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Abstract One-dimensional radiative transfer model has been widely used in atmospheric numerical studies. However, the one-dimen-
sional model neglects the radiation transport process in the three-dimensional cloudy atmosphere and thus produces inaccurate numerical
simulations and weather forecasts. In order to address uncertainties in the one-dimensional radiative transfer model and optimize the ra-
diation parameterization in numerical weather forecast system, effects of three-dimensional radiation interaction among clouds and their
impacts on the thermodynamic structure of clouds are studied. I3RC [[ cumulus and stratocumulus fields are selected for the present
study, and their central areas are taken as the target domain while the surrounding areas are treated as the adjacent domain. Spatial dis-
tributions of shortwave and longwave radiative heating rates are simulated by the broadband three-dimensional radiative transfer model
SHDOM to illustrate the impact of the adjacent-cloud on the thermodynamic structure of the target-cloud. Simulation results show that
the adjacent-cloud imposes longwave radiative warming effects on the entire target domain. The warming zone is mainly located in the
surface layer of the cloud, the depth of which is negatively correlated with the liquid water content; the warming rate is proportional to
cloud coverage and the reciprocal of the distance between the target and adjacent clouds, and its maximum value is 3. 08 K/h. For
shortwave bands, the adjacent-cloud has both scattering-induced warming effects and shadowing-induced cooling effects for the target-
cloud. With a small solar zenith angle, warming effects are dominant although they are quite weak with a small spatial inhomogeneity.
As the solar zenith angle increases, cooling effects become more important and cause significant temperature reductions (the maximum
reduction is 1. 72 K/h) in the surface layer of the target-cloud on the side sheltered by the adjacent-cloud. The shading effects may even
exceed the longwave radiative warming effects. In conclusion, the adjacent-clouds could greatly change the local heating rate of the tar-

get-clouds. Therefore, it is crucial to consider the three-dimensional radiative effects in the numerical weather forecast system to im-
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prove the radiation parameterization.
Key words Three-dimensional cloudy atmosphere, Radiative heating rate, Longwave radiative warming, Scattering-induced

warming, Shadowing-induced cooling
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Fig.1 Three-dimensional liquid water content (LWC) distributions (the rectangular areas in panels (a, b) denote

the vertical projection of target domain on the ground surface) of cumulus (a, ¢) and stratocumulus (b, d) as well

as their vertical profiles of horizontally averaged LWC and cloud coverage (CC) (Tar, Adj and Tot in panels (c, d)

denote target, adjacent and total domains of cloud fields respectively, for example,

CC (Tar) represents the cloud coverage in the targeted domain)
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H, (K/h)

For cumulus and stratocumulus fields, the average longwave radiative heating rates H,

and H 4 of the entire target domain from simulations with the adjacent domain being clear

sky and cloudy atmosphere respectively, and the corresponding difference AH = H.y — Hy, (K/h)
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Fig.2 Vertical profiles of horizontally averaged longwave radiative heating rates for cumulus and stratocumulus fields
(a, b) over the entire targeted domain for simulations with the adjacent domain being clear sky and cloudy atmosphere

respectively, and the corresponding difference (¢, d) between results with two different adjacent domains
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Fig.4 Horizontal LWC distributions at three different altitudes approximately located at the top, middle and bottom of the
cloud fields(a, c, e. the altitudes of top, middle, and bottom of the cloud are 2. 06, 1. 74, 1.22 km for cumulus; b, d, f.
the altitudes of top, middle, and bottom of the cloud are 0. 79, 0.69, 0.64 km for stratocumulus;
the rectangular area in each panel denotes the targeted area)
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Fig. 6 Vertical longwave radiative heating rate cross-sections over the cloud fields for simulations with the adjacent

domain being clear sky (b, e) and cloudy atmosphere (a, d) respectively, and cross-sections of the corresponding

difference (c, f) where Y=4.00 km and 1. 82 km for cumulus (a, b) and stratocumulus (d, e) respectively

(the rectangular area in each panel denotes the target area)
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Fig. 7 Same as Fig. 2 but for shortwave radiative heating rate

with the solar zenith angles 0° and 60°
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