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Abstract. We investigate the effects of thermal radiation on
cloud development in large-eddy simulations (LESs) with the
UCLA-LES model. We investigate single convective clouds
(driven by a warm bubble) at 50 m horizontal resolution and
a large cumulus cloud field at 50 and 100 m horizontal res-
olutions. We compare the newly developed 3-D Neighbor-
ing Column Approximation with the independent column ap-
proximation and a simulation without radiation and their re-
spective impact on clouds. Thermal radiation causes strong
local cooling at cloud tops accompanied by a modest warm-
ing at the cloud bottom and, in the case of the 3-D scheme,
also cloud side cooling. 3-D thermal radiation causes sys-
tematically larger cooling when averaged over the model do-
main. In order to investigate the effects of local cooling on
the clouds and to separate these local effects from a systemat-
ically larger cooling effect in the modeling domain, we apply
the radiative transfer solutions in different ways. The direct
effect of heating and cooling at the clouds is applied (local
thermal radiation) in a first simulation. Furthermore, a hori-
zontal average of the 1-D and 3-D radiation in each layer is
used to study the effect of local cloud radiation as opposed to
the domain-averaged effect. These averaged radiation simu-
lations exhibit a cooling profile with stronger cooling in the
cloudy layers. In a final setup, we replace the radiation sim-
ulation by a uniform cooling of 2.6 K day~!. To focus on the
radiation effects themselves and to avoid possible feedbacks,
we fixed surface fluxes of latent and sensible heat and omit-
ted the formation of rain in our simulations.

Local thermal radiation changes cloud circulation in the
single cloud simulations, as well as in the shallow cumulus
cloud field, by causing stronger updrafts and stronger subsid-
ing shells. In our cumulus cloud field simulation, we find that
local radiation enhances the circulation compared to the aver-
aged radiation applications. In addition, we find that thermal
radiation triggers the organization of clouds in two different
ways. First, local interactive radiation leads to the formation
of cell structures; later on, larger clouds develop. Comparing
the effects of 3-D and 1-D thermal radiation, we find that or-
ganization effects of 3-D local thermal radiation are usually
stronger than the 1-D counterpart. Horizontally averaged ra-
diation causes more clouds and deeper clouds than a no radi-
ation simulation but, in general less-organized clouds than in
the local radiation simulations. Applying a constant cooling
to the simulations leads to a similar development of the cloud
field as in the case of averaged radiation, but less water con-
denses overall in the simulation. Generally, clouds contain
more liquid water if radiation is accounted for. Furthermore,
thermal radiation enhances turbulence and mixing as well as
the size and lifetime of clouds. Local thermal radiation pro-
duces larger clouds with longer lifetimes.

The cloud fields in the 100 and 50 m resolution simulations
develop similarly; however, 3-D local effects are stronger in
the 100 m simulations which might indicate a limit of our
3-D radiation parameterization.
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1 Introduction

Clouds are a key element for accurate climate and weather
prediction and cause large uncertainties in the prediction of
both (Boucher et al., 2013). Clouds play an important, yet
poorly quantified, role in climate change. Key questions aris-
ing from the limited understanding of clouds in climate pre-
diction were recently pointed out by Bony et al. (2015).
These questions include the role of cloud organization or the
role of cloud convection in a changing climate. Feedbacks
of radiative effects on cloud dynamics and microphysics are
one component which modify cloud development, and lim-
ited understanding of these processes contributes to the un-
certainty in climate prediction.

Solar and thermal radiation drive weather and climate and
affect cloud formation. Different studies in the past looked
at radiative effects caused in clouds. Thermal cooling rates
in stratiform clouds were found to vary between 2 and
40Kh™! (Feigelson, 1973, 1984; Davies and Alves, 1989;
Stephens, 1978). These studies showed that thermal heating
and cooling rates depend, e.g., on the liquid water content
of a cloud (Feigelson, 1973, 1984; Davies and Alves, 1989;
Labo and Geresdi, 2016) and on the strength of the inversion
layer above the clouds (Twomey, 1983). Harshvardhan et al.
(1981) was one of the first to look at 3-D effects on clouds
by applying radiative transfer to a cuboid cloud. They found
strong cooling on the sides of the cuboid cloud, causing up
to a factor of 3 difference in the cooling rate when compar-
ing their result to a plane-parallel treatment of a cloud. In
a follow-up study, Harshvardhan and Weinman (1982) ex-
tended this approach to a regular array of cuboid clouds.
Again, it was found that 3-D cooling rates can exceed those
of 1-D radiative transfer calculations by a factor of 2-3. De-
pending on the aspect ratio of the cuboid cloud, this factor
can be lower or higher. Guan et al. (1995) further investi-
gated those effects with an axially symmetric 3-D radiative
transfer model focusing on peaks and holes of isothermal
stratiform clouds as well as non-isothermal isolated cylindri-
cal clouds. In holes of stratiform clouds, cooling rates were
found to be smaller in 3-D compared to 1-D radiation simu-
lations. The cylindrical clouds showed cooling at cloud top
(up to —34Kh™!) and cloud side (—14 Kh™!). Most of the
cooling was found within the first 20 m from the cloud side.

More recent studies using accurate radiative transfer
models (e.g., Monte Carlo models) found strong 3-D lo-
cal thermal cooling rates reaching up to 300-600 K day~!
(e.g., Kablick et al., 2011; Klinger and Mayer, 2014) in real-
istic 3-D cloud field simulations. It was shown that 3-D cool-
ing rates exceed 1-D cooling rates both in magnitude and by
an additional cloud side cooling. An example of 3-D thermal
cooling rates in a cumulus cloud field (calculated on a large-
eddy simulation (LES) time snapshot from Cahalan et al.,
2005) is shown in Fig. 1.

The figure shows cooling rates at cloud tops and cloud
sides, reaching values up to 300 K day~!. In addition, mod-
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Figure 1. Three-dimensional heating and cooling rates and surface
fluxes in a cumulus cloud field, calculated with the Monte Carlo
model MYSTIC (Mayer, 2009; Klinger and Mayer, 2014). The
black and gray bar shows the opacity of heating rates.

est warming at the cloud bottom (maximum 30K day™')
is found. The resulting change in the surface flux between
cloud-free and cloudy areas is small in the thermal spectral
range. The magnitude of these cooling rates suggests that
thermal radiation likely has an impact on cloud development
(Davies and Alves, 1989).

Solar radiative effects are different from thermal radia-
tive effects. In the solar spectral range, absorption of sun-
light at the illuminated cloud sides causes heating rates up to
100K day’1 (O’Hirok and Gautier, 2005; Jakub and Mayer,
2015). The location of these heating rates varies with the so-
lar zenith angle. In addition, the surface fluxes vary dramati-
cally between directly illuminated and shaded areas (Wapler
and Mayer, 2008; Wissmeier and Buras, 2014; Jakub and
Mayer, 2015). Again, the location of the shadow or the di-
rectly illuminated surface depends on the solar zenith angle.

The above-mentioned radiative effects are known to af-
fect cloud development. Koracin et al. (1998) coupled a 3-D
Monte Carlo model to a 2-D cloud model. They found situa-
tions where 3-D solar radiative transfer might become impor-
tant but did not investigate the solar effects on cloud develop-
ment any further. Schumann et al. (2002) studied the cloud
shadow effect in the solar spectral range in the convective
boundary layer with an idealized setup. They showed non-
steady convective motion if the shadow of the cloud was lo-
cated directly below the cloud and an reduction in the cloud’s
own buoyancy, compared to a shifted shadow. Cloud shad-
ing from the anvils of thunderstorm clouds and the poten-
tial feedback on thunderstorm dynamics was investigated in
a number of studies. Markowski and Harrington (2005) used
a very simplified radiative transfer approach by applying a
surface cooling of 6 Kh™! in their simulations. The change
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in surface sensible heat flux led to differences in the strength
of the thunderstorm. The effect of cloud shading and the re-
sulting change in surface fluxes were further addressed by
Frame et al. (2009); Frame and Markowski (2010, 2013).

Thermal cooling is known to drive the development of
stratus clouds. Moller (1951) already stated that cooling at
cloud top and warming at the cloud bottom can drive con-
vection in clouds by vertical differential heating and cool-
ing as well as the following destabilization. Therefore, stra-
tus clouds might alter to stratocumulus and altostratus to
altocumulus. Similar to Moller (1951), Curry and Herman
(1985) found increased convection due to radiation. Further-
more, they found an increased liquid water content and en-
hanced droplet growth. Destabilization and enhanced turbu-
lence caused by the vertical differential heating and cooling
was found in addition by Sommerai (1976), Fu et al. (1995),
Petters et al. (2012) and Lilly (1988). Larson et al. (2001)
showed that thermal cooling, on the one hand, enhances con-
densation and thus increases liquid water content; on the
other hand, radiation causes more entrainment and therefore
a decrease in liquid water content. Fu et al. (1995) found that
the clear sky cooling enhances convection and increases pre-
cipitation by 5 %. Tao et al. (1993) showed an increase in pre-
cipitation of 14-31 % due to thermal effects, and Tao et al.
(1996) saw an increase in relative humidity of the environ-
ment, enhanced circulation and microphysical processes.

In a recent study, Bellon and Geoffroy (2016a) investi-
gated the stratocumulus 1-D radiative effect in a set of equi-
librium simulations. It was found that, depending on the sea
surface temperature (SST), radiative cooling at cloud top is
crucial for the existence of the equilibrium stratocumulus
and causes enhanced turbulence by buoyancy production,
more entrainment and a deepening of the boundary layer.
Based on the results of the first study, Bellon and Geoffroy
(2016b) investigated different approximations of the radia-
tive effect, such as column or horizontally averaged radia-
tion. They found that the radiative effect has to be represented
in some detail at the cloud top to account for the enhanced
turbulence and mixing and therefore determine the existence
of the stratocumulus. Other studies also addressed the dif-
ferences in cloud development caused by local or homoge-
nized cooling in simulations of deep convective clouds. Xu
and Randall (1995) found a longer lifetime of clouds when
simulating clouds with local radiation. Thermal radiation in-
creased turbulence on short timescales and the cloud devel-
opment itself on longer timescales.

In a detailed study, Petch and Gray (2001) investigated the
robustness of cloud simulations with varying horizontal reso-
lutions (2km, 1 km, 500 m), domain size, microphysical pa-
rameterizations and different radiation schemes. They also
compared results from a 2-D cloud model and a 3-D cloud
model. In terms of resolution, they found a sensitivity of the
mass flux. Turbulence caused by radiative effects was better
resolved in the 3-D cloud model than in the 2-D model. A
change in domain size caused a shift in time of major con-
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vective events. For their radiation experiments, they differ-
entiated between a no radiation, a local 1-D radiation and
an averaged radiation application in a 2-D cloud model. Ice
and mass flux, as well as the amount of condensed water, in-
creased in the slab-averaged radiation application. Petch and
Gray (2001) related this to destabilization due to the aver-
aged cooling in areas where there should be no or less cool-
ing in the local application, causing an increase in depth and
the rate of development of the clouds. Overall, there were
some differences between the averaged and the local radia-
tion cases, but the larger one was found when comparing the
radiation results to the no radiation simulation. Cole et al.
(2005) embedded a 2-D cloud model in a general circulation
model (GCM) with 4 km horizontal resolution. They used a
two-stream approach for solar radiation and an emissivity
approach for the longwave spectrum. They applied the 1-D
radiation both as local and averaged applications and inves-
tigated the feedback to cloud development within a 6-month
simulation. In addition, they compared the results to the stan-
dard GCM radiation scheme, which produces also an aver-
age radiation tendency per GCM grid box. They concluded
that local application of radiative effects causes differences
in the development of low and high clouds. The way the slab
average radiation is applied (either calculated from the di-
rect simulation of local effects or from the GCM itself) did
not change cloud development in a significant way. The dif-
ference between the application of local and homogenized
radiation was also addressed by Xiao et al. (2014), with a
focus on stratocumulus to cumulus transition. Again, an in-
crease in turbulence, due to the destabilization of the clouds
by thermal radiation, was found. Xiao et al. (2014) state that
because they only used a common 1-D approximation for the
radiation calculation the effects might be larger with 3-D ra-
diation.

In addition to the thermal radiative impacts on cloud de-
velopment on short timescales mentioned so far, studies by
Muller and Held (2012) and Muller and Bony (2015) suggest
that local thermal radiation is essential for triggering self-
aggregation in radiative—convective equilibrium simulations.
Emanuel et al. (2014) found that clear sky thermal cooling is
a key component for self-organization.

Studies coupling thermal interactive 3-D radiation to cloud
resolving models are rare. Guan et al. (1997) investigated 3-
D thermal radiation effects in small cumulus clouds using
a 2-D cloud model and the axially symmetric 3-D radiative
transfer model of Guan et al. (1995). Simulations with 3-D
longwave radiative transfer were compared to a no radiation
simulation. An increase in mean and maximum liquid wa-
ter content was found. In addition, enhanced downward mo-
tion at the cloud sides and an increased upward motion in
the cloud center developed in the 3-D radiation case. At the
end of their simulation, Guan et al. (1997) found an accel-
eration of the dissipation of the cloud with thermal radia-
tion. Mechem et al. (2008) coupled the 3-D radiative transfer
model SHDOM (Evans, 1998) to a 2-D cloud model. The ef-
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fects of 3-D thermal radiative transfer on stratocumulus and
isolated shallow cumulus were studied. The tendencies of the
difference between the 1-D and 3-D radiative transfer calcu-
lation were passed to the cloud model. They found an overall
effect of thermal radiation on the development of the cloud
field in comparison to a no radiation simulation, but the dif-
ferences between 1-D and 3-D thermal radiation were small.
Interactive radiation promoted deeper clouds, higher liquid
water content, as well as cooler and dryer surface conditions.
In the stratocumulus case, the main difference was a redistri-
bution of the heating rates in the cloud field.

The microphysical aspect mentioned before will not be ad-
dressed in this study; however, for completeness, we will
briefly point out what was found in the past. Harrington
et al. (2000) and Marquis and Harrington (2005) showed that
thermal emission enhanced cloud droplet growth by diffu-
sion. An earlier onset of collision and coalescence of cloud
droplets was found by Hartman and Harrington (2005a, b)
when thermal radiation was considered. Recent studies of
Brewster (2015) and de Lozar and Muessle (2016) emphasize
the hypothesis that thermal radiation might influence droplet
growth significantly and lead to a broadening of the droplet
size spectra and thus enhance the formation of precipitation.

Most of the former studies of cloud-radiation interactions
were based on 1-D radiation assumptions. The few studies
using 3-D radiative transfer models are limited to using 2-
D cloud resolving models instead of full 3-D cloud mod-
els. This paper aims to address the interaction of radiation
and clouds, including a comparison of the effects of 1-D and
3-D thermal radiation. For this purpose, 3-D interactive ra-
diation (the Neighboring Column Approximation — NCA;
Klinger and Mayer, 2016) was developed and integrated into
the UCLA-LES (Stevens et al., 2005; Stevens, 2007) and a
set of idealized simulations was developed, aiming to isolate
the effect of 1-D and 3-D thermal radiation on clouds. The
NCA is fast enough to allow really extensive 3-D thermal
radiation studies for the first time.

In this paper, we extend former studies by applying a fully
coupled 3-D radiative transfer method in a 3-D cloud model
and compare 1-D and 3-D thermal radiative effects. Ther-
mal radiative transfer is applied in a “local” and a ‘“hori-
zontally averaged” setup. We start with simulations of single
clouds driven by a heat bubble disturbance and by compar-
ing a no radiation simulation to 1-D and 3-D local thermal
radiation simulations, thus bridging the gap of the previous
study of Guan et al. (1997) where only no radiation and 3-
D thermal radiation simulations were compared. In a second
step, we extend our setup to a shallow cumulus cloud field at
50 and 100 m resolutions, thus increasing the resolution and
domain size of previous studies and applying 3-D radiative
transfer in a 3-D cloud model. The model and model setup
are described in Sect. 2. The results are presented in Sect. 3.
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2 Simulation setup

The University of California Los Angeles large eddy simula-
tion model (UCLA-LES; Stevens et al., 2005; Stevens, 2007)
is used for our analysis. The model has previously been suc-
cessfully used to represent various typical cases, including
BOMEX (Cheng et al., 2010), RICO (van Zanten et al., 2011)
and DYCOMS (Stevens et al., 2005). The standard UCLA-
LES includes bulk microphysics for warm clouds (Seifert
and Beheng, 2001) and a 1-D radiation scheme (delta-four-
stream approximation; Liou et al., 1988). The spectral inte-
gration is accounted for with a correlated-k molecular ab-
sorption parameterization (Fu and Liou, 1992). In addition,
the Monte Carlo spectral integration (MCSI; Pincus and
Stevens, 2009) is used in this study for the simulation of the
cumulus cloud field to save computational time. The UCLA-
LES was adapted for 3-D local thermal radiation by imple-
menting the NCA (Klinger and Mayer, 2016) for the calcu-
lation of 3-D thermal heating and cooling rates.

Two passive scalar tracers were implemented into UCLA-
LES, following Park et al. (2016). With the help of the trac-
ers, we performed an octant analysis (Park et al., 2016) to ex-
tract coherent structures in simulation data. For further anal-
ysis of the results, we used the cloud-tracking algorithm Cb-
TRAM (Zinner et al., 2008).

2.1 UCLA-LES setup

Two different types of idealized cloud studies have been
performed, either with a single cloud or a complete non-
precipitating shallow cumulus cloud field.

2.1.1 Single cloud

A single cloud, induced by a heat bubble, is investigated to
study the effects of thermal radiation on individual clouds.
We compare the effects of a simulation without radiation
(“No Radiation”) to simulations with 1-D independent col-
umn approximation (“1-D Thermal ICA”) and simulations
with 3-D thermal radiation (‘“3-D Thermal NCA”) using the
NCA. For the simulation, the full thermal spectrum was sim-
ulated.

As the strength of the radiation effect on cloud develop-
ment likely depends on the shape and dynamics of a cloud,
we choose four different clouds for our investigation.

— The first is a weakly driven, axially symmetric cloud.
The heat bubble is introduced by a elliptical-shaped vol-
ume of warmer air close to the surface. The temperature
perturbation is 0.4 K.

— The second is a weakly driven, non-symmetric cloud.
The heat bubble is introduced by a uniform random per-
turbation varying between 0.0 and 0.8 K in the same
elliptical-shaped volume as the weakly driven symmet-
ric cloud, giving the same average perturbation of 0.4 K
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Table 1. Model setup for the single cloud simulations. CCN indi-
cates cloud condensation nuclei.

Model variables Value
Number of grid boxes 128 x 128
Number of z levels 70
Resolution 50m

Vertical stretching 1%

Surface perturbation 0.8/1.6 K
SST 288K

CCN 70 x 106 1/kg
Microphysics warm, no rain
Variable output every 100s
Surface type fixed SST

as above. The cloud is comparable in strength to the
weakly driven, axially symmetric cloud.

— The third is a stronger-driven, axially symmetric cloud.
The heat bubble is introduced by a elliptical-shaped vol-
ume of warmer air close to the surface. The temperature
perturbation is 0.8 K.

— The last is a stronger-driven, non-symmetric cloud. The
heat bubble is introduced by a uniform, random per-
turbation varying between 0.0 and 1.6K in the same
elliptical-shaped volume as the stronger-driven sym-
metric cloud, giving the same average perturbation of
0.8 K as above. The cloud is comparable in strength to
the stronger-driven, axially symmetric cloud.

A stable background profile was chosen in order to cause
only moderate updraft velocities of a few meters per second.
The simulation is performed over 80 min. More setup details
are summarized in Table 1. The random noise in the non-
symmetric cloud simulations was initialized with the same
random seed in all simulations in order to simulate clouds
of similar shape, which allows a direct comparison of the
development of the clouds. The simulations are performed at
50 m horizontal resolution in a 6.4 km? x 6.4 km? domain. A
stretching of the vertical grid of 1 % was applied starting at
10 m height.

2.1.2 Shallow cumulus cloud field

Large-scale simulations of a shallow cumulus cloud field in
a 50km x 50 km domain with 50 and 100 m horizontal reso-
lutions have been performed. The environment was that of
a warm ocean surface. All simulations are run for 30h at
Deutsches Klima Rechenzentrum (DKRZ) in Hamburg on
the Mistral supercomputer (Intel Haswell) on 512 cores. We
focused on the effects of thermal radiative heating and cool-
ing on the clouds themselves. Therefore, surface fluxes of
latent (180 W m~—2) and sensible heat (18 W m~2) were fixed
throughout the simulation. The initial atmospheric profiles
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Table 2. Model input for shallow cumulus cloud field simulations.

Model variables Value

Number of grid boxes 1024 x 1024/512 x 512

Number of z levels 90

Resolution x, y 50/100 m

Resolution z 30m

Vertical stretching 1%

CCN 150 x 10° 1/kg
Microphysics warm, no rain

Variable output every 300s

Latent heat prescribed: 180 W m~2
Sensible heat prescribed: 18 W m~2
Restart 10800s

for these simulations were taken from Stevens (2007). A
stretching of the vertical grid of 1% was applied, starting
at 100 m height. We allow for warm microphysics (Seifert
and Beheng, 2001) but omit the development of rain to pre-
vent possible feedbacks that rain might cause (e.g., cold pool
dynamics) and concentrate rather on radiative effects. Due
to the high computational costs of radiation simulations, we
used the Monte Carlo Spectral Integration (MCSI, Pincus
and Stevens, 2009) in a version adapted for 3-D local radi-
ation described in Jakub and Mayer (2016). Further details
are given in Table 2.

Again, we compare different radiation types (1-D Thermal
ICA and 3-D Thermal NCA). Those are the “local radiation”
applications, where heating and cooling act locally where
they are generated. In addition, we “averaged” the thermal
heating and cooling of the 1-D Thermal ICA and 3-D Ther-
mal NCA radiation solution in each time step in each layer
(“1-D Thermal AVG” and “3-D Thermal AVG”). These aver-
aged heating rates are then applied in the entire layer to clear
sky and cloudy regions. This allows us to separate the ef-
fects of local heating/cooling from the systematically larger
cooling that is introduced by thermal radiation. Addition-
ally, we apply a “constant cooling” of 2.6 Kday~! through-
out the simulation in the modeling domain. The magnitude of
the cooling was chosen specifically to be comparable to the
cooling introduced by the local radiation simulations. The
constant cooling differs from the “averaged radiation” simu-
lations in the profile of the cooling. The averaged radiation
simulations cause more cooling in the cloudy layers.

All simulations are restarted and analyzed after a 3 h ini-
tialization run. Until 3 h, the initial simulation is driven by
1-D solar and thermal radiation. From the restart time on,
we switch on one of the five thermal radiation applications
or switch radiation off, thus skipping the spinup. At 3 h, the
first clouds form in the initial run.

Atmos. Chem. Phys., 17, 5477-5500, 2017
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Figure 2. Visualization of the four single cloud simulations (first: weak symmetric; second: weak non-symmetric; third: strong symmetric;
fourth: strong non-symmetric). The snapshot of the cloud field is taken at 40 min of the simulation of the 3-D Thermal NCA case. The
visualization was performed with the 3-D radiative transfer model MYSTIC (Mayer, 2009). The clouds in the background are a feature of
the visualization and do not occur in the LES simulation of the single clouds. Clouds close to the surface are neglected in our analysis. Please
note that the clouds are rather oblate, although they appear stretched due to the perspective used in this visualization.

2.2 Cb-TRAM cloud-tracking algorithm

To quantify some statistics on the cloud size, lifetime and
number of clouds in the simulations, we use a cloud-tracking
algorithm to track individual clouds over time. Cb-TRAM
was originally set up to work with satellite imagery by Zin-
ner et al. (2008) but is easily adapted to any other 2-D in-
formation. Here, fields of the liquid water path are tracked.
Cb-TRAM identifies objects as contiguous areas with a spe-
cific common characteristic. We set two thresholds to define
a cloud: first, only cloud columns of a liquid water path larger
than 20 gm_2 are considered; second, a cloud must consist
at least of 16 grid-connected boxes. Objects defined this way
at one time step are identified in the water path field of the
next time step using an optical flow analysis of the liquid
water field deformation and a simple object overlap analysis.
This way, cloud objects are detected and tracked over time,
allowing us to estimate cloud size and lifetime distributions.

3 Simulation results
3.1 Single cloud simulations

Figure 2 provides a first impression of the four differ-
ent single cloud simulations. The visualization shows the
weak symmetric, weak non-symmetric, strong symmetric
and strong non-symmetric single cloud simulations at 40 min
for the 3-D Thermal NCA simulation. The following section
provides a detailed analysis of the development of these sin-
gle clouds for different radiation setups.

A comparison of the time development of liquid water,
vertical velocity and cooling rates is shown in Figs. 3 and 4.

The liquid water path and cooling rates are sampled for
the initial cloud only (“conditionally sampled”). During the
simulations, new clouds form close to the surface (see Fig. 2,
which we ignore in our analysis). A running average over
300s was applied to the time series in order to smooth the
results. A gray shaded area covers the first 40 min of the sim-
ulations in Figs. 3 and 4. During this time, the cloud develop-
ment is dominated by the heat perturbation of the warm bub-
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Figure 3. Time development of the conditionally sampled liquid
water path and maximum liquid water mixing ratio for the simula-
tions of the single clouds. Only liquid water belonging to the single
cloud was considered. The left column shows the weaker forced
single clouds; the right column shows the stronger forced single
clouds. Solid lines represent the non-symmetric cloud; dashed lines
represent the symmetric cloud.

ble. Updraft vertical velocities are strong in this initial stage.
We only expect a significant effect of thermal radiation on
cloud development after that initial stage. Summing up the
thermal cooling in our simulations over time, we found that
40 min is about the time it takes for the thermal cooling to
compensate the original heat perturbation of the bubble. This
time period is roughly the same in the strong and weakly
forced cases, because the stronger forced single clouds con-
tain more liquid water and therefore more thermal cooling.
Both the symmetric and non-symmetric clouds show the
impact of thermal radiation on the cloud development. Fo-
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Figure 4. Time development of maximum updraft and downdraft
vertical velocity, as well as conditionally sampled cooling rates of
the single cloud simulations for the simulations of the single clouds.
Cooling rates were sample at the single cloud only. The left col-
umn shows the weaker forced single clouds; the right column shows
the stronger forced single clouds. Solid lines represent the non-
symmetric cloud; dashed lines represent the symmetric cloud.

cusing on the liquid water path (top row of Fig. 3) we can
split the cloud development into three stages. Both cloud
types show a fast development at the beginning (up to about
20 min in the gray shaded area until first gray line). We re-
fer to this first development of the cloud as the “first stage”.
During that time, the development is dominated by the heat
perturbation at the surface. Both liquid water quantities de-
velop similarly in all simulations, with only few differences
due to thermal radiation.

After the first stage, the liquid water path decreases and,
finally, from about 30 min onward the cloud stays rather con-
stant at a certain height and does not rise any further. Up-
drafts become weaker (top row of Fig. 4) and radiation acts
more significantly on the cloud. All simulations show that
the liquid water path (top row of Fig. 3) is reduced in this
“second stage” (from about 20 to 40 min). The “last stage”
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of cloud development (about 40 to 80 min) is dominated by
a second growth period of the cloud. In this stage, thermal
radiation can act on the cloud. Both non-symmetric clouds
show a second rise in the liquid water path in the case of
the stronger forced cloud exceeding the No Radiation sim-
ulation. When comparing the development of the liquid wa-
ter path to the development of maximum liquid water mix-
ing ratio over time (lower row of Fig. 3), the rise in liquid
water mixing ratio in the last phase becomes more evident.
Maximum values of liquid water mixing ratio in the radia-
tion simulations exceed the No Radiation simulation in this
last phase. Looking at the location of these maximum val-
ues of liquid water mixing ratio and the shape of the cloud
(not shown), we find that clouds become narrower (have a
reduced horizontal extent) over time when radiative effects
are accounted for and maxima of liquid water mixing ratio
are enhanced in the center of the cloud. Vertical velocities
show stronger upward and downward values for both thermal
radiation simulations. The upward and downward motions in
the first stage results from the initial temperature perturbation
and the resulting overturning circulation.

Looking at the differences between 1-D Thermal ICA and
3-D Thermal NCA, we find different amounts of cooling in
the 3-D Thermal NCA radiation simulation which affects the
further development of the cloud (bottom row of Fig. 4).
Differences occur in terms of liquid water when comparing
both thermal radiation simulations. The differences are small
but in general slightly stronger in the case of the 3-D Ther-
mal NCA simulation. In the last stage, differences in verti-
cal velocity between the No Radiation and the thermal radia-
tion simulations are evident. Both radiation simulations show
stronger upward and downward vertical velocities. Vertical
velocities are usually a bit stronger in the case of 3-D Ther-
mal NCA radiation than in the case of 1-D thermal radiation.
Combining the development of liquid water with upward and
downward vertical velocities (top and middle row of Fig. 4),
the data suggest that a change in cloud circulation is induced
from the second stage onward by the effects of thermal radi-
ation, which enhances updraft vertical velocities in the cloud
cores, thus strengthening the cloud development and, at the
same time, inducing stronger downdraft vertical velocities at
the cloud sides.

The region of subsiding motion around a cloud, the “sub-
siding shell” is known from previous work of Heus and
Jonker (2008), Jiang et al. (2006) and Small et al. (2009).
Heus and Jonker (2008) studied the subsiding shell of cumu-
lus clouds from measurement data in comparison to model
simulations and concluded that negative buoyancy at the
cloud sides causes the subsiding shell to develop. Jiang et al.
(2006) and Small et al. (2009) compared measurement data
and simulations of small cumulus clouds to investigate the
effect of different aerosol concentrations on cloud lifetime.
They found a stronger subsiding shell due to enhanced evap-
orative cooling. Stronger downward motion at cloud sides
due to thermal radiation was found by Guan et al. (1997).
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To further investigate this question and the development
of the cloud, with a special focus on the possible change in
cloud circulation and the subsiding shell, Fig. 5 shows tran-
sects of liquid water (bottom of each figure) and vertical ve-
locity (center of each figure) in the last stage of cloud devel-
opment. Both quantities displayed are averages of the 900-
1200 m height layer. In the time series analysis, the cloud de-
velopment is accompanied by stronger updrafts and stronger
downdrafts in the simulations with radiation. Figure 5 shows
the stronger upward and downward motions in the transect.
The subsiding shells are clearly visible at the cloud side re-
gion. Vertical velocities increase from —0.1 ms~! in the No
Radiation simulation to about —0.8 to —1.0m s ™! in the sim-
ulations with radiation, peaking for the 3-D thermal radiation
simulation, although the difference between 1-D and 3-D ra-
diation is modest. Liquid water content is enhanced in the
simulations with radiation in the cloud center, and the cloud
is narrower (Fig. 5). This is in agreement with the results of
the time development of the liquid water path and maximum
liquid water (Fig. 3) that indicated narrower clouds with en-
hanced liquid water content in the cloud center.

Finally, Fig. 6 shows the horizontally averaged vertical
profile of negative and positive buoyancy, sampled in the
cloudy region (all grid boxes where liquid water is larger than
zero). Data are sampled for 8 min, starting after 50 min of the
simulation. All simulations including thermal radiation show
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Figure 6. Positive and negative buoyancy profile sampled at 50—
58 min of the simulation in the cloudy area. Dashed lines show the
symmetric cloud; solid lines show the non-symmetric cloud.

stronger negative buoyancy which is slightly larger in the 3-
D Thermal NCA case than in the 1-D case. This negative
buoyancy is due to the thermal cooling at cloud tops and, in
the case of 3-D Thermal NCA radiation, at cloud sides. The
negative buoyancy can cause the observed subsiding motion,
as already found by Heus and Jonker (2008) and Small et al.
(2009). In addition, the stronger horizontal buoyancy gradi-
ent (difference between positive and negative buoyancy in
Fig. 6) generates enhanced turbulence and lateral mixing and
therefore stronger evaporation. The stronger evaporation ex-
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plains the narrowing of the clouds in the horizontal direction
seen in Fig. 5. Enhanced evaporation can cause an additional
cooling and therefore a positive feedback to the already ex-
isting horizontal buoyancy gradient. Whether thermal radi-
ation itself or the enhanced evaporation contributes more to
the formation of the subsiding shell cannot be said from our
current simulations. However, it is certain that thermal ra-
diation strengthens the development by generating negative
buoyancy.

These results confirm what was found by Guan et al.
(1997). They also found an increase in liquid water, both in
terms of average and maximum values and stronger down-
ward motion at the cloud side. While Guan et al. (1997) com-
pared a no radiation simulation to a 3-D thermal radiation
simulation of a symmetric cloud, we include 1-D radiative
transfer in our study and extend the study to non-symmetric
clouds. The differences between 1-D and 3-D thermal ra-
diative transfer are small. However, 3-D thermal radiation
causes a slightly stronger effect than 1-D thermal radiative
transfer. As the effect of 3-D thermal radiation is the addi-
tional cloud side cooling, the magnitude of this cooling deter-
mines how strong the 3-D thermal radiation effects are. The
amount of cooling in turn is related to the cloud side area.
As Fig. 2 shows, our clouds are rather oblate, which reduces
the 3-D radiation effect since the side area is small compared
to the top area. In addition, the limitations of the NCA, as
discussed later in this paper (Sect. 3.2.4), might cause some
neglect of the cloud side cooling. We summarize therefore
that we can confirm previous findings that thermal radiation
changes the cloud circulation and enhances liquid water con-
tent with 1-D thermal radiation being nearly as efficient as 3-
D thermal radiation. The magnitude of the 3-D effect might
depend significantly on the shape of the cloud (cloud type)
and requires further study.

3.2 Shallow cumulus cloud field model experiments

In this section, we explore the effects of thermal radiation on
the development and organization of shallow cumulus clouds
in the 50 km x 50 km domain at 50 m horizontal resolution.
Figure 7 shows the cloud field for three of the six performed
simulations. The figure shows a time snapshot at 20 h of the
simulations. We can already see in this snapshot that clouds
organize differently depending on the radiation application
used.

Figure 8 shows the temporal development of cloud fraction
and maximum liquid water mixing ratio from the restart time
until 30 h.

In addition to the local 3-D and 1-D thermal radiation
cases, the averaged and fixed (constant cooling) radiation
scenarios are shown. In the No Radiation simulations, cloud
cover stays constant at about 10-12 % from 8h on with a
slight decrease towards the end of the simulation. Maximum
liquid water mixing ratio is less in the No Radiation simula-
tion, compared to the simulations with radiation (1.9 gkg™!
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Figure 7. Visualization of the cumulus cloud field of the constant
cooling (a), 3-D Thermal AVG (b) and 3-D Thermal NCA (c) simu-
lations. The snapshot of the cloud field is taken at 20 h of the simula-
tion. The visualization was performed with the 3-D radiative trans-
fer model MYSTIC (Mayer, 2009).

vs. 3.6 gkg™!). Differences are also found between the lo-
cal radiation simulations and the averaged radiation simu-
lations. Cloud cover increases more rapidly in the averaged
radiation simulations compared to the local ones. The maxi-
mum of liquid water mixing ratio, however, shows an oppo-
site development. It is therefore likely that clouds organize
differently, depending on the treatment of radiation. The two
gray lines at 10 and 20 h indicate stages where the develop-
ment of the simulation changes. While all simulations with
radiation perform nearly the same until 10h, they start to
differentiate afterwards. Maximum liquid water mixing ratio
exceeds 2 gkg ™! after 20 h. In a rain-permitting simulation,
rain would likely form at that time. We ran the simulations for
30h to see what would theoretically happen to the clouds, but
as we are aware that the simulations become more and more
unrealistic from 20h on, our main analysis will be on the
time interval between restart and 20h. After 20 h, a strong
increase in cloud fraction in all simulations with radiation is
found. This increase is particularly strong for the two aver-
aged radiation simulations. Liquid water mixing ratio (and
the liquid water path, not shown) starts varying more rapidly,
indicating stronger formation of clouds and their decay.
Figure 9 shows the temporal development of the liquid wa-
ter path (sampled in the entire domain), maximum vertical
velocity and cloud base and top height until 20 h. The lig-
uid water path increases with time in all simulations. The in-
crease is strongest in the case of 3-D Thermal NCA. Each of
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the local thermal radiation simulations produces more liquid
water than its averaged counterpart. However, these differ-
ences are small. The different development of cloud cover
and liquid water in the averaged and local thermal radiation
simulations results in smaller differences between these two
setups. The liquid water path increases less in the simulation
with constant cooling. The maximum vertical velocities are
weaker in the No Radiation simulation and cloud vertical ex-
tent is smaller with a heightened cloud base and lower cloud
tops. All quantities increase over time. Due to the missing
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cooling, less water condenses; thus, the number of clouds,
cloud cover and a liquid water path are reduced. The higher
cloud base is also a result of the missing cooling which leads
to a warmer temperature profile in the No Radiation sim-
ulation. The smaller increase in cloud top height might be
linked to reduced updraft velocities and missing destabiliza-
tion (due to thermal cooling) in the No Radiation simulation
(see Sect. 3.2.1).

To study whether the observed differences are simply
caused by the systematic change introduced by 1-D or 3-D
radiation, or if the local effects are relevant, we compare the
averaged and local thermal radiation simulations. Although
the averaged amount of cooling per domain is (in the be-
ginning of the simulation) the same for both 1-D Thermal
ICA and 1-D Thermal AVG (or 3-D Thermal NCA and 3-D
Thermal AVG) simulations, the averaged radiation simula-
tions produce higher cloud cover than their corresponding
1-D or 3-D local radiation simulation. The liquid water path
and maximum liquid water content develop in the opposite
direction: both are lower for the averaged radiation simula-
tions until 20 h. The development of all quantities shown here
can be related to the location where thermal radiation acts. In
the local radiation simulations, cooling (and some warming
at the cloud bottom) acts directly at the cloud edges. Cool-
ing rates can locally be up to several hundred Kelvin per day
and can destabilize the cloud layer, thus promoting updrafts,
more condensation and an increase in cloud height. For the
averaged radiation simulations, cooling occurs in the cloud
layers, but as it is averaged and applied everywhere in a layer,
independent of the location of the clouds, a destabilization
occurs in the whole area. However, the destabilization of the
averaged radiation simulations is weaker in the clouds than
the local destabilization of the local radiation simulations. Fi-
nally, in the constant cooling simulation, the cooling is dis-
tributed equally over all heights. Cooling in the cloud layer
is thus smaller compared to the simulations with local or av-
eraged radiation, which explains the lower liquid water path.

3.2.1 Boundary layer and cloud layer development

We investigate the development of the boundary layer and
cloud layer by examining the profiles of different quantities
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Figure 10. Time-averaged profiles of liquid water potential temperature, liquid water mixing ratio and relative humidity. The profiles are
shown at the restart time (3 h) as a 3 h average centered at 10 and 20 h of the simulations.

at three time periods of the simulation. Starting with the ini-
tial profile at the restart time (3 h), we show in addition the
averaged profile from 9 to 11 h (noted as 10h) and from 19
to 21 h (noted as 20 h).

The initial profiles at 3h (Figs. 10 and 11, first column)
show the typical profiles of a boundary layer over a warm
ocean surface. No clouds have developed yet at this stage.
The profile of liquid water potential temperature shows a
well-mixed layer (up to 400 m), the conditionally unstable
layer (up to 1200 m), as well as the inversion layer at about
1100 m height. Relative humidity increases with height at
first, before decreasing from 400 m height to the inversion,
indicating the entrainment of dry air from above the inver-
sion. Typical for the boundary layer over a warm ocean, tur-
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bulence is produced by buoyancy in the layer close to the
warm ocean (rising thermals). The upward motion of this low
layer can also be seen in the updraft velocity in the lower
layer until 400 m height (Fig. 11, middle panel).

The first clouds appear shortly after the restart in all sim-
ulations. From this time on, thermal radiation (that is, cloud
top cooling and cloud bottom warming and, in the case of
3-D Thermal NCA, cloud side cooling) changes the devel-
opment of the boundary layer and of the clouds themselves.
Due to the imposed constant surface fluxes of latent and sen-
sible heat, the atmosphere warms over time. When thermal
radiation is applied in the simulations, this warming is par-
tially compensated by thermal cooling. At 10 h, the whole at-
mosphere is about 1 K cooler in the thermal radiation simula-

Atmos. Chem. Phys., 17, 5477-5500, 2017
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Figure 11. Time-averaged profiles of buoyancy production of the turbulent kinetic energy (TKE) and updraft and downdraft vertical veloc-
ity.The profiles are shown at the restart time (3 h) as a 3 h average centered at 10 and 20 h of the simulations. Updraft and downdraft vertical
velocities were extracted from the 3-D data following Park et al. (2016).

tions (see Fig. 10) which in turn leads to a higher relative hu-
midity and more condensation of water vapor. The increase
in liquid water over time was already shown in Fig. 9. Here,
in addition to the increased liquid water (which is stronger
for the 3-D Thermal NCA radiation case at 10h although
differences are small), a deepening of the cloud layer oc-
curs in the simulations including thermal radiation. Ther-
mal cooling at the cloud boundary (local radiation simula-
tions) and in the cloud layer (averaged radiation simulations)
causes more condensation. The constant cooling simulations
produces less water, because the cooling is not directly pro-
duced by the clouds but imposed in the simulation setup in
the whole atmosphere.
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The cooling at cloud tops (and cloud sides in the 3-D ra-
diation case) as well as the bottom warming leads to a desta-
bilization of the cloud layer, promoting the development of
clouds by increased buoyancy (Fig. 11, second column). Tur-
bulence that is initially only produced through surface-flux-
induced buoyancy tendencies is now additionally produced
in the cloud layer. Both local radiation simulations show
more buoyancy production than the averaged radiation sim-
ulations, again with the 3-D Thermal NCA simulation show-
ing slightly stronger values than the 1-D Thermal ICA simu-
lation. Due to the increased buoyancy in the simulations with
radiation, upward velocities in the clouds are stronger (sec-
ond column of Fig. 11, middle panel). Furthermore, all sim-
ulations with radiation produce stronger downdraft vertical
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velocities in the subsiding shells, especially the local radia-
tion simulations (Fig. 11, bottom panel).

The difference in the temperature profiles between the No
Radiation and the simulations with radiation increases (up to
3 K), which again leads to an increase in relative humidity
in the subcloud layer and more condensation. We note here
that, in the cloud layer, the relative humidity decreases in the
local radiation simulations, because the liquid water mixing
ratio is higher, although the temperature is lower. The pro-
duction of the turbulent kinetic energy (TKE) through buoy-
ancy is shifted upward into the cloud layer and upward ve-
locities increase in the cloud layer, which becomes deeper
(see the deepening of liquid water profile; Fig. 10). While
at the beginning of the simulation, the 3-D Thermal NCA
simulations produced the largest amount of liquid water, the
averaged radiation simulations produce the largest amount at
the end of the simulation. The development of liquid water,
relative humidity and the TKE production by buoyancy and
the development of vertical velocities suggest that more mix-
ing/entrainment of dry air from above the cloud layer occurs
in the local radiation simulations.

We summarize therefore that 1-D Thermal and 3-D Ther-
mal heating and cooling in clouds destabilize the cloud layer,
promoting the development of strong updraft cores and the
transport of water vapor into the cloud layer. In addition, the
thermal cooling of the atmosphere leads to enhanced conden-
sation. Mixing in the cloud layer is stronger. In addition to the
stronger updraft velocities, downdrafts increase as well.

The local cooling at the cloud boundary itself in the lo-
cal radiation simulations (in comparison to the averaged ra-
diation effect) increases the earlier-described development
by destabilizing the cloud layer locally in the clouds more
than in the averaged radiation simulations. Entrainment is
stronger in the local radiation simulations, causing less con-
densation and lower relative humidity. The simulation with
constant cooling usually shows the weakest effect of all sim-
ulations with radiation.

We hypothesize that thermal radiation, and especially the
localized thermal heating and cooling (as was already shown
for the single cloud simulation), leads to stronger develop-
ment of the cloud circulation in terms of updrafts and sub-
siding shells. 3-D Thermal NCA radiation, in comparison to
1-D thermal radiation, shows a slightly stronger increase of
these shown effects by an additional cloud side cooling and
overall stronger cooling in the modeling domain.

3.2.2 Cloud development

The preceding section (Sect. 3.2.1) analyzed the effects of
thermal radiation on the development of the cloud-topped
boundary layer. In this section, we further investigate the
effects of thermal radiation on cloud development. It was
shown before that the cloud circulation changes due to the
effects of thermal radiation, promoting updrafts and subsid-
ing shells, a deepening of the clouds and, depending on the
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radiation type, increased liquid water within the clouds. An-
other hypothesis raised earlier is the possible organization of
clouds (see the beginning of Sect. 3.2) due to thermal radia-
tion. In addition, thermal radiation may alter cloud lifetime.
In the following, we will address these possible changes.

Cloud circulation

Results from the single cloud simulation and the statistical
analysis of the cloud field simulations suggest that a change
in the cloud circulation occurs, promoted by thermal radia-
tive heating and cooling at the clouds. Stronger updrafts and
stronger downdrafts/subsiding shells are expected due to the
destabilization of the cloud layer and by thermal cooling of
the clouds. Therefore, changes in the cloud circulation are
expected to be stronger for the simulations with local 1-D
Thermal ICA and 3-D Thermal NCA radiation, compared to
the horizontally averaged radiation simulations. All simula-
tions with radiation are expected to show stronger circulation
features than the No Radiation simulation.

For the cloud field simulations, we used the octant anal-
ysis described by Park et al. (2016) to extract updrafts and
subsiding shells from our simulations. By the signs of flux
perturbations, eight parts (octants) are derived from the spa-
tial field of three variables (vertical velocity and two pas-
sive scalars). Those octants include updrafts and subsiding
shells/downdrafts (note that the analysis does not separate
downdrafts inside clouds and subsiding shells). The analysis
is restricted to cloudy layers (layers where at least one grid
box has a liquid water mixing ratio larger than 0.1 gkg™!).
Figure 12 shows the averaged and maximum updraft and
downdraft velocities over time. Updrafts are stronger in all
thermal radiation simulations compared to the No Radiation
case. The updraft velocities of the local radiation simulation
are slightly stronger than the updrafts in the averaged radi-
ation simulations. The local radiation simulations produce
stronger subsiding shells, noted in the averaged as well as
maximum values. Updrafts and downdrafts in the 3-D radia-
tion cases are in general slightly stronger than their 1-D coun-
terparts. Therefore, an overall stronger circulation, induced
by local heating and cooling, is found. These results agree
with the increase in buoyancy production, the development
of relative humidity and upward vertical velocity as shown
in Sect. 3.2.1. In terms of updrafts and subsiding shells, we
find the constant cooling simulations produces similar results
to the averaged radiation simulations.

Cloud organization

Apart from the changes in the cloud circulation, clouds orga-
nize differently. Cloud cover and liquid water developed dif-
ferently for the individual simulations. The horizontally av-
eraged radiation simulations showed larger cloud cover over
time than the local radiation simulations.
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Figure 12. Time series of averaged vertical velocity as well as maximum updraft and downdraft vertical velocity of updrafts and downdrafts.

We investigate the cloud fields at 15 and 20 h of the sim-
ulations (Fig. 13). Comparing the No Radiation simulation
to the thermal radiation simulation we see smaller, less deep
and fewer clouds. As seen before, the simulations with con-
stant cooling or averaged radiation show a similar behavior.
Deeper clouds with higher liquid water content and a higher
number of clouds are found here. At 20h there seems to be
a tendency for patches to form. The local radiation simula-
tions show a completely different development. At 15h, we
can see a separation into cloud-free and cloudy areas. The
clouds are larger than in the averaged radiation simulations.
This development continues and leads to cell structures at
20h, similar to those usually found due to cold pool dynam-
ics (e.g., Sharon et al., 2006; Xue et al., 2008; Savic-Jovcic
and Stevens, 2008). The 3-D Thermal NCA simulation also
shows larger clouds at 20 h.

To investigate how cloud size changes over time, we calcu-
lated the temporal variation in the autocorrelation length (de-
fined by the shift where the correlation coefficient drops be-
low 1/e) of the liquid water path of the cloud field (Fig. 14).
At about 9h, the simulations start to develop differently.
Both local radiation simulations show an increased correla-
tion length from this time on, indicating larger clouds. The
largest clouds are found for the 3-D Thermal NCA simula-
tion, especially towards the end of the period shown here.
Both averaged radiation simulations behave quite similarly
and show less organization than the local radiation simula-
tions, but slightly more than the No Radiation simulation.
The constant cooling simulation is located between the aver-
aged radiation simulations and the No Radiation simulation.
A small increase in the correlation length is found at the end
of the investigated period for the averaged radiation, which
agrees well with Fig. 13.
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It shall be mentioned here (although not shown for the
above-mentioned reasons) that, from about 24h on, large
clouds form in the averaged radiation simulations and the
constant cooling simulation in which the clouds oscillate:
disappearing and then reappearing. No systematic difference
between 1-D and 3-D radiation is found in these cases. The
local radiation simulations still show cells; however, clouds
become larger, especially in the 3-D Thermal NCA simula-
tion.

To further investigate how much water the individual
clouds contain and if and how they organize, we show Hov-
moller diagrams (Fig. 15). The liquid water path was aver-
aged in x direction for these diagrams. They thus provide
an overview of the spatial and temporal development of the
cloud field. Extended patches of liquid water along the spatial
dimensions indicate large clouds. Extended patches along the
time axis show long-living clouds. In addition, the diagrams
show how much water is located in the cloud patches. In
the No Radiation simulation, no organization occurs. Clouds
remain small with little liquid water content throughout the
simulation. This is different if thermal radiation is accounted
for. If we compare the five different simulations with radi-
ation, one notices that both local radiation simulations and
both horizontally averaged radiation simulations as well as
the constant cooling simulation show a similar behavior.

Larger fibers containing more liquid water content are
found earlier in the simulations with local thermal radiation.
Patches of dry and wet regions form (blue until red vs. white
areas). The simulations with the horizontally averaged radi-
ation show the first indications of larger structures at the end
of the study period, but they contain less liquid water than
the local thermal radiation simulations. Also, no significant
difference exists between the 1-D and 3-D averaged radia-
tion simulations (which was also evident in Fig. 14). Com-

www.atmos-chem-phys.net/17/5477/2017/



C. Klinger et al.: Effects of 3-D thermal radiation on the development of a shallow cumulus cloud field 5491

(@)

Figure 13. Cloud fields at 15 h (a) and 20 h (b) of the 50 m resolution simulation. The quantity shown is liquid water mixing ratio. The black

and gray bar shows the opacity used in this visualization.

paring the 1-D and 3-D local thermal radiation simulations,
we find at the end of the shown period larger structures in the
3-D Thermal NCA radiation simulation. The fiber-like struc-
tures of the Hovmoller diagrams usually give a hint about the
movement of the clouds. Here, however, the structures show
that clouds move very little during their lifetime and mostly
remain at one location, as our simulation is performed with-
out any background mean wind.

We can therefore summarize the following findings: local
thermal radiation enhances cloud organization in our simu-
lations in the first 20 h by forming cell structures and larger
clouds, concentrating more liquid water in individual clouds.

www.atmos-chem-phys.net/17/5477/2017/

Cloud lifetime

The increase in cloud lifetime which could already be seen
in the Hovmoller diagrams is quantified in this section. Fig-
ure 16 shows a probability density function (pdf) of cloud
lifetime. Each cloud occurring within the first 20h of our
simulations was tracked and the lifetime was calculated. Lo-
cal thermal radiation leads to less clouds with a small lifetime
but more clouds with a larger lifetime.

The results of cloud size and lifetime agree with the re-
sults of the last paragraph concerning the cloud organization.
Cloud organization and the size dependence of cloud life-
time are closely related, as smaller clouds dying and larger
clouds growing will result in fewer but larger clouds and
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Figure 14. Time development of correlation length. The correlation
length is defined by the shift where the correlation coefficient drops
below 1/e.

in longer correlation lengths. In addition, enhanced turbu-
lence and mixing in the local radiation simulations can lead
to a faster decay of small clouds, while larger clouds might
live longer and grow due to the enhanced cloud circulation
(stronger updrafts and downdrafts). We suspect that, sim-
ilarly to the single cloud experiment, local thermal radia-
tion reduces cloud diameter and therefore reduces small-size
clouds in our simulations. The averaged radiation simula-
tions show more clouds with a longer lifetime than the No
Radiation and the constant cooling case.

Figure 17 shows the pdf compared to simulation time
and the cloud size. Many small clouds occur at the begin-
ning of the simulations. In the local radiation simulations,
these small clouds become fewer over time and more larger
clouds occur, while in all other simulations, these small
clouds occur throughout the whole simulation. Clouds larger
than 1 x 103 km? occur in the local radiation simulations, but
hardly any in the No Radiation and the constant cooling case.

Summary of cloud development

In this section, we investigated the effects of different ra-
diation application on the development of a shallow cumu-
lus cloud field. Summarizing, we found that there is a defi-
nite difference between a No Radiation and thermal radiation
application, where thermal radiation causes more condensa-
tion, deeper and more clouds and stronger up- and down-
drafts. The boundary layer and cloud layer become deeper
and more mixing from the aloft inversion layer occurs. The
averaged and the local radiation simulations differ in terms
of cloud size, number of clouds and the organization of the
cloud field. We find cell structures and larger clouds in the
local radiation simulation until 20 h. Simulations with 3-D
local radiation develop larger clouds.

In that context, it is not relevant for the organization of the
cloud field if the averaged radiation was calculated from the
3-D or the 1-D simulations or if even a prescribed cooling of
2.6 K day~! was applied, similar to the findings of Cole et al.
(2005).
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When we consider local radiation, the differences between
1-D and 3-D thermal radiation are also not large, but we see
a tendency at the end of our 20h time period for the for-
mation of larger clouds. This is a similar result to Mechem
et al. (2008) where differences between 1-D and 3-D ther-
mal radiative transfer in a shallow cumulus cloud field were
small as well. We will address the issue of these small differ-
ences between the 1-D and 3-D local radiation simulations in
Sect. 3.2.4 again.

The main difference between the averaged and the local
radiation is the location and the strength of the thermal cool-
ing (as shown in Fig. 18, which summarizes the results of
this subsection). In the case of local radiation, the cooling
(or heating) acts locally at the cloud sides, tops and bottom.
Cooling rates can be as large as several 100 K day~!. This
causes a local destabilizing. This is supported by stronger up-
drafts and downdrafts for the local radiation simulations. The
stronger entrainment caused by cloud side cooling shrinks
clouds. At the same time, the stronger updrafts lead to
stronger cloud growth. It is possible that these two processes
vary with the perimeter to area ratio of updrafts, and so the
first process can be expected to be successful for small clouds
and the second one for large clouds.

In the case of averaged radiation, the resulting cooling is
weaker but acts in the entire modeling domain and the cool-
ing does not distinguish between cloudy and cloudless re-
gions. It therefore takes longer for the averaged radiation to
destabilize the atmosphere where clouds are located. At the
same time, clear sky regions are more destabilized, promot-
ing new development of clouds. This can explain why more
and smaller clouds are found during the first 20 h of the sim-
ulations. However, when a certain destabilization is reached,
it causes a rapid cloud development in the entire domain at
once (in our simulations after 24 h).

3.2.3 Dependence of the results on resolution and
reproducibility

One important issue of our simulations is the robustness of
the results and the dependence on resolution. We therefore
repeated the calculation with a horizontal resolution of 100 m
instead of 50m and performed three runs for the compu-
tationally cheaper 100 m resolution. Although some differ-
ences occur between the three 100 m simulations (one rea-
son being, for example, the randomly chosen spectral bands
in the MCSI), the effects (e.g., stronger organization or the
more locally focused liquid water in the 3-D local radiation
case) remain and are even stronger. This is at first a coun-
terintuitive result, because radiation effects and the 3-D ra-
diation effects are expected to be stronger with better model
resolution. We will address this issue in the next subsection
(Sect. 3.2.4).

We now focus on some aspects of the 100 m resolution
simulation. Figure 19 shows the time series of cloud frac-
tion and maximum liquid water mixing ratio. In this figure,
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Figure 15. Hovmoller diagram of the liquid water path, averaged in x direction.
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Figure 16. Probability density function of cloud lifetime: the life-
time of each cloud detected by the tracking algorithm was calcu-
lated within the first 20 h of the simulations.

we also show the results of the additional two simulations
(thinner lines). Similar to the 50 m resolution simulations,
cloud cover is largest for the averaged radiation simulations.
The difference between the 1-D and 3-D radiation simula-
tions, both for local and averaged radiation are larger than in
the 50 m resolution simulations. In terms of liquid water, the
same development is found in the 100 m resolution simula-
tion as in the 50 m resolution simulation. 3-D effects are also
stronger here. The liquid water path and vertical velocity (not
shown) show slightly stronger 3-D effects in the 100 m reso-
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lution simulations than in the 50 m resolution simulations,
while the difference in cloud base and height remains the
same.

Concerning the organization, we start again with snapshots
at 15 and 20h of the 100 m resolution simulation, shown in
Fig. 20. As might be assumed from the time series, differ-
ences between 1-D and 3-D local radiation are larger than
in the 50 m resolution simulation. At 15 h, we find first sep-
aration in cloud-free regions and regions of deeper clouds
with larger clouds in the 3-D Thermal NCA radiation case.
The average radiation simulations show, similarly to the 50 m
simulations, a rather equal distribution of small clouds. At
20h, we find the cell structures again but only in the 1-D
Thermal ICA radiation case. In the 3-D Thermal NCA radia-
tion case, clouds have formed one large patch (if we account
for the periodic boundary conditions of the simulation). To
account for the whole modeling period, Figs. 21 and 22 show
the Hovmoller diagrams and autocorrelation length, this time
calculated from the 100 m resolution simulations. We find
larger areas covered by clouds and, at the same time, larger
(drier) regions where no clouds form. The clouds of the lo-
cal radiation simulations also contain more liquid water. The
stronger development in the 3-D local radiation case is evi-
dent.

Atmos. Chem. Phys., 17, 5477-5500, 2017
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time of occurrence in the different simulations.

3.2.4 Difference in the 100 and 50 m resolution
simulations and the performance of the NCA

The difference in the development in our simulation and the
rather surprising result that 3-D effects are stronger in the
100 m resolution simulation than in the 50 m resolution sim-
ulation can be related to the limitations of the Neighboring
Column Approximation.

The fact that the NCA uses only the direct neighboring
column of a grid box to estimate the 3-D cloud side cooling
has two implications: first, the “warming” effect of clouds
nearby is neglected, which leads occasionally to slightly too
high cooling rates. Second, the cloud side cooling is located
at the outermost grid box of a cloud. As most of the cloud
side cooling is located within the first 50 m of the cloud, this
is still a reasonable assumption if the model resolution is not
higher than 50 m. However, if clouds are thin in terms of opti-

Atmos. Chem. Phys., 17, 5477-5500, 2017

Local radiation simulations

Local radiative heating or cooling
Local destabilization
Enhanced vertical velocity
Enhanced mixing

Cloud top

09

Height

'/\$//\1\#A\ Aif?\i
? Cloud base
Time
Average radiation simulations
z Homogenous radiative cooling
ﬁ Weaker, but more homogenous destabilization loud top
T Less enhanced vertical velocity 9 9 g:
Less enhanced mixing

Y X

Cloud base

” .

——

Time

Figure 18. Schematic figure of the effects of thermal radiation in
the presented simulations. The figure summarizes cloud develop-
ment over time and height, showing the enhanced cloud growth, the
development of vertical velocity (arrows), a deepening of the cloud
layer and the enhanced mixing. Blue and red colors show thermal
heating and cooling, either in the cloud itself (for local radiation) or
averaged in the cloud layer.

cal thickness, the NCA misses some of the cooling which is,
in a real 3-D thermal radiation simulation, found further in-
side the cloud. As pointed out by Klinger and Mayer (2016),
the uncertainty increases for horizontal grid box sizes of 50 m
or smaller. By performing simulations at 50 m horizontal res-
olution, we push the NCA to its limits.

Looking into the data of our simulations of this study, we
separated the number of cloud side grid boxes and cloud top
grid boxes per total number of cloudy grid boxes at three time
steps of our simulations (5, 10 and 20 h). As we increase hor-
izontal resolution only, we expect a factor of 4 more cloudy
grid boxes in the 50 m resolution simulations (assuming that
the total cloud volume remains the same). At the same time,
the number of cloud side grid boxes increases only by a fac-
tor of 2, the number of cloud top grid boxes increases, simi-
larly to the total number, by a factor of 4. It therefore follows
that we find less cloud side grid boxes (per total number of
cloudy grid boxes) in the 50 m resolution simulations. If the
optical thickness of those cloud side grid boxes is small, we
will therefore neglect some of the 3-D cooling further inside
the clouds in the 50 m resolution simulation.

To see if this is the case in our simulations, we extracted
the number of cloud side grid boxes of an optical thick-
ness < 1 in our cloud data. In the 50 m resolution simulations,
about 30 % of the cloud side grid boxes at 5h of simulation
have an optical thickness lower than 1 while we find only
12—14 % in the 100 m resolution simulation. In addition, the
number of cloud side grid boxes at 50 m resolution is less
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Figure 20. Cloud fields at 15h (a) and 20h (b) of the 100 m resolution simulation. The quantity shown is liquid water mixing ratio. The
black and gray bar shows the opacity used in this visualization.
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Figure 22. Temporal development of the correlation length for the
100 m resolution simulation. The correlation length is defined by
the shift where the correlation coefficient drops below 1/e.

(at 5h about 5 % in the 50 m resolution simulation and about
20 % in the 100 m resolution simulation).

Therefore, we neglect some of the 3-D cooling further in-
side the clouds in the early part of our simulations. After
clouds have grown and contain more liquid water, the NCA
performs better in the 50 m resolution simulation as well. The
exact data from our simulations are shown in Table 3.

We hypothesize therefore that the 3-D cooling is, in an
average sense, better calculated in the 100 m resolution sim-
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ulations; 3-D effects are stronger there or are evident earlier.
In the 50 m resolution simulations, 3-D effects are (due to
the limitations of the NCA) weaker and closer to the 1-D ra-
diation simulations, which explains the smaller differences
between 1-D and 3-D thermal radiation at 50 m resolution.

Although some of the 3-D cooling is missing in the begin-
ning of the 50 m resolution simulation, we decided to show
the 50 and 100 m resolutions in comparison. While the 100 m
resolution simulation represents the 3-D cooling (on average)
better, the 50 m resolution simulation resolves small-scale
structures (as, e.g., the subsiding shell) better.

4 Conclusions

We quantified the effect of thermal radiation on cloud devel-
opment, comparing different radiation approximations. This
was first investigated for idealized single clouds induced by
a heat bubble perturbation close to the surface as well as
for idealized simulations of a shallow cumulus cloud field.
Thermal radiation changes the cloud circulation by causing
stronger updrafts and stronger subsiding shells around the
clouds, which confirms previous results of Guan et al. (1997).
However, we extended our study to a comparison of 1-D and
3-D thermal radiation and simulations of a shallow cumu-
lus cloud field. Overall, we find increased mixing and en-
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Table 3. Percentage fraction of cloud side and cloud top grid boxes per total number of cloudy grid boxes at 5, 10 and 20 h of the 50 and
100 m simulations as well as the percentage fraction of cloud side grid boxes with an optical thickness (at 550 nm) lower than 1.

Resolution 50m 100 m
Part of cloud Simulation time Sh 10h  20h 5h 10h 20h
Cloud top fraction ~ NoRad 28 22 18 29 19 16
1-DICA 31 18 15 30 15 13
1-D AVG 31 18 16 29 16 14
3-D NCA 30 18 16 29 16 14
3-D AVG 31 18 14 30 15 13
Const. cooling 31 19 16 30 16 14
Cloud side fraction NoRad 3 21 20 10 42 40
1-DICA 6 23 19 18 43 36
1-D AVG 6 21 20 19 46 36
3-D NCA 6 24 18 20 47 36
3-D AVG 6 22 21 20 45 24
Const. cooling 5 24 23 16 46 44
Cloud side 7 < 1 NoRad 42 16 13 18 5 5
1-DICA 31 13 10 12 5 4
1-D AVG 32 14 11 13 5 4
3-D NCA 29 13 10 12 5 5
3-D AVG 31 14 11 12 4 4
Const. cooling 33 14 11 14 6 4

trainment in the simulations with radiation. Both the mixing
and the resulting vertical velocities are due to a destabiliza-
tion of the atmosphere which results from thermal cooling as,
e.g., also found by Sommerai (1976), Fu et al. (1995), Petters
et al. (2012) and Lilly (1988). Clouds also become deeper in
vertical extent and contain more liquid water if thermal radi-
ation is accounted for.

One important objective of our simulations was to investi-
gate the effect of 3-D local thermal radiation. Therefore, we
performed five different thermal radiation simulations. We
separate between 1-D and 3-D thermal radiation as well as
between local and averaged radiation and a constant cool-
ing simulation. We find that the effects described above are
stronger if 3-D thermal radiation is applied, compared to 1-D
thermal radiation. The most pronounced difference between
the averaged and local radiation simulations and also be-
tween the 1-D and 3-D local radiation simulation is the dif-
ferent organization of the cloud field. In a local application
of thermal radiation, clouds first organize in cell structures,
similarly to those generated with cold pool dynamics. How-
ever, as rain is switched off in our simulations, a different
process is responsible for this cell development. How these
cells really form will be studied in a next step. In the case of
local 3-D thermal radiation, we find larger clouds at the end
of our simulations. In the 100 m resolution simulations, we
even find a single large cloud patch. The formation of cells
is only found in the local radiation simulations; the larger
clouds are found in the 3-D local application. Simply adding
more cooling to a simulation (as it is done in the averaged ra-
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diation simulations) does not at all reproduce the 3-D results.
The local additional cooling at the cloud side leads to the
stronger subsiding shell and the different spatial distribution
of the cloud field.

Obviously, the simulations shown in this study are in an
idealized framework to omit feedback mechanisms which
would occur otherwise. The fixed surface fluxes omit the sur-
face flux feedback which was found, e.g., by Muller and Held
(2012) who proposed that this could be a reason for the orga-
nization of clouds. Another feedback mechanism which we
neglect is the effect of rain and possible cold pool dynam-
ics. Cold pool dynamics are usually associated with cloud
organization (e.g., Seifert and Heus, 2013). This cannot be
the cause for the cloud organization which we find in our
simulations. However, it is obvious that the clouds produced
in our simulations are deep enough to cause rain from about
20h on, if we would allow it. If we would account for rain ef-
fects, the whole system would possibly change. Rain would
set in earlier in all thermal radiation simulations (compared
to the No Radiation case) and most likely earlier in the local
radiation simulations. We rerun the 1-D ICA local radiation
simulations, allowing for rain and found rain to occur after
22h.

Previous studies (Muller and Held, 2012; Muller and
Bony, 2015; Emanuel et al., 2014; Wing and Emanuel, 2014)
used radiative convective equilibrium (RCE) experiments
and found thermal radiation to be a key driver for cloud or-
ganization. Our simulations are for a much smaller domain,
with higher spatial resolution and without deep convection.
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Yet, we also find that thermal radiation is a driver for organi-
zation. Also, our simulations show that it might be essential
how radiative transfer is applied. The effects of local and av-
eraged application of radiation differ significantly. While we
find differences in the organization of the cloud field in the
local 1-D Thermal ICA and 3-D Thermal NCA radiation sim-
ulations, the way in which the averaged radiation is applied
does not seem to yield significant differences. A similar re-
sult was also found by Cole et al. (2005).

Further studies are necessary to show the robustness of the
results presented here and an improvement of the 3-D ra-
diative transfer calculations seems to be necessary for high-
resolution simulations. Additionally, future studies have to
be extended to different cloud types and should also account
for 3-D solar radiative effects and different feedback mecha-
nisms such as rain, adjusting surface fluxes and more.

Data availability. The UCLA-LES model is publicly available at
https://github.com/uclales. Input files and the model code for repro-
ducing the simulations and data of this study are available from the
corresponding author upon request.
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