable to that in the clear-
sky because AOLR,, is greatly enhanced by clouds
and compensates for the masked surface contribution
(the solid curve in figure 4(b)).

Furthermore, we show that clouds are in synergy
with water vapor when contributing to the atmo-
spheric emission. With decreasing RH with T from
270K T; to the subtropical region (as evidenced by
the green curve in figure B4(a) and the dotted curves
in figure 4(c)), a simultaneous reduction in cloud
water path is observed (solid curves in figure 4(c)).
This reduction in the cloud water path contributes
to the enhancement of the OLR curve within the 270
to 298 K T, range. Meanwhile, the cloud water path
reaches a maximum at 302 K, amplifying the OLR dip
(the red curve in figure 4(a) and the solid curve in
panel (b)) in this moist, convective region.

In conclusion, the atmospheric contribution to
the OLR-Tj relationship is more dominant in all-sky
conditions and is largely explained by the co-variation
of clouds and humidity with Ts.

4. The cause of inter-model spread in the
clear-sky OLR curve

Figure 5(a) shows the mean clear-sky OLR at each T
bin from the AMIP simulation of 24 CMIP6 models
(see appendix A). For every model, deviations from
multi-model-mean clear-sky OLR at every given 1K
T, bin are shown in the y-axis of figure 5(e). These
deviations are used to quantify the inter-model spread
found in figure 5(a) and are up to 10 W m ™2, which
is surprisingly large with the prescribed sea surface
temperature in the AMIP experiment. In this section,
the cause of inter-model spread in clear-sky OLR at
given T is examined.

In particular, it is intriguing to decompose
whether the spread is caused by differences in radi-
ative transfer schemes used by these models or by
differences in atmospheric states. Therefore, we per-
form global clear-sky radiative transfer calculations
for 24 CMIP6 models using RTE-RRTMGP [29], as
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described in appendix A. The multi-year-mean OLR
and transmittance at every model grid point are com-
puted from monthly-mean results. This set of calcu-
lations excludes any discrepancies induced by the
treatment of greenhouse gases and biases in radiat-
ive transfer schemes. The spread in clear-sky OLR at
each 1K T bin computed from RRTMGP remains
comparable to the standard output from CMIP6
(i.e. y-axis of figure B5(c) compared to figure 5(e)),
suggesting a large fraction of the inter-model
spread is caused by discrepancies in atmospheric
states.

Overall, these models exhibit curved shapes in
OLR that are highly consistent with ERA5, reaching
a maximum around 298 K and a dip around 302 K.
However, the strength of this OLR curvature, evalu-
ated as the OLR contrast between the two T bins, is
quite different across models, as shown in the y axes of
figures 5(b)—(d), ranging from —0.3 to 4 W m~2. The
region between 298 and 302 K spans over the major-
ity of the subtropical and tropical ocean (figure B1),
and is representative of the most dramatic changes
in humidity conditions with T over the present-day
Earth. The magnitude of OLR contrast between the
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Figure 5. Inter-model spread in the clear-sky OLR-T; relationship can largely be attributed to differences in mid-tropospheric RH
(700 to 300 hPa), as revealed by RRTMGP calculations (b), (c) and CMIP6 standard output (d), (e) for the period 1998 to 2014,
focusing on regions with multi-year-mean temperatures above 270 K. Panel (a) displays the clear-sky OLR as a function of T
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two bins indicates how each model represents the
tropical circulation that transports heat and moisture
between the moist, ascending ‘radiator furnace’ and
the dry, descending ‘radiator fin’ on Earth [13].

Based on RRTMGP calculations and following
section 3, we break down the contribution to the
OLR contrast between 298 and 302K region into
the surface (AOLR sc) and atmospheric contribu-
tions (AOLRg; atm ), as shown in figures 5(b) and (c).
While the consistency in AOLR ¢ across models
suggests an overall good agreement in the CIWYV, the
changes in atmospheric emission do not align well
among the CMIP6 models when using the same radi-
ative transfer codes. Combing figures 5(b) and (c),
our results suggest that the inter-model spread in the
strength of OLR curvature is primarily sourced from
atmospheric emission, potentially due to the mid-
tropospheric RH as alluded to in section 3.1.2.

Next, we examine whether the inter-model spread
in clear-sky OLR can be explained by the mid-
tropospheric RH. Figure 5(d) shows that 73% of the
inter-model spread in the clear-sky OLR difference
between the 298 K and 302K regions can be attrib-
uted to the inter-model spread in mid-tropospheric
RH. If the contrast in the mid-tropospheric RH
is too low in one model, the model tends to

produce a relatively low or even negative OLR con-
trast between the subtropical ocean at 298K and
the tropical warm pool at 302K, due to com-
pensation from the AOLR . term at —3Wm™2.
Meanwhile, models with excessively high RH con-
trast overestimate the OLR contrast between the two
regions.

Furthermore, for every 1K T bin, the departure
from multi-model-mean in mid-tropospheric RH (x-
axis of figure 5(e)) explains 48% of the inter-model
spread in clear-sky OLR (as seen in figure 5(a) and
evaluated in the y-axis of figure 5(e)). It suggests that
lower clear-sky OLR at a given surface temperature
in one model is most likely due to a moister mid-
troposphere RH in this model; this finding is con-
sistent with recent studies on the cause of spread in
global-mean OLR [30].

5. Discussion

This study reveals a robust and curved relationship
between OLR and surface temperature (T;) in CMIP6
models and ERAS reanalysis datasets. While the OLR—
T, relationship appears linear within a wide T; range
(220K to 305 K), this masks the uneven distribution
of T across the globe and the deviation of OLR from
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a simple linear relationship in the warmer regions
of Earth’s surface under both clear- and all-sky con-
ditions. By constructing atmospheric columns based
on ERA5 multi-year-mean data, our results explain
the key feature in the observed clear-sky OLR-T;
relationship.

First, the overall linearity observed in the clear-
sky OLR-T; relationship is regulated by both the
surface and the atmosphere. On the one hand, the
infrared opacity of water vapor throughout the atmo-
spheric column, as noted in [2], controls the rate
at which surface thermal emission escapes to space
(black curve between 220 and 280 K T in figure 1(d);
the term TIB(T,) in equation (2)). On the other
hand, the emission temperature from water vapor
itself tends to increase by 0.25K per 1K of increase
of Ty (under fixed RH, blue solid and dotted lines
in figure 2(c); the second term on the right-hand
side of equation (2)), a rate jointly determined by
the Clausius—Clapeyron relation on water vapor mass
and a foreign pressure effect on water vapor extinc-
tion efficiency, as explained in [19]. Because water
vapor mass increases exponentially with temperat-
ure and effectively offsets the quadratic growth curve
in blackbody thermal emission, both the surface and
the atmosphere can contribute to the linear OLR
slope, with their magnitudes compensating for each
other depending on atmospheric opacity. In colder
and drier regions, the surface contribution is dom-
inant, while in warmer and moister regions, the
atmospheric contribution becomes more significant.
This finding aligns with previous studies by [19, 31].
On the present-day Earth, the surface contribution
accounts for 60% and the atmospheric emission via
foreign pressure effect accounts for 30% of the linear
slope in the observed clear-sky OLR-Tj relationship.

Second, the variability in tropospheric RH in
the mid-troposphere (250-750 hPa vertical range) has
a substantial impact on atmospheric thermal emis-
sion and contributes to an additional 10% increase
in OLR with T. Moreover, the spatial variations in
mid-tropospheric humidity play a crucial role in the
observed non-linearity of the OLR-T; relationship
over the subtropical and tropical oceans, as illus-
trated in figures 2(c) and (d), resulting from the
large-scale tropical circulation [13]. We find that OLR
over the dry subtropical ocean (around 298K T) is
higher than over the moist tropical ocean (around
302K T;) because the drier mid-troposphere shifts
atmospheric emission to warmer layers (figure 3(b)),
rather than reducing the trapping of surface thermal
emission.

Furthermore, our results reveal that CMIP6 mod-
els have a remarkable wide spread (up to 10 Wm™1)
in climatological clear-sky OLR at given sea sur-
face temperatures in AMIP simulations (figures 5(a)
and (e)). The main cause of the spread (for regions
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warmer than 270 K) is found to be model biases in
mid-tropospheric RH (figures 5(c) and (d)), which
can be affected by discrepancies in land surface
temperature, microphysics and convective paramet-
erization across models. In addition, we find that a
few CMIP6 models may be biased in radiation para-
meterization, as it clearly diverges from other CMIP6
models (figure 5(e)) and RRTMGP-computed fluxes
(figure B5(c)). These biases should be carefully
examined in the future.

Finally, we find that the all-sky OLR-Tj relation-
ship exhibits a comparable linear slope but much
stronger deviations from the linearity (figure 4(a)).
While clouds act to mask over the surface contribu-
tion to OLR-T slope (0.63 W m~—2 KL, figure 4(b)),
it significantly amplifies the OLR sensitivity to atmo-
spheric thermal emission. In all-sky conditions,
the atmospheric contribution to OLR-T; slope is
enhanced to 1.61 Wm~2K~!, compensates for the
masked surface contribution, maintaining compar-
able linear slope to the clear-sky conditions. Because
clouds and water vapor are strongly correlated
(figure 4(c)), variation of clouds with T induces
similar but stronger deviations from the linear rela-
tionship. The synergy between clear- and all-sky
OLR-Tj relationships indicates that the general cir-
culation from the tropics to poles and across the
tropical ocean is important for redistributing the
atmospheric energy and moisture to maintaining
the observed OLR-Tj relationship in Earth’s climate
[13,32, 33].
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Appendix A. Data and method

This study uses ERA5 reanalysis [22] and CMIP6
model AMIP simulations [34] to examine what
shapes the overall OLR-T; relationship over the
present-day Earth, based on the period from 1998 to
2014. The AMIP simulation is an atmosphere-only
climate simulation using prescribed sea surface tem-
perature and sea ice concentrations, and historical
well-mixed greenhouse gas concentrations.

While OLR fluxes from reanalysis and model
outputs are used, we also conduct radiative trans-
fer calculations to explicitly calculate atmospheric
transmission of surface emission and atmospheric
emission. Three sets of radiative transfer models are
used to balance the need for accuracy and efficiency.
Monthly-mean ozone profiles and well-mixed green-
house gas concentrations are used in these models if
not otherwise specified. Temperature and humidity
profiles from ERA5 and CMIP6 models at every grid
point are used to drive the radiative transfer calcula-
tions. They consist of 37 model levels for ERA5 and
19 pressure levels for CMIP6 models.

Geophysical Fluid Dynamics Laboratory’s GPU-
able Radiative Transfer code (GRTCODE) is a well-
benchmarked [35] line-by-line code. It is used to
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set up a benchmark value for atmospheric transmit-
tance over the present-day Earth. Clear-sky fluxes
are computed at every grid point from the year
1998 to 2014 with monthly-mean temperature and
humidity profiles from the reanalysis. Ten sub-
columns per grid box are stochastically generated
from cloud inputs [36, 37]. Fluxes of each sub-
column at each wavenumber are computed, and the
all-sky fluxes are computed as the average of the
sub-columns.

MODTRAN 5.2 [24] is a fast yet accurate band
model that has been widely used in atmospheric
radiation studies. It is used to compute atmospheric
transmittance at every 1 cm™! through constructed
temperature and humidity profiles at each T bin.
With identical atmospheric inputs, the difference in
atmospheric transmittance between MODTRAN 5.2
and GRTCODE is within 1%.

RTE-RRTMGP [29] is a radiative transfer code
designed for fast global-scale radiative transfer calcu-
lations. It is used to compute broadband fluxes and
transmittance at every grid point with multi-year
monthly-mean temperature and humidity pro-
files from AMIP simulations of 24 CMIP6 models
and to analyze the cause of intermodel spread in
OLR.
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Appendix B. Supplementary figures
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Figure B1. Multi-year-mean surface temperature (T) based on ERAS5 reanalysis from the year 1998 to 2014. Gray contour marks
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Appendix C. Supplementary table

Table C1. Similar to table 1 but for idealized atmospheric columns with vertically uniform RH and lapse rate in the troposphere.

Experiments

Temperature

Humidity

OOLRg, sfc/ 0T

OOLRg, atm /0T

Ideal

Simpson

Uniform tropospheric  40% tropospheric RH

lapse rate

Surface pressure at

1000 hPa
figure B3(b)

Same as ideal, except
that the 270 K air is at
1000 hPa, regardless

Same as ideal

of the actual T,
figure B3(c)

1.40Wm 2K™!

1.25Wm2K™!

0.43Wm2K™!

OWm 2K™!
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