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ABSTRACT: The radiative forcing of carbon dioxide (CO,) at the top of the atmosphere (TOA) has a rich spatial struc-
ture and has implications for large-scale climate changes, such as poleward energy transport and tropical circulation
change. Beyond the TOA, additional CO, increases downwelling longwave at the surface, and this change in flux is the sur-
face CO, forcing. Here we thoroughly evaluate the spatiotemporal variation of the instantaneous, longwave CO, radiative
forcing at both the TOA and surface. The instantaneous forcing is calculated with a radiative transfer model using ERAS
reanalysis fields. Multivariate regression models show that the broadband forcing at the TOA and surface are well pre-
dicted by local temperatures, humidity, and cloud radiative effects. The difference between the TOA and surface forcing,
the atmospheric forcing, can be either positive or negative and is mostly controlled by the column water vapor, with little
explicit dependence on the surface temperature. The role of local variables on the TOA forcing is also assessed by parti-
tioning the change in radiative flux to the component emitted by the surface versus that emitted by the atmosphere. In
cold, dry regions, the surface and atmospheric contribution partially cancel out, leading to locally weak or even negative
TOA forcing. In contrast, in the warm, moist regions, the surface and atmospheric components strengthen each other,
resulting in overall larger TOA forcing. The relative contributions of surface and atmosphere to the TOA forcing depend
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on the optical thickness in the current climate, which in turn is controlled by the column water vapor.
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Radiative forcing

1. Introduction

The radiative forcing of carbon dioxide (CO,) at the top of
the atmosphere (TOA) plays a central role in quantifying cli-
mate change and its global-mean value is a key aspect of radi-
ative feedback analysis. Beyond the global mean, it has been
recognized that the TOA radiative forcing of CO, is spatially
inhomogeneous because of its relation to local atmospheric
conditions (e.g., Feldl and Roe 2013; Zhang and Huang 2014;
Huang et al. 2016, 2017; Jeevanjee et al. 2021). Previous litera-
ture has shown that the forcing distribution associated with
current climate can drive changes in the mean tropical circula-
tion (Merlis 2015; Shaw and Tan 2018) and poleward energy
transport (Huang et al. 2017), owing to the differential forcing
that arises from the consequences of the climatological spatial
structure of temperature, water vapor, and the cloud distribution
on the forcing. In addition to altering Earth’s energy balance at
the TOA, CO, increases affect the downwelling longwave radia-
tion at the surface (Collins et al. 2006; Feldman et al. 2015).

The difference between the TOA and surface forcing of
CO,, affects the atmospheric energy balance and this, in turn,
constrains the hydrological cycle response on fast time scales
when the surface warming is small (Allen and Ingram 2002;
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Previdi 2010; Pendergrass and Hartmann 2014; Samset et al.
2016; Allan et al. 2020) and is an important energetic consid-
eration in solar radiation geoengineering schemes (Seeley
et al. 2021). Besides, the CO, forcing has implications on dis-
tinct aspects of climate change, such as the strengthening of
the West African monsoon since the 1980s (Dong and Sutton
2015) and the weakening of tropical circulation (Chemke and
Polvani 2021). The understanding of CO, atmospheric forcing
also helps distinguish disparate climate responses to aerosol
forcing (O’Gorman et al. 2012). Moreover, the traditional
TOA-centered perspective has the limitation in the context of
energy transport because it affects the combined ocean and
atmosphere transport, so the additional information from sur-
face forcing can be used to isolate the atmospheric component
of the change in energy transport (Huang et al. 2017). A thor-
ough understanding of CO, radiative forcing at both the
TOA and the surface is therefore critical to important aspects
of both regional and global climate change.

There are two schools of thought as to what give rise to instan-
taneous forcing: saturation! of absorption bands (Pierrehumbert
2010; Jeevanjee et al. 2021; Romps et al. 2022) and displacement

"n this work, “saturation” is used in the context of radiation.
When the radiative effect is saturated, the gas already absorbs all the
radiation it can at its present concentration (the absorptivity ~1), so
the absorbed radiative fluxes are insensitive to increasing gas concen-
tration. This is distinguished from the saturation of gas concentration,
where gaseous and condensed matter are in thermodynamic equilib-
rium, such as the saturated water vapor pressure constrained by the
Clapeyron—Clausius equation.
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of the effective emission layer (Huang and Bani Shahabadi 2014;
Dufresne et al. 2020). These two perspectives suggest that distinct
components of the atmosphere are critical to the forcing: the satu-
ration of absorption bands focuses on the magnitude of emission
temperature, while the emission layer argument highlights the
lapse rate around the emission height. Aside from different views
of the relevant temperatures, the emission temperature itself re-
sults from underlying spectral variations, so that the quantitative
connection between an atmospheric profile and the instantaneous
forcing is challenging.

Recent work has attempted to analytically quantify the in-
stantaneous CO, forcing at the TOA, with simplifications
to keep calculations manageable: the wavelength-varying
absorption spectrum and complications of water vapor have
been simplified in spectrally averaged ways. For example,
Jeevanjee et al. (2021) considered how the broadening of the
absorption bandwidth blocks surface emission, allowing for a
relationship between this change in bandwidth and the sur-
face temperature that determines the TOA forcing in a dry at-
mosphere. With moisture, however, the broadened CO,
absorption blocks emission from water vapor instead, which is
hard to estimate by simple approximations and results in a
nonnegligible bias in the forcing estimate in midlatitudes.
In contrast, Dufresne et al. (2020) examined a realistic atmo-
spheric profile and concluded that the emission layer displace-
ment (a shift to higher elevations with increased CO,) dominates
the CO, forcing, and the amount of emission layer change is in-
sensitive to water vapor amount. Yet, a prerequisite for emission
layer displacement argument to hold is that the absorptivity is
saturated, and it is therefore not applicable in the atmospheric
window (Huang and Bani Shahabadi 2014; Dufresne et al. 2020).
The bias would be even larger in the dry regions, where a consid-
erable amount of outgoing longwave flux stems from the surface
via the atmospheric window (e.g., Costa and Shine 2012).

Compared with the TOA forcing, CO, forcing at the sur-
face has been less thoroughly investigated. Conceptually, one
might expect the surface forcing follows a similar line of
thought as the TOA forcing with competing perspectives on
absorption change and emission layer displacement. How-
ever, there are difficulties that arise because the effective
emission layer for downward flux is intertwined with absorp-
tion change. This stands in contrast to the upward flux at
the TOA, where these two terms can be roughly separated
and the effective emission can be approximated as the layer
where the optical depth is unity (although the exact number
depends on the choice of vertical coordinate; Jeevanjee and
Fueglistaler 2020). At the surface, the majority of downward
flux comes from the very bottom of the atmosphere with a de-
caying contribution from air above. In response to changes in
CO, concentration, the e-folding length of the decaying contri-
bution changes and this is sensitive to the detailed near-surface
atmospheric structure. Freese and Cronin (2021) considered the
broadening of absorption band, which only depends on CO,
concentration, along with surface temperature to estimate the
Antarctic surface forcing. This implicitly assumes a fixed effec-
tive emission layer. But we will later show that this method can-
not explain the local minimum of surface forcing in the deep
tropics, where the surface temperature can be locally warmer.
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Shakespeare and Roderick (2021), in contrast, lumped all varia-
bles into a parameterized effective emission height, but it has
limited application in moist regions. These suggest that the sur-
face forcing requires an intrinsically different conceptual think-
ing compared to the TOA forcing.

Collectively, the current physical understanding of CO,
forcing suggests it is a challenge to formulate analytic forcing
estimates that can capture the range of climate states ob-
served on Earth. This leaves semiempirical expressions, such
as the multivariate regression model in Huang et al. (2016)
that use convenient atmospheric variables to predict CO,
forcing, as a valuable and practical approach to characterize
and quantify the forcing’s structure.

In this study, we provide an in-depth examination of CO,
forcing pattern at the TOA, surface, and atmosphere, includ-
ing their annual-mean pattern, seasonal cycle, and the con-
trolling factors. We also quantify the relative contribution of
the surface emission versus atmospheric contributions to the
TOA forcing to shed light on the roles of absorption band sat-
uration and emission layer changes. The paper will proceed as
follows. Section 2 describes the radiative transfer model and
dataset we use. In section 3, we document the complete instan-
taneous CO, forcing pattern and its temporal variability. Then,
the multivariate regression models are used to identify the con-
trolling factors of CO, forcing (section 4), extending the ap-
proach of Huang et al. (2016) to the surface and atmospheric
forcing for a more comprehensive understanding. In section 5,
we scrutinize the cause of TOA forcing from the spectral di-
mension, which offers insights into the relationship between
CO, forcing at the TOA, surface, and atmosphere. Last, conclu-
sions and discussion are given in section 6.

2. Model and data

The radiative fluxes are calculated by a standalone Rapid
Radiative Transfer Model, a version that has been widely
used in general circulation models (RRTMG; Iacono et al.
2008). The longwave component of RRTMG, ranging from
10 to 3250 cm ™}, computes the fluxes in 16 bands. The atmo-
spheric data we use are taken from the hourly ERAS reanalysis
dataset of the European Centre for Medium-Range Weather
Forecasts, while the skin temperature and surface pressure
over land are replaced by the hourly ERAS5-land dataset. The
ERAS-land dataset is a downscaled land product produced by
an additional simulation forced by near-surface ERAS fields,
with thermodynamic orographic adjustment of temperature
(Hersbach et al. 2020). The well-mixed greenhouse gas concen-
trations of CO,, CHy, and N,O are prescribed to 380, 1.797, and
0.323 ppmv, respectively, as in Huang et al. (2016). The calcula-
tions are repeated with doubled CO, concentration (760 ppmv),
with all other variables unchanged, and the instantaneous radia-
tive forcing is defined as the difference between these two com-
puted fluxes. We focus on the longwave component of forcing,
as the CO, forcing associated with the shortwave is rather homo-
geneous (Huang et al. 2016). The radiation fluxes are calculated
every 2.5° X 2.5° grid box for every hour over the 19-yr period
2000-18. The adoption of ERAS5-land is for better consistency
between RRTMG-calculated fields and ERAS radiation fluxes

Unauthenticated | Downloaded 03/04/26 10:57

AM UTC



15 SEPTEMBER 2023

Fclr
(a) mean = 2.83

TOA

CHEN ET AL.

(b) mean = 2 26

6333

AF
(c) mean = —0 57

Fan

ATM

SFC

-3
FIG. 1. The instantaneous radiative forcing of 2 X CO, (W m™2). The forcing (a)—(c) at the TOA, (d)—(f) of the atmosphere, and

=2 -1

(g)-(i) at the surface. (left) The clear-sky forcing (Fy;), (center) all-sky forcing (F,y), and (right) cloud masking effect (AF = F, —

the forcing.

under current CO, concentration. As the difference in surface
temperature is already reflected in the forcing calculation and re-
gression models, the major conclusions remain the same.

We use ERAS variables interpolated to 37 pressure levels
as available from the CDS platform. The vertical structure of
cloud cover, cloud liquid water content, and cloud ice water
content from ERAS are used for cloud inputs. At individual
vertical levels, RRTMG calculates layer-wise cloud optical
depth and radiative transfer in addition to clear-sky calcula-
tion. The all-sky fluxes at each level are the combined fluxes
from the cloud and clear-sky calculation weighted by cloud
fraction, which is treated with the maximum/random overlap
scheme here. Our calculation on the cloud radiative effect is
consistent with those available from ERAS, with correlation
coefficients exceeding 0.99 at both the TOA and the surface
(not shown). Although ERAS is generally of superior quality
of reanalyses in atmospheric state quantification (e.g., Wright
et al. 2020), we acknowledge that the reanalysis is not the ex-
act state of the atmosphere and there is uncertainty on the
cloud radiative effect, so the calculated forcing could be af-
fected. On the other hand, as we will show later, the forcing
modified by clouds is well correlated to the cloud radiative

Fy) on

effect of the input atmosphere, so the regression models could
also help evaluate the forcing uncertainty due to the effect of
climatological clouds.

3. The forcing pattern and variation
a. Spatial variation: Climatology

The 19-yr average of instantaneous CO, forcing pattern is
shown in Fig. 1. Under clear sky, the global-mean forcing is
2.83 Wm™ 2 at the TOA and 2.42 W m 2 at the surface, result-
ing in a convergence of 0.41 W m™ 2 within the atmosphere:
this difference defines the atmospheric forcing. The forcing
evolves with the base climate during the course of 19 years.
From 2000 to 2018, the annual-mean TOA forcing varies
between 2.80 and 2.86 W m~2 and the surface forcing varies
between 2.44 and 2.40 W m ™2, with no clear trend during the
period. The TOA and surface forcing do not always covary,
so the magnitude of the atmospheric forcing fluctuates
between 0.36 W m ™2 in 2000 and 0.46 W m ™2 in 2018. The
clouds decrease the global-mean TOA and surface forcing
by 0.57 and 0.71 W m ™2, respectively, and they result in an
increase of the all-sky atmospheric forcing by 0.14 W m 2.
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FIG. 2. The zonal-mean of annual-mean instantaneous forcing for (a) clear-sky () and (b) all-sky (F,;) conditions, and (c) the cloud
masking effect (AF = F, — F). The thick line is the 19-yr climatology, and the annual means of individual years are plotted in a lighter

color.

Compared with Pincus et al. (2020), who sampled a subset of re-
analysis profiles with line-by-line radiative transfer calculations,
the magnitude of clear-sky, global-mean TOA forcing is similar
to documented 2.71 W m™? in their study, yet the surface forcing
we report here is 20% larger than their results. Another similar
calculation is that of Huang et al. (2017), who calculated an all-
sky forcing based on a global climate model’s atmospheric state
of 2.6 W m ™2 at the TOA and 1.4 W m™2 at the surface, mean-
ing a difference of around 15% at the TOA and 30% at the sur-
face. Although these numbers are not directly comparable as a
result of several factors, such as difference on the choice of base
climate, initial CO, concentration, sampling location, and radia-
tive transfer model used, these results together provide an indi-
cation of the variability in the range of forcing values.

Figure 1 shows that the forcing pattern displays a first-order
dependence on latitude, especially for the clear sky (Fy; left
column). The clear-sky TOA forcing decreases from the low
to high latitudes, ranging from 3.4 to 1.5 W m~2 with a weak
but discernible local minimum in the deep tropics, where the
forcing slightly decreases to 3 W m ™2 This relatively small
forcing in the moist region has been identified as the water va-
por masking effect (Huang et al. 2016; Jeevanjee et al. 2021)
because the absorption by extra CO,, which centers around
15 pm, is reduced by the rotation band of pre-existing water
vapor. The forcing in polar regions is strongly hemispherically
asymmetric and is negative in the Antarctic, consistent with
previous work (Zhang and Huang 2014; Schmithiisen et al.
2015; Huang et al. 2016). The clear-sky surface forcing exhib-
its a local minimum in the tropics like the TOA component
but is more prominent, owing to the stronger water vapor
masking effect. Additionally, the surface forcing is more zon-
ally asymmetric, with amplified forcing over dry regions and
mountains (the Sahara Desert, Australian deserts, the Rockies,
and the Andes) that exceeds 4 W m~2 in the annual mean. The
resulting atmospheric forcing enhances the equator-to-pole
energy gradient due to it being positive at the equator and
decreasing poleward. We also note that in dry regions, the
strong surface forcing exceeds the TOA forcing and creates
zonally anomalous negative atmospheric forcing.

The all-sky forcing (F,y) is shown in Fig. 1 (middle column).
The all-sky TOA forcing shows a clear trace of the tropical rain
belt with locally small forcing, suggesting a stronger masking

effect by water vapor and clouds combined. The clouds also re-
duce forcing in the extratropics by 0.6 W m™2. Compared with
the TOA forcing, the surface forcing shows even larger regional
forcing deviation from the global mean in the deserts and major
mountain ranges where clouds rarely present. The latitudinal
forcing dependence is largely eliminated by low clouds in the ex-
tratropics. In all-sky atmospheric forcing, one can also see that
the clouds impose a nonnegligible masking effect that smooths
the meridional forcing gradient, with a reduced forcing peak
around the equator and an overall increased forcing in the ex-
tratropics due to the surface forcing decrease. The strong nega-
tive clear-sky atmospheric forcing in the Arctic is also largely
counteracted by clouds, bringing the annual-mean forcing close
to neutral there.

Although the clouds themselves are assumed unchanged in
this study, they impose large cloud masking effects (AF), de-
fined as the forcing difference between the all sky and clear
sky (Fig. 1, right column). Clouds reduce the CO, forcing at
the TOA and surface. The clouds affect radiation with multi-
ple factors, including different cloud height, fraction, and
thickness, which modify the optical structure of the atmo-
sphere (Zelinka et al. 2012). As the clouds are mostly opti-
cally thick, the radiative fluxes below (above) the clouds are
hard to transmit to the TOA (surface). Therefore, the cloud
type that influences the TOA forcing the most would be high
clouds, since there is a large portion of the atmospheric col-
umn beneath clouds that no longer contributes to the forcing.
The same principle is applicable to the surface forcing, for
which it is the low clouds that matter. These arguments are
supported by Fig. 1. At the TOA (Fig. 1c), the cloud effect is
particularly strong in the deep tropics, where the thick and
high cumulus from deep convection is more frequent. In con-
trast, the cloud masking effect for the surface forcing (Fig. 1i)
is found amplified in the Arctic and the Southern Ocean,
where widespread low clouds exist. In brief, the presence of
clouds effectively limits the atmosphere column that is subject
to CO, change and therefore reduces the forcing magnitude.
In section 4, we will show that the cloud masking effect can be
well estimated by the climatological cloud radiative effect
(Zhang and Huang 2014).

Figure 2 shows the zonal means of the annual-mean radia-
tive forcing maps of Fig. 1, with interannual variations shown
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