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Numerical Modelling We simulated radiative-convective equilibrium with the cloudresolving model Das Atmospharische Modell (DAM) (Romps, 2008). DAM’s dynamical
core is fully-compressible and nonhydrostatic, and subgrid-scale turbulence is handled by
“implicit large-eddy simulation” (Margolin et al., 2006). Turbulent fluxes of sensible and
latent heat from the surface were modeled with a standard bulk aerodynamic formula
with drag coefficient 1.5×10−3 and a fixed wind surface speed of 5 m/s. Domain-mean
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horizontal winds at each level were nudged to zero on a timescale of 1 hour. The square
domain was doubly-periodic with side length 96 km and horizontal resolution ∆x = ∆y =
2 km. The stretched vertical grid had 64 levels, with a model top at ' 32 km, and with
∆z ' 100 m resolution in the boundary layer, ∆z ' 500 m in the free troposphere, and
∆z ' 1 km in the stratosphere.
DAM typically uses the Lin-Lord-Krueger bulk microphysics scheme (Lin et al., 1983;
Lord et al., 1984; Krueger et al., 1995). However, for this study we use a variant of
the minimally-complex cloud microphysics parameterization described in (Seeley et al.,
2019). In this simplified scheme, there is no ice phase (i.e., water is modeled as a twophase substance, with latent heat associated with phase change between vapor and liquid only). Accordingly, only three bulk classes of water substance are modeled: vapor,
non-precipitating cloud condensate, and rain, with associated mass fractions qv , qc , and
qr , respectively. Microphysical transformations between vapor and cloud condensate are
handled by a saturation adjustment routine, which prevents relative humidity from exceeding 100% (i.e., abundant cloud condensation nuclei are assumed to be present) and
evaporates cloud condensate in subsaturated air. Conversion of non-precipitating cloud
condensate to rain is modeled as autoconversion according to

a = −qc /τa ,

(1)

where a (s−1 ) is the sink of cloud condensate from autoconversion and τa (s) is an autoconversion timescale. We set τa = 25 minutes, which was found to produce a similar
mean cloud fraction profile as the Lin-Lord-Krueger microphysics scheme. We do not set
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an autoconversion threshold for qc . Rain is given a fixed freefall speed of 8 m/s. When
rain falls through subsaturated air, it is allowed to evaporate according to

e = (qv∗ − qv )/τr ,

(2)

where e (s−1 ) is the rate of rain evaporation, qv∗ is the saturation specific humidity, and τr
(s) is a rain-evaporation timescale. We set τr = 50 hours, which was found to produce a
tropospheric relative humidity profile similar to that of the Lin-Lord-Krueger scheme.
By default, DAM parameterizes radiative transfer with RRTM (Clough et al., 2005;
Iacono et al., 2008). However, to facilitate the investigation of spectrally-tuned solar
radiation management, we instead coupled DAM to a brute-force (i.e., wavenumber-bywavenumber) clear-sky radiation scheme based on the PCM-LBL code (Wordsworth et
al., 2017). Our longwave calculations covered the wavenumber range from 0–3000 cm−1 ,
while our shortwave calculations covered 0–50000 cm−1 . The spectral resolution for both
channels was 0.1 cm−1 . While this spectral resolution does not resolve the cores of lines at
very low (upper-stratospheric) pressures, sensitivity tests showed that further increases in
resolution yielded negligible changes to the radiative fluxes, as also found by (Wordsworth
et al., 2017). At each wavenumber, the monochromatic radiative transfer equation was
solved using the approach described in (Schaefer et al., 2016), which uses the layer optical
depth weighting scheme of (Clough et al., 1992) to ensure accurate model behavior in
strongly-absorbing portions of the spectrum. To compute radiative fluxes, we used the
two-stream approximation with first-moment Gaussian quadrature (Clough et al., 1992).
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The brute-force radiation scheme uses lookup tables of absorption coefficients on a
pressure-temperature grid that covers the range of atmospheric conditions encountered in
the model evolution, and interpolates to the current horizontal-mean atmospheric state at
each vertical model level. Our pressure-temperature grid had a total of 20 pressure levels,
with 10 levels spaced linearly in pressure between 1020 mb and 100 mb, and 10 levels
spaced logarithmically between 100 mb and 0.5 mb. On each pressure level, absorption
coefficients were evaluated at a set of 16 temperatures (spaced 5 K apart) that bracket
the conditions encountered in the model evolution. This pressure-temperature grid is
shown in Figure S1, along with mean temperature profiles from the CTRL and 4×CO2
simulations. To generate the absorption-coefficient lookup tables for H2 O and CO2 from
the HITRAN2016 database (Gordon et al., 2017), we used the RFM, a contemporary
line-by-line model (Dudhia, 2017). H2 O continuum absorption was modeled with version
3.2 of the MT-CKD code (Mlawer et al., 2012), which is publicly available.
For shortwave radiation, we modeled gaseous absorption only, which is appropriate for
clear skies at wavelengths where Rayleigh scattering is not important. In reality, Rayleigh
scattering in clear skies enhances the planetary albedo, but this process is important at
significantly shorter wavelengths than the near-infrared wavelengths that are the focus
of spectral SRM. Therefore, the inclusion of Rayleigh scattering would introduce a small
offset in the relationship between insolation and equilibrated surface temperature in our
model, but would otherwise have a minimal effect on our results regarding spectral SRM.
We used top-of-atmosphere downwelling solar flux data tabulated from (Claire et al.,
2012), normalized to our specified value of total solar irradiance.
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To validate our brute-force radiation scheme, we compared its radiative fluxes and
heating rates to those calculated by RRTM for a set of idealized atmospheric soundings
(Figure S2). We find quite good agreement, with differences in radiative heating rates
generally smaller than 0.15 (0.1) K/day for LW (SW) radiation. We also evaluate the
dependence of OLR on changing surface temperature, tropospheric relative humidity, and
CO2 concentration and find excellent agreement between RRTM and our scheme (Figure
S3); although there is an offset of ' 3 W/m2 between RRTM and our scheme for all
conditions we tested, since this offset is constant in magnitude, we can infer that the
radiative forcings and clear-sky feedbacks calculated by our radiation scheme match those
of RRTM. Given the idealized nature of other aspects of the model framework, we consider
the level of accuracy in the radiative transfer component shown in Figures S2 and S3 to
be sufficient.
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The pressure-temperature grid on which lookup tables of absorption coefficients

for CO2 and H2 O were generated for use in the radiative transfer calculations.
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(a) The benchmark soundings (gray), with surface temperatures ranging from

280–300 K in 5-K increments and moist-adiabatic tropospheres. The mean temperature profiles
from the CTRL and 4×CO2 simulation are also plotted. (b–f) Vertical profiles of LW (red) and
SW (blue) radiative heating rates for the benchmark soundings plotted in (a), as computed by
RRTM (dashed) and by our brute-force radiation scheme (solid).
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Figure S3. The dependence of OLR on surface temperature and tropospheric relative humidity,
as calculated by RRTM (dashed) and by our brute-force radiation scheme (solid). Panels (a) and
(b) show calculations with 280 ppm and 1120 ppm of CO2 , respectively.

October 26, 2020, 3:18pm

