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Abstract The impact of three‐dimensional (3D) shortwave radiation on cloud condensate, size and lifetime
is investigated using large‐eddy simulations coupled to an interactive land surface model (LSM). Results show
3D radiation produces higher cloud tops and greater cloud condensate than 1D radiation, resulting from larger
downward shortwave fluxes beneath clouds. The enhanced radiative flux leads to increased surface temperature,
which in turn amplifies sensible and latent heat fluxes beneath clouds by about 40%, thereby promoting further
cloud development. 3D radiation produces larger and longer‐lived clouds than 1D radiation, with the tail in size
distribution occurring near 1,400 m in 3D‐LSM versus 1,100 m in 1D‐LSM. These differences arise from the
contrasting surface heterogeneity induced by the 1D and 3D radiation schemes. Unlike 1D‐LSM, where cloud
shadows fall directly beneath clouds and locally suppress updrafts, 3D‐LSM displaces shadows, favoring cloud‐
scale circulations that provide positive feedback, leading to thicker, larger, and longer‐lived clouds.

Plain Language Summary Clouds play an important role in regulating Earth's energy and water
cycles, yet their representation in models depends strongly on how radiation and land–atmosphere interactions
are treated. Many models still use simplified one‐dimensional (1D) radiation schemes that neglect the three‐
dimensional (3D) effects of cloud scattering. Using large‐eddy simulations coupled with an interactive land
surface model (LSM), we show that accounting for 3D shortwave radiation substantially alters cloud evolution.
Compared to 1D radiation, 3D radiation allows more sunlight to reach the surface beneath clouds, primarily
because its direct component remains nearly unchanged with increasing cloud thickness, in stark contrast to the
sharp decline observed in 1D radiation. This additional energy increases surface heat and moisture fluxes, which
in turn promotes deeper, larger, and longer‐lived clouds. Our results further indicate that in 1D‐LSM, cloud
shadows fall directly beneath clouds, suppressing local updrafts. This negative feedback keeps clouds even
smaller and shorter‐lived than in the simulation without land‐surface coupling. These findings highlight the
importance of representing 3D radiative effects for realistic simulations of cloud properties and their interaction
with the land surface.

1. Introduction
Clouds, especially shallow cumulus, are a major source of uncertainty in climate feedback and sensitivity (Bony
& Dufresne, 2005; Sherwood et al., 2020; Su et al., 2014; Wang et al., 2008; Zelinka et al., 2020). Although large
horizontal variability in their microphysical properties has been observed and simulated (Lu et al., 2012; Wang &
Zhang, 2014; Zhang et al., 2017; Zhao et al., 2024), progress in parameterizing their radiative effects remains
limited. Virtually all radiative transfer schemes account for cloud inhomogeneity via independent column ap-
proximations that neglect horizontal photon transport (Räisänen et al., 2004; Wang, 2017; Wang et al., 2021), or
through simplified two‐stream methods (Barker et al., 2015; Hogan et al., 2016; Meador & Weaver, 1980; Yang
et al., 2019). Radiative transfer, however, is inherently three‐dimensional (3D hereafter), involving photon
transport in both the horizontal and vertical directions (Mayer, 2009). While ignoring horizontal exchange is
acceptable at coarse resolution, it introduces substantial errors in high‐resolution simulations (Cahalan
et al., 1994). In these high‐resolution models, the horizontal scale of clouds and grid cells is typically smaller than
the vertical depth. Consequently, cloud shadows can reside in different grid cells than the clouds under 3D ra-
diation, whereas 1D radiation always places shadows directly underneath the clouds. This leads to differences in
surface solar radiation and subsequent cloud development via surface heat flux heterogeneity. Offline studies
have demonstrated that 3D radiative effects are crucial for accurately capturing the spatial distribution of surface
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shortwave radiation (e.g., Gristey et al., 2020; Tijhuis et al., 2023, 2024). Similar effects on surface radiation can
also arise from mountainous terrain (Gu et al., 2012).

To fully capture the impact of 3D radiation on cloud development, coupling an accurate 3D radiative transfer
scheme with both the flow solver and a land surface model is necessary. Due to high computational cost, most
studies have used simplified approaches. Using the Tilted Independent Column Approximation (TICA), Wapler
and Mayer (2008) found that under a zero‐zenith angle, cloud lifetime was reduced, while cloud cover and liquid
water path remained largely unchanged. Gronemeier et al. (2017) showed that displaced cloud shadows can
generate secondary circulations and extend cloud lifetime at large zenith angles. Using a more accurate 3D solver
(Jakub & Mayer, 2015), Jakub and Mayer (2017) demonstrated that coupled 3D radiation promotes cloud streets
via surface heat flux heterogeneity. Veerman et al. (2020) showed that coupled 3D radiation yields larger and
thicker clouds. While most existing studies are essentially sensitivity analyses that examine factors such as solar
zenith angle, azimuth angles, and background wind, few have quantitatively examined the influence of 3D ra-
diation on cloud evolution using a realistic field case. To address this gap, we employ a LESmodel coupled with a
3D radiative transfer scheme, applied to a shallow cumulus case from a field campaign. We quantify the impact of
3D versus 1D radiation on cloud condensate, size, and lifetime, and also compare simulations with and without
land‐atmosphere coupling to isolate the role of surface‐atmosphere feedback.

2. Model, Methods, and Case Description
2.1. LES Model

We used the parallelized LES model (PALM), version 6.0 (Maronga et al., 2020), which has been widely applied
to studies of convective boundary layers (e.g., Maronga & Raasch, 2013; Raasch & Franke, 2011). PALM solves
the non‐hydrostatic incompressible Navier–Stokes equations under either the Boussinesq or anelastic approxi-
mation. The model adopts a fifth‐order advection scheme (Wicker & Skamarock, 2002) and a third‐order Runge‐
Kutta time‐stepping scheme (Williamson, 1980). For cloud process, an all‐or‐nothing saturation adjustment
scheme is employed according to Cuijpers and Duynkerke (1993), which assumes no subgrid‐scale fluctuations
within a host grid. The calculation of cloud droplet effective radius is based on the diagnosed liquid water content
and a prescribed constant droplet number concentration following Martin et al. (1994). Subgrid‐scale turbulence
is parameterized using a 1.5‐order closure (Deardorff, 1980), implemented in the form described by Saiki
et al. (2000). The land‐surface model (LSM) in PALM is based on the Tiled ECMWF Scheme for Surface Ex-
changes over Land, which solves the surface energy balance using a resistance‐based parameterization for tur-
bulent fluxes (Balsamo et al., 2009). To incorporate 3D radiative effects, PALM is coupled with the TenStream
radiative transfer scheme (Jakub & Mayer, 2015), an efficient parallel solver for the full 3D radiative transfer
equation that explicitly computes radiative exchange coefficients for sideward energy streams.

2.2. Case Description

The shallow convection case is based on observations from the Atmospheric Radiation Measurement (ARM)
Southern Great Plains (SGP) central facility on 21 June 1997, during which shallow cumuli developed over a dry
land surface (Brown et al., 2002). The PALM model uses a horizontal domain of 128 × 128 grid points with a
spacing of 100 m. Vertically, the model extends from the surface to 4,000 m with a uniform resolution of 40 m.
The initial sounding is taken from Brown et al. (2002), while the large‐scale forcing to drive the model is derived
using a variational analysis method (Zhang & Lin, 1997). Three experiments were conducted: (a) 3D‐LSM: a
simulation with TenStream radiative transfer and interactive land‐surface coupling; (b) 1D‐LSM: a simulation
with two‐stream radiative transfer and interactive land‐surface coupling; (c) No‐LSM: a simulation without land‐
surface coupling, in which surface heat fluxes are prescribed from the domain‐averaged, time‐varying fluxes of
1D‐LSM. This configuration is equivalent to horizontally homogenizing the surface fluxes in 1D‐LSM. To isolate
the impact of cloud‐shadow‐induced surface heterogeneity on cloud evolution, longwave radiation is turned off,
and radiative heating is not interactively fed back to the flow solver in the two radiation‐enabled experiments.
Besides, a motionless background state is adopted, a configuration in favor of amplifying the impact of 3D ra-
diation on cloud development (Gronemeier et al., 2017). Each simulation is integrated for 14 hr, with full 3D
model output saved at 1‐min intervals. In terms of computational cost, the 3D radiation scheme is roughly 17
times more expensive than its 1D counterpart in our setup.
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2.3. Cloud‐Tracking Procedure

To examine the impact of 3D versus 1D radiation on cloud statistics, cloud tracking was conducted during post‐
processing using the algorithm detailed in Dawe and Austin (2012). Three regions are defined for cloud tracking:
(a) cloud “core,” defined as model points containing liquid water and having positive buoyancy and upward
velocity; (b) “condensed,” defined as all grid points containing liquid water; (c) “plume,” the region of upward‐
moving air that is associated with the cloud. The primary tracked region is the “condensed” region, whereas the
“core” and “plume” regions serve auxiliary roles: they help determine when two clouds should be considered
merged (via core connectivity) and when a split is genuine (via plume connectivity to the surface). After tracking,
each time step yields a list of grid boxes associated with clouds and plumes. This output enables the determination
of cloud size, and the number of clouds present at any given time. Cloud lifetime is then calculated as the length of
time that a cloud is tracked.

3. Results and Analysis
3.1. Shallow Cumulus Evolution

The first two rows of Figure 1 present the time‐height cross‐sections of domain‐averaged cloud fraction and cloud
condensate for the 1D‐LSM and 3D‐LSM experiments. The results for the No‐LSM experiment closely resemble
those of 1D‐LSM (Figure S1 in Supporting Information S1). After approximately 9:00 LST (local solar time), all
simulations start to produce condensate above the convective boundary layer (CBL) top (white curve), defined as
the height where the buoyancy flux has a local minimum following Khairoutdinov and Randall (2006). Prior to
this, the variance of vertical velocity above the CBL remains relatively low (Figures 1g and 1h). Thereafter, both
the variance of vertical velocity and cloud condensate increase gradually, remain relatively steady, and then

Figure 1. Time‐height cross‐sections of domain‐averaged cloud fraction (a–c), cloud condensate (d–f), and vertical velocity
variance (g–i) for the experiments of 1D‐LSM (left column), 3D‐LSM (middle column), and their differences (right column).
White lines denote the boundary layer top. Time series of total cloud cover ( j), liquid water path (k), and vertically averaged
vertical velocity variance (l) are shown in the lower panels. Units are % for cloud fraction, mg kg− 1 for cloud condensate, and
m2 s− 2 for velocity variance.
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decline sharply during the decaying phase. The CBL height near the end of simulation (17:00 LST) reaches as
high as 1.1 km, which is in good agreement with Guo et al. (2021). While all experiments reproduce such
characteristic evolution of continental shallow convection, their detailed structures differ. Relative to 1D‐LSM,
3D‐LSM produces higher cloud tops (Figure 1c), greater cloud condensate (Figure 1f), and enhanced vertical
velocity variance (Figure 1i). These contrasts are more pronounced in integrated quantities: liquid water path
(LWP), and vertically averaged vertical velocity variance. Notably, LWP in 3D‐LSM rises to over 30 g m− 2 by
17:00 LST, while it peaks at about 25 g m− 2 (14:00 LST) in 1D‐LSM and around 27 g m− 2 (16:00 LST) in No‐
LSM (Figure 1k). The higher LWP in 3D‐LSM is primarily due to increased cloud thickness (Figure S2 in
Supporting Information S1). Correspondingly, the vertically averaged vertical velocity variance reaches about
0.4 m2 s− 2 in 3D‐LSM, compared to 0.28 m2 s− 2 in 1D‐LSM and 0.34 m2 s− 2 in No‐LSM experiments (Figure 1l).
These results align broadly with the findings of Veerman et al. (2020), who also reported that coupled 3D ra-
diation yields thicker clouds, even though different LES models and case setups were employed. 3D‐LSM
produces increased layer cloud fraction at middle and upper levels and decreased cloud fraction at lower
levels (Figure 1c), but the total cloud cover remains comparable across all three experiments (Figure 1j). This
outcome is attributable to partial compensation between the increase in cloud fraction at middle and upper levels
and the decrease at lower levels. Most striking is that total cloud cover peaks earlier (11:30 LST) than LWP and
declines afterward, despite the continued vertical growth of clouds. This arises because the layer cloud fraction
near cumulus base peaks during the initial stage (Figures 1a and 1b), due to the initially disorganized nature of
cumulus parcels and frequent detrainment that spreads condensate within this layer.

To elucidate the mechanisms underlying the differences between 3D‐LSM and 1D‐LSM experiments, Figure 2
presents the domain‐averaged and cloud‐averaged (i.e., averaged only over cloudy columns) downward short-
wave radiative flux, its direct and diffuse components, surface temperature, sensible heat flux, and latent heat flux
from the two simulations. As noticed, domain‐averaged surface fluxes and surface temperature remain similar
throughout the integration period, which arises because, on a domain‐mean basis, increases or decreases in the
direct and diffuse radiation components compensate each other (Figures 2b and 2c). Beneath clouds, however,
both surface fluxes and temperature differ markedly between the two simulations. After cloud formation at 9:00
LST, the downward shortwave flux is substantially larger in 3D‐LSM than in 1D‐LSM, leading to higher surface
temperature, sensible heat flux, and latent heat flux. These differences generally intensify with increasing solar
zenith angle, leading to greater contrasts during sunrise and sunset, whereas they remain relatively small between
12:00 and 13:00 LST. On average over the period, the differences between the two experiments reach approx-
imately 216 W m− 2 in downward shortwave radiation, 20 W m− 2 in sensible heat flux, and 104 W m− 2 in latent
heat flux, corresponding to roughly 40% of the respective values in 1D‐LSM. The decomposition of total radiation
reveals that the direct component in 3D‐LSM is substantially larger than in 1D‐LSM by approximately
288Wm− 2, while the diffuse component is only slightly reduced by about 72Wm− 2. These results show that 3D‐
LSM enhances surface fluxes beneath clouds, whereas they are typically reduced in 1D‐LSM. This implies
contrasting spatial heterogeneity in surface fluxes between the two experiments, with the pattern in 1D‐LSM
primarily driven by traditional cloud radiative effects.

In order to understand why 3D‐LSM yields larger downward shortwave flux than 1D‐LSM, we decompose the
total downward shortwave flux into its direct and diffusion components. Because thicker clouds scatter and
absorb more incident solar radiation, the total downward shortwave radiation and the partition between direct and
diffuse components depend on cloud thickness. We therefore examine the response of surface heat fluxes to cloud
thickness using LWP as a proxy. Local values of the direct and diffuse components of downward shortwave flux,
surface temperature, sensible heat flux, and latent heat flux are binned by LWP. The resulting binned values are
then averaged over the model output between 13:00 and 14:00 LST, as shown in Figure 3. In 1D‐LSM, downward
shortwave flux decreases monotonically with increasing LWP (Figure 3a), primarily due to a reduction in the
direct component. For clouds with LWP below about 50 g m− 2 (corresponding to an optical depth of ∼7.5), the
diffuse component increases with LWP, a consequence of enhanced conversion of direct to diffuse radiation
through cloud scattering. Beyond an LWP of 50 g m− 2, the diffuse component also decreases with increasing
LWP, albeit more gradually than the direct component. In 3D‐LSM, the direct component remains nearly
invariant with LWP, whereas the diffuse component increases throughout the entire LWP range. This arises
because some of the direct light reaching a point may come from different columns through side illumination. As a
result, when we bin surface points by the LWP of the column directly above them, the average direct flux shows a
weak dependence on that local LWP. For diffuse radiation, a surface point beneath a thick cloud can receive
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diffuse radiation from adjacent thinner clouds or clear gaps via horizontal transport. Therefore, the bin‐averaged
diffuse flux for high‐LWP points becomes enhanced because they receive scattered light from their less‐
attenuating surroundings while also benefiting from the strong scattering capacity of the thick cloud itself.
Consequently, total downward shortwave flux increases with LWP in 3D‐LSM but decreases in 1D‐LSM. In turn,
surface heat fluxes and surface temperature in 3D‐LSM rise moderately with LWP, in line with the enhanced
downward radiative energy reaching the surface. This creates a favorable environment for preexisting clouds by
boosting the supply of enthalpy fluxes from the surface, thereby promoting further cloud development (Chen
et al., 2020; Ren et al., 2023).

3.2. Cloud Size and Lifetime

In this subsection, we examine the feedback of cloud‐shadow‐induced surface heterogeneity on cloud size sta-
tistics using the cloud‐tracking procedure described in Section 2.3. Following Neggers et al. (2003), cloud size is
defined as the square root of a cloud's horizontal area. Data points are collected in bins of 30‐m width at 1‐min
intervals over the entire simulation period. The cloud‐size distribution at each height for the 1D‐LSM experiment
is shown in Figure 4a. The distribution peaks at small cloud sizes and decreases toward larger sizes. The results for
the No‐LSM experiment closely resemble those of 1D‐LSM (Figure S3 in Supporting Information S1). Compared

Figure 2. Time series of domain‐averaged (dashed lines) and cloud‐averaged (solid lines) downward shortwave radiation (a),
its direct (b) and diffuse (c) components, surface temperature (d), sensible heat flux (e), and latent heat flux (f). Blue curves
denote the 1D‐LSM experiment and red curves the 3D‐LSM experiment. The numbers in each panel indicate the time‐
averaged values.
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with 1D‐LSM, 3D‐LSM exhibits not only higher cloud tops but also more large clouds at the expense of fewer
small clouds (Figure 4b), a contrast that is more evident in their difference (Figure 4c). We also project the clouds'
condensed regions onto a horizontal plane to simulate what a satellite directly overhead would observe; the
resulting size distribution is shown in Figure 4d. While Figure 4d shows frequency, the cloud number statistics
exhibit a similar distribution (Figure S4a in Supporting Information S1). Despite the close resemblance between
1D‐LSM and No‐LSM for clouds smaller than 1,000 m, 1D‐LSM produces fewer larger clouds (size >1,000 m)
than No‐LSM. The size distribution generally follows a power‐law decay toward larger clouds, with the

Figure 3. Mean downward shortwave flux (a), its direct (b) and diffuse (c) components, surface temperature (d), sensible heat
flux (e), and latent heat flux (f) as a function of liquid water path bin, averaged between 14:00 and 15:00 LST. Blue curves
denote the 1D‐LSM experiment and red curves the 3D‐LSM experiment. The shading indicates the width of twice the
standard deviation of the results between 14:00 and 15:00 LST.

Figure 4. Cloud size distribution for layer clouds at each height in (a) 1D‐LSM, (b) 3D‐LSM, and (c) their difference. Cloud
size distribution for projected clouds is shown in (d). In (d), green, blue, and red curves represent the No‐LSM, 1D‐LSM, and
3D‐LSM experiments, respectively.
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distribution tail occurring near 1,100 m in both 1D‐LSM and No‐LSM. In 3D‐LSM, this tail shifts toward larger
clouds, reaching approximately 1,400 m.While the distributions between 3D‐LSM and 1D‐LSM are similar in the
300–600 m bin range, 3D‐LSM produces more clouds above this range and fewer below it, indicating that 3D
radiative effects promote larger clouds at the expense of smaller ones, a phenomenon reminiscent of cloud ag-
gregation in convective self‐organization (Bretherton et al., 2005).

Cloud lifetime is also likely influenced by cloud‐shadow‐induced surface heterogeneity. Following Dawe and
Austin (2012), cloud lifetime is calculated as the length of time that a cloud is tracked. We exclude clouds that end
outside the model integration period, as their complete life cycles cannot be determined. The algorithm results in
9,754, 9,967, and 6,790 tracked clouds for the No‐LSM, 1D‐LSM, and 3D‐LSM experiments, respectively.
Figure 5a presents the cloud lifetime distribution using a 5‐min bin width. In all three experiments, the highest
relative frequency occurs for short‐lived clouds (lifetime <20 min), and the frequency generally decreases with
increasing lifetime. Compared to 1D‐LSM, the lifetime distribution shifts toward longer durations in both 3D‐
LSM and No‐LSM, evidenced by an increased proportion of long‐lived clouds (lifetime >40 min). Although
frequency is plotted in Figure 5a, the cloud number statistics display comparable distributions (Figure S4b in
Supporting Information S1). Notably, very few clouds in the 1D‐LSM experiment exceed 50 min in lifetime, and
the frequency of long‐lived clouds (lifetime >50 min) increases from 0.02% in 1D‐LSM to 0.12% in No‐LSM and
0.16% in 3D‐LSM, roughly a sixfold and eightfold increase, respectively. The longer lifetimes and larger sizes of
clouds in 3D‐LSM point to a coherent relationship between these two cloud properties. Figure 5b plots the mean
cloud size within each lifetime bin. As anticipated, shorter‐lived clouds tend to be smaller, whereas longer‐lived
clouds are generally larger. This also explains why No‐LSM produces more long‐lived clouds: it possesses a
relatively higher proportion of larger clouds, consistent with the projected‐cloud distribution shown in Figure 4d.

As we can see, although the domain‐averaged surface heat fluxes are similar among all three experiments
(Figure 2), 3D‐LSM exhibits clearly different cloud properties (greater cloud condensate, larger size, longer
lifetime) from 1D‐LSM and No‐LSM. This can be understood as follows. In 1D‐LSM, a cold patch (cloud
shadow) lies directly beneath a cloud and suppresses its updraft locally, whereas the suppressed cloud is soon
replaced by another cloud forming in a neighboring warm patch (clear gap). This negative feedback keeps clouds
in 1D‐LSM relatively small and short‐lived. The spatial compensation between cold and warm patches means that
the domain‐averaged cloud properties remain nearly unchanged compared to the uniform‐flux case (No‐LSM);
however, cloud size and lifetime tend to be smaller than in No‐LSM. In contrast, 3D‐LSM produces cold and

Figure 5. Distribution of cloud lifetime (a) and mean cloud size within each lifetime bin (b). Green, blue, and red bars
represent the No‐LSM, 1D‐LSM, and 3D‐LSM experiments, respectively.
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warm patches through displaced cloud shadows. This configuration favors cloud‐scale circulations that actively
transport moisture and energy into clouds, leading to positive feedback and thus thicker, larger, and longer‐lived
clouds.

4. Conclusions
In this study, we use the PALM LES model coupled with the TenStream 3D radiative transfer scheme and an
interactive land surface model to investigate the impact of 3D shortwave radiation on cloud condensate, size and
lifetime. Three experiments are conducted: 3D‐LSM (3D radiation with land‐surface coupling), 1D‐LSM (1D
radiation with land‐surface coupling), and No‐LSM (no land‐surface coupling). Results show 3D‐LSM produces
higher cloud tops and greater cloud condensate than 1D‐LSM, resulting from a substantially larger downward
shortwave flux beneath clouds in 3D‐LSM. This enhanced radiative flux leads to increased surface temperature,
sensible heat flux, and latent heat flux, creating a favorable environment for preexisting clouds by boosting the
supply of heat and moisture from the surface, thereby promoting further cloud development. The larger down-
ward shortwave flux beneath clouds in 3D‐LSM is primarily attributed to its direct component. There is close
similarity between the No‐LSM and 1D‐LSM experiments regarding domain‐mean cloud macrophysical
properties.

Using a cloud‐tracking algorithm, we find that 3D‐LSM produces larger clouds at the expense of smaller ones,
shifting the tail of the power‐law size distribution from about 1,100 m in 1D‐LSM to approximately 1,400 m in
3D‐LSM. Regarding cloud lifetime, short‐lived clouds dominate in all experiments, but the lifetime distribution
shifts toward longer durations in both 3D‐LSM and No‐LSM compared to 1D‐LSM, a shift consistent with the
coherent scaling between cloud size and lifetime. Underlying these differences is the contrasting surface het-
erogeneity induced by each radiation scheme. In 1D‐LSM, cloud shadows fall directly beneath clouds, sup-
pressing local updrafts; this negative feedback keeps clouds even smaller and shorter‐lived than those in No‐LSM.
In contrast, 3D‐LSM produces cold and warm patches through displaced cloud shadows, which favors cloud‐scale
circulations that provide positive feedback, leading to thicker, larger, and longer‐lived clouds.
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