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Abstract The net radiative effects of tropical clouds are determined by the evolution of thick, freshly
detrained anvil clouds into thin anvil clouds. Thick anvil clouds reduce Earth's energy balance and cool the
climate, while thin anvil clouds warm the climate. To determine role of these clouds in climate change we
need to understand how interactions of their microphysical and macrophysical properties control their
radiative properties. We explore anvil cloud evolution using a cloud-resolving model in three-simulation
setups of increasing complexity to disentangle the impacts of the various components of diabatic heating
and their interaction with cloud-scale motions. The first phase of evolution and rapid cloud spreading is
dominated by latent heating within convective updrafts. After the convective detrainment stops, most of
the spreading and thinning of the anvil cloud is driven by cloud radiative processes and latent heating. The
combination of radiative cooling at cloud top, latent cooling due to sublimation at cloud base, latent
heating due to deposition and radiative heating in between leads to a sandwich-like,
cooling-heating-cooling structure. The heating sandwich promotes the development of two within-anvil
convective layers and a double cell circulation, dominated by strong outflow at 12-km altitude with inflow
above and below. Our study reveals how small-scale processes including convective, microphysical
processes, latent and radiative heating interact within the anvil cloud system. The absence or a different
representation of only one component results in a significantly different cloud evolution with large
impacts on cloud radiative effects.

Plain Language Summary Clouds have a large influence on climate. Thick clouds reflect part
of the solar (or shortwave) radiation back to space and therefore cool the climate. On the other hand, wispy
and thin high clouds do not reflect much of solar radiation. They form high in the atmosphere at cold
temperatures and therefore keep part of the terrestrial (or longwave) radiation within the atmosphere. They
warm the climate, similarly to greenhouse gasses. The evolution of thunderstorm clouds is of particular
interest as it involves a transition from the thick clouds that cool the climate to the thin high clouds that
warm the climate. We study small-scale processes that drive this transition and their delicate balance and
interactions. Tiny differences in how ice crystals form, grow, shrink, or interact with solar or terrestrial
radiation can lead to large differences in the climatic role of thunderstorm clouds. Such processes are
currently not represented in models we use for climate projections. Our findings may ultimately lead to
improvements in the representation of thunderstorm cloud life cycles in climate models and therefore
increase the trust in projections of future climate.

1. Introduction
In the tropical regions of prevalent ascent, clouds strongly modulate both the shortwave (SW) and longwave
(LW) radiative fluxes, leading to large SW and LW cloud radiative effects (CRE; Ramanathan et al., 1989).
High ice clouds cover a large fraction of the tropics (Martins et al., 2011; Sassen et al., 2009). While the
thickest precipitating high clouds have both large SW and large LW CRE, they are not the most dominant
cloud type radiatively due to their short lifetime and limited spatial coverage. They fundamentally control
the tropical CRE, however, through detrainment of large quantities of ice crystals (ICs). These crystals form
anvil clouds, which spread over surface areas much larger than the deep convective cores from which they
originate (Protopapadaki et al., 2017). Their combination of a moderate CRE and frequent occurrence makes
detrained ice clouds the radiatively most important high cloud type in the tropics (Berry & Mace, 2014;
Hartmann & Berry, 2017). Moreover, previous observational and modeling studies have shown that at least
50% of all ubiquitous tropical thin cirrus directly originates from deep convective sources (Gasparini et al.,
2018; Gehlot & Quaas, 2012; Luo & Rossow, 2004; Massie et al., 2002; Riihimaki et al., 2012).
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The life cycle of anvil clouds is controlled by a number of processes including radiative heating due
to in-atmospheric cloud radiative effects (ACRE), latent heating, microphysical processes like IC nucle-
ation and growth, IC sedimentation, mixing of environmental air across cloud interfaces, turbulence, and
cloud-scale circulations. However, it is still not fully understood what the main drivers of anvil cloud extent
are, their microphysical and radiative properties, nor what controls the tropical CRE. Moreover, it is not
clear whether the delicate balance between small-scale processes can change in a warmer climate, and what
could be the climatic impacts of such a change.

Ackerman et al. (1988) were the first to quantify the radiative heating rates within tropical anvils based on in
situ aircraft data. The measured anvils were dominated by the LW warming effect, concentrated near cloud
base, and LW cooling at the cloud top, that coincides with a minor SW warming effect. They hypothesized
that the large heating gradients can lead to convective instability within an anvil. Their ideas were formal-
ized in theoretical work by Lilly (1988) who proposed a two-stage model of the cirrus convective outflow.
The initial outflow of air of nearly uniform buoyancy from the convective core flattens and stretches shortly
after being injected into a stably stratified environmental air. The following stage is driven by differential
radiative heating, forming a self-maintaining radiative convective mixed layer within an anvil. The exis-
tence of within-anvil convective motions was confirmed by numerous observational and modeling studies
(Dobbie & Jonas, 2001; Durran et al., 2009; Dinh et al., 2010; Ferlay et al., 2014; Jensen et al., 2009; Harrop
& Hartmann, 2016). However, both Ackerman et al. (1988) and Lilly (1988) neglected the latent heating,
which leads to strong heating by deposition and freezing throughout most of the anvil, and cooling at and
below-cloud base due to sublimation, melting, and evaporation of precipitation (Houze, 1982; Liu et al.,
2015; Lohmann & Roeckner, 1995; Schumacher et al., 2004; Starr & Cox, 1985). The anvil cloud extent and its
lifetime were found to be sensitive to the IC size and number concentration. Fan et al. (2010, 2013) showed
how different specifications of cloud condensation nuclei and ice nucleating particles led to differing anvil
cloud properties. Moreover, tropical anvil cloud properties were found to be very sensitive to the level of tur-
bulent mixing simulated by the model (Ohno et al., 2019). Hartmann et al. (2018) found that ACRE promote
the formation and maintenance of thin anvils with the help of two-dimensional cloud-resolving model sim-
ulations. ACREs increase the longevity of thin anvils by microphysical cycling of water vapor and ICs within
the in-cloud convective mixed layer. This ACRE-driven mechanism was crucial to achieve a balanced net
CRE. Our study expands on that work by using three-dimensional simulations allowing the cloud to evolve
by spreading into its surrounding, cloud-free environment.

Previous studies focused only on one phase or one aspect of the anvil life cycle, while we want to explore the
main small-scale drivers over the whole life cycle, from the thick deep convective cloud to the thin cirrus.
Therefore, we set up simulations of three increasing levels of complexity:

• a thick ice cloud in the middle of a cloud-free domain, initially in buoyant equilibrium with the environ-
ment;

• an isolated tropical deep convective system, in which we follow the cloud from the convective initiation
from a warm, moist bubble until its decay;

• a longer, “climatological” simulation of radiative convective equilibrium (RCE), in which we statistically
cluster the information over a large ensemble of convective events that maintain RCE.

Having simulations of differing complexity increases the robustness of the results and underlines the
importance of small-scale processes in driving of the spreading and thinning of anvil clouds.

2. Modeling Setup
We use System for Atmospheric Modeling (SAM) cloud-resolving model (Khairoutdinov & Randall, 2003)
version 6.10. The simulations use a 256- × 256-km domain with a horizontal resolution of 1 km and ver-
tical resolution of 250 m in the upper troposphere, except for the RCE simulations (described in section
2.3). The model top is at 27 km. The longer duration RCE simulations use a smaller, 128- × 128-km hori-
zontal domain with the same vertical grid. SAM is a nonhydrostatic anelastic model with periodic lateral
boundary conditions coupled with the RRTMG radiative transfer model (Iacono et al., 2008; Mlawer et al.,
1997). Subgrid-scale motions are represented with a 1.5-order closure scheme that incorporates a simple
Smagorinsky-type scheme. We coupled the model with the Predicted Particle Properties (P3) bulk micro-
physical scheme (Morrison & Milbrandt, 2015), version 2.8.2.4. P3 avoids the artificial separation of ice
particles into its floating and precipitating parts; instead, it uses four prognostic variables that track the
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Table 1
Simulation Terminology and Their Respective Properties

Simulation Description
1. Isolated cloud
CTRL_cld 256 × 256 horizontal grid boxes with 1-km resolution;

128 vertical levels with 250-m resolution in the upper troposphere
NO ACRE As CTRL_cld but no interactive ACRE
NO SUBI As CTRL_cld but with no sublimation of ICs
NO DEPO As CTRL_cld but no deposition of vapor on ICs
NO NUCI As CTRL_cld but with no new nucleation of ICs
NO SEDI As CTRL_cld but with no sedimentation ICs
2. Isolated convection
CTRL_con 256 × 256 horizontal grid boxes with 1-km resolution;

128 vertical levels with 250-m resolution in the upper troposphere
VRES_con As CTRL_con but with 256 vertical levels with 50 m upper tropospheric grid spacing
HRES_con As VRES_con but with 640 × 640 horizontal boxes of 250-m grid spacing
NFRZ_con As CTRL_con but with different freezing for temperatures colder than −38 ◦C
IClim05_con As CTRL_con but with the upper IC number limit of 0.5 × 103 kg−1

IClim100_con As CTRL_con but with the upper IC number limit of 100 × 103 kg−1

3. RCE
CTRL_rce 128 × 128 horizontal grid boxes with 1-km resolution;

128 vertical levels with 250-m resolution in the upper troposphere
CTRL0.25-7_rce As CTRL_rce but with a horizontal grid spacing of 0.25, 0.5, 2, 3, 5, and 7 km
IClim0.5_rce As CTRL_rce but with the upper IC number limit of 0.5 × 103 kg−1

IClim100_rce As CTRL_rce but with the upper IC number limit of 100 × 103 kg−1

NFRZ_rce As CTRL_rce but with different freezing for temperatures colder than −38 ◦C

mixing ratios of total ice mass, total ice number, rime mass, and rime volume. Therefore, instead of specifying
particle properties for several ice types (e.g., floating ice, snow, and graupel), the scheme uses its 4 degrees of
freedom to predict them. The scheme avoids artificial boundaries between particle types and avoids unphys-
ical thresholds like the autoconversion radius of transition of ice to snow. P3 is therefore well suited for
studies of transitions of deep, precipitating anvils, to thin, nonprecipitating cirrus; a situation, in which we
expect numerous transitions between several categories of atmospheric ice particles. In order to allow the
formation of clouds with number concentrations of ICs comparable to those observed in freshly detrained
anvil clouds (Heymsfield, Krämer, Luebke, et al., 2017; Jensen et al., 2018), we increased the upper limit of
IC number concentration from 0.5 × 106 to 107 kg−1 (about 2–5 × 103 L−1 at the anvil cloud altitudes). Sim-
ulations of the dynamics of the MJO field campaign (Yoneyama et al., 2013) that used this increased upper
limit on the IC number concentration showed good agreement with the observed radiative fluxes (Gasparini
et al., 2018). The generalized effective IC size predicted by P3 is used in the computation of radiative fluxes.

For simplicity, diurnally averaged insolation is used with a solar zenith angle of 42.89◦ and insolation (423.5
W/m2) representative of the annual mean values in the tropics. The simulations are initialized without the
presence of any mean winds and are not nudged. Sea surface temperature is fixed at 30 ◦C. The simulations
are described in Table 1.

We show two idealized modeling setups which represent the evolution of an idealized anvil cloud. The
simplest, isolated cloud setup neglects the initial step of the cloud formation by focusing purely on the evo-
lution and cloud thinning. The isolated convective setup, on the other hand, represents the whole convective
(and anvil) life cycle, including the detrainment step. Finally, the RCE setup is used to study climatological
properties over a large ensemble of anvil cloud life cycles.

2.1. Isolated Cloud
We initialize the simulation with an optically thick high cloud (cloud optical depth, COD, of 120) of uni-
form ice water content (IWC; 0.3 g/m3), which fits within the range of both in situ and remote sensing
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observations of tropical anvil clouds (Garrett et al., 2005; Heymsfield, Krämer, Wood, et al., 2017;
Heymsfield, Krämer, Luebke, et al., 2017). This simulation setup represents a freshly detrained anvil cloud,
after most of the convective activity has ceased. The initial mean IC size is prescribed to follow observations
by Van Diedenhoven et al. (2016), with an effective radius of 20 μm close to the cloud top, which increases
linearly to reach 40 μm at the cloud base. The IC number concentration spans the range between 900 and
3,600 L−1, with the lowest concentrations at cloud base, and concentration higher than 3,000 L−1 above
10.5 km, which lies well within the range of in situ observations (Jackson et al., 2015; Krämer et al., 2016;
Heymsfield, Krämer, Luebke, et al., 2017). The cloud is initialized with random potential temperature per-
turbations of the order of 0.01 ◦C, to help start the development of within-anvil motions. The cloud is 5-km
thick with a top at 13- and base at 8-km altitude, which corresponds to the peak of the cloud cover in tropical
convective regions (Hartmann & Berry, 2017; Protat et al., 2010). The cloud is initially in buoyant equilib-
rium with the surrounding environmental air. It is initialized with a radius of 30 km centered in the middle
of the model domain, a 256-km square.

2.2. Isolated Convection
We first decrease the specific humidity in the lowermost 3 km of the domain by 20% with respect to the
typical tropical moisture profile to suppress convective plumes. The temperature profile is near the moist
adiabat at all altitudes. Second, we initialize the simulation with a sinusoidal moisture perturbation with
a peak of 5 g/kg, which decays both in the vertical and horizontal dimensions. The perturbation extends
up to 3 km in vertical and 30 km in horizontal from its mid point. Such model initialization ensures that
convection starts first in the middle of the model domain and preserves a large degree of its azimuthal
uniformity throughout the convective life cycle, due to the lack of any environmental winds.

We can decompose the total heating rate into the radiative (cloudy and clear sky) and latent heating
component with an additional residual term related mainly to unresolved turbulent motions as

dT
dt

= Qrad,cld + Qrad,cs + Qlatheat + Qresidual (1)

where T is temperature, t is time, and Q are the heating rates. We diagnose each of them directly from the
model. We use azimuthal averaging, with the center of the domain (which is also the center of the cloud)
being the center point of our cylindrical coordinate system.

The absence of geostrophic motions in the tropics results in weak horizontal temperature gradients
(Charney, 1963). Therefore, we use the weak temperature gradient approximation (e.g., Sobel & Bretherton,
2000) to derive the vertical velocities associated with each of the heating terms using

w 𝜕s
𝜕z

= Qcp (2)

where w is the azimuthally averaged vertical velocity and s is the dry static energy (s = cpT+gz). We compute
the residual vertical velocity as follows:

wresidual = wtotal − wrad,cld − wrad,cs − wlatheat (3)

Finally, we derive the total stream function from various heating sources (radiative, latent, and residual) by
integrating the following equation in cylindrical coordinates over the radial dimension:

𝜕𝜓i

𝜕r
= rwi (4)

𝜓i = ∫
r

0
rwidr (5)

where r is the distance from the center of the domain and wi represent the vertical velocities defined in
equation (3).

2.3. RCE
The simulation is started with typical tropical temperature and moisture conditions, which quickly initiates
convection. The simulation is run for 80 days, with a 2-hourly instantaneous output time step for the 2-D
and 3-D fields. For the purpose of the present analysis, we only consider 48 output time steps from day 70–74
of the simulation, after the climate reached its equilibrium state. The model output is binned by increasing
ice water path (IWP) values into 50 equispaced bins, each spanning 2% of all data points.
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Figure 1. CCCM-derived cloud fraction binned into 25 IWP percentiles for the TWP. Below are plotted the
corresponding CRE. CCCM = CALIPSO, CloudSat, CERES, and MODIS Merged Product Release B1; IWP = ice water
path: CRE = cloud radiative effects.

3. Observational Data
We use the CALIPSO-CloudSat-CERES-MODIS (CCCM) data set (Kato et al., 2011) for the years 2007–2010.
The CCCM data set combines CALIPSO lidar (Winker et al., 2010) and CloudSat radar (Stephens et al.,
2008) cloud fraction collocated with MODIS IWP data and CERES radiative fluxes (Wielicki et al., 1996).
We derive SW radiative fluxes from CERES, which are available only for daytime. To avoid problems at large
solar zenith angles, we limit the data to points with zenith angle smaller than 70◦, which restricts us to
the afternoon overpass (1.30 p.m.) of the A-Train satellite constellation. We derive the albedo based on the
incoming and outgoing SW fluxes at the top of the atmosphere (TOA). The diurnally averaged reflected SW
is computed by multiplying the albedo by the daily and annual averaged incoming radiation for the region
of 423.5 W/m2. We use data for the TWP (12◦S to 12◦N and 150 to 170◦E ), a region dominated by deep
convection year round. The albedo at the TOA and SW CRE are computed as

albedo =
SWout

SWincoming
(6)

SWCRE = −(albedo − albedoclear-sky) ∗ 423.5 W∕m2 (7)

The LW CRE is computed as

LWCRE = OLRclear − OLR (8)

where OLR is outgoing LW radiation at the TOA.

We bin the radiative fluxes and cloud fraction into 25 bins ordered by the percentiles of MODIS-derived IWP,
each of them covering 4% of all considered points.

4. Results
Figure 1 shows the observed cloud fraction and its corresponding radiative effects binned by the respec-
tive IWP percentile values for the TWP. The high percentiles contain a fully cloud-covered troposphere and
therefore represent deep convective towers, with both strong SW and LW CRE, where the SW component
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Figure 2. CRE evolution for simulations of an isolated cloud (a) and isolated convection (b). The contour plots are computed by averaging over one of the
horizontal dimensions. The lower plot represents the domain-averaged CRE. The numbers represent CRE integrated over the whole life cycle. CRE = cloud
radiative effects; SW = shortwave; LW = longwave.

is the dominant one. The intermediately thick anvil clouds that spread from the convective core at 10- to
14-km altitude are responsible for a shift of net CRE from negative to positive close to the 75th IWP per-
centile. Such clouds contain IWP of 5 to 150 g/m2 and have COD between 1 and 6, and net CRE of about +5
to −25 W/m2. The upper tropospheric cloud peak spreads toward higher altitudes when transiting to lower
IWP values due to either the in situ formation of new ice clouds or by lofting of anvil remains, as suggested
by Hartmann and Berry (2017) and modeled by Hartmann et al. (2018). Remarkably, the net CRE shifts
from values around −100 W/m2 for the highest percentiles, toward +15 to +30 W/m2 for the 40th to 70th
percentiles. The crossover point in net CRE occurs near IWP of 100 g/m2 and COD of four, roughly at the
point where the cloud stops precipitating. The cloud columns maintain on average a net positive CRE even
at lower percentiles, in which the tropical tropopause layer cirrus competes with infrequent, yet radiatively
important boundary layer clouds. The average net CRE considering all selected clouds is +0.6 W/m2, very
close to being radiatively neutral. The radiative balance in the TWP is therefore controlled by a near-perfect
cancelation of the large SW and LW components when integrated over all cloud types. Given the large SW
and LW CRE, a small shift in the cloud distribution or its properties could result in large impacts on the radia-
tive balance. This motivates us to study the details of the convective life cycle, with focus on the transition
between a freshly detrained, thick anvils and aged, thin anvil cloud remains.

4.1. CRE Evolution
Figure 2 represents the time evolution of net CRE for the simulations of the isolated high cloud (a) and
isolated convection (b). The former starts as a thick cloud dominated by its SW CRE. The cloud quickly
starts spreading and thinning, increasing the thin cirrus fraction and its contribution to the overall radiative
budget. The spreading is evident as both the domain-averaged SW and LW CRE increase in the first 3 hr
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Figure 3. Evolution of the isolated high cloud: IWC (a–c), diabatic heating (d–f), vertical velocity (g–i), and stream function and wind fields (j–l). The plotted
timesteps are representative of the intial, mature, and late stage of cloud evolution. The panels (a)–(c) include temperature isolines and in-cloud COD and CRE
values. The green contours in panels (g)–(i) are highlight areas of high spatial variability of vertical velocity. The plotted quantities are azimuthally averaged
with respect to the center of the domain. The dashed lines in (a)–(c) are isotherms of −20,−40, and −60 ◦C. Black or brown contour lines represent IWC
contours of 0.1 and 0.0001 g/kg. The vertical velocity vectors are multiplied by a factor of 4 to give a better visual representation of circulations. IWC = ice water
content; COD = cloud optical depth; CRE = cloud radiative effects.

of the simulation, after which the SW effect decreases at a stronger pace than the LW CRE. This leads to
a switch from a net negative to a net positive CRE. The cloud gradually thins until it becomes radiatively
unimportant after 10 hr of simulation. The net CRE averaged over the whole life cycle is slightly negative
and about an order of magnitude smaller than the individual SW and LW CRE.

In Figure 2b, isolated convection starts to develop quickly after the beginning of the simulation, leading to
a small, 10- to 15-km broad convective core. The convection leads to a quickly spreading cloud in the upper
troposphere, whose diameter exceeds 100 km after the first 4 hr of the simulation. The cloud is still influ-
enced by the convective detrainment in the first few hours, which generates a thick anvil cloud, dominated
by SW CRE. The combination of a decreasing convective detrainment, stratiform precipitation, and spread-
ing of the cloud leads to cloud thinning. The thin part of the cloud significantly modifies the outgoing LW
radiative fluxes, despite being almost transparent to the incoming SW radiation. The domain average CRE
therefore transits from a net CRE negative to a net CRE positive ∼7 hr after the start of the simulation,
reaching a peak between hour 11–12. While a thin anvil lingers in the atmosphere, new convective activity
starts approximately at hour 13 of the simulation, marking the end of the studied convective life cycle. The
domain-averaged integrated value of SW and LW CRE almost perfectly balance each other, yielding only a
small, slightly positive net CRE, similarly to the near-cancelation of CRE observed in many tropical areas.
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Figure 4. Sensitivity simulations for the isolated clouds (a–f). The numbers at the bottom of the panels represent the integrated values of SW, LW, and net CRE
over the first 14 hrs of the respective simulations.

4.2. Isolated High Cloud
We now examine in detail the evolution of the thick cylindrical ice cloud initialized in the middle of the
domain.
4.2.1. Initial Phase
The interactions of ICs and radiation instantaneously form a strong cooling of about −70 K/day at the cloud
top (Figures 3a and 3d). This LW cooling is partially compensated by the SW heating, which is able to pen-
etrate further toward the interior of the cloud (Figure S1 in the supporting information). The heated air
below cloud top becomes positively buoyant and tries to rise above the sinking cool air at the cloud top. This
helps establish in-cloud convective motions near cloud top within the first 15–30 min after the start of the
simulation (Figure S2). The convective mixed layer is further intensified by the latent heating due to depo-
sition and freezing in updrafts, and latent cooling by sublimation in downdrafts (Figure S2). However, the
cloud top mixed layer forms even in experiments in which we turned off deposition (NO DEPO) and sub-
limation (NO SUBI, also refer to Table 1), but does not form in the NO ACRE simulation. The mixed layer
grows in vertical from about 750 m to about 2 km in the first 2 hr, after which it starts decaying. At that point
circulations formed by diabatic heating take control of the cloud evolution (Figures 3g, 3h, 3j, 3k, and S2).

Similarly, the strong radiative heating at the cloud base combined with latent cooling by sublimation initi-
ate a short-lived mixed layer just above cloud base 30 min after the beginning of the simulation (Figures 3g
and S3). A weak turbulent layer forms also near the peak of latent cooling below the cloud base, which,
however, cannot significantly influence the development of the overlying cloud. The NO SUBI experiment
does not form mixed layers at cloud base, confirming the importance of sublimation for cloud base evolu-
tion. However, the absence of sublimation helps form a strong melting layer just below the 0 ◦C isotherm,
initiating small convective motions and a weak circulation pattern (Figures S4 and 4c). The mixed layers at
cloud base cannot fully develop due to the IC sedimentation and precipitation that inhibit the overturning
motions. Both cloud top and cloud base mixed layers in the NO SEDI experiment continue to grow even
beyond the first 2 hr of the simulation, eventually forming a single, self-sustained convective layer between
10- and 14-km altitude (Figure S5).

The spreading of the cloud leads to a bowl-shaped pattern (Figures 3b and 3c), consistent with the work
of Schmidt and Garrett (2013). The cloud layer spreads along the isentropes, which are distorted by strong
sources of diabatic heating and cooling (Figures 3d–3f). The bowl-shaped spreading still appears in NO SEDI
(Figure 4g) and is therefore not caused by sedimentation of ICs.

GASPARINI ET AL. 2593



Journal of Advances in Modeling Earth Systems 10.1029/2019MS001736

Figure 5. As in Figure 3, but for the isolated convection.

4.2.2. Mature Phase of Development
The mature phase starts with the decay of initial mixed layers and when the diabatically driven circulations
become fully developed (Figures 3h and 3k). The initial radiatively driven heating structure now decreases
in magnitude with the decreasing IWC of the cloud: sublimation forms a strong cooling anomaly, associated
with a downdraft at and just below the wavy cloud base (Figure 3e). A deposition-driven heating anomaly in
the center of the cloud sustains an updraft motion, which in turn leads to more vapor deposition (Figure 3e).
However, the cloud top is still dominated by radiative cooling (Figure S1), driving a downdraft motion which
helps sustain a small mixed layer at the boundary of the radiative cooling and the latent-heating-driven
updraft (Figure 3h).

The diabatic heating not only drives vertical motions within cloud but also supports a circulation pattern as
shown by Figures 3j–3l, which reaches its maximum around 4–5 hr after the beginning of the simulation.
The circulation develops a two-cell motion:

• a radiatively driven circulation with a strong outflow at about 11–12 km and an equally strong inflow near
the cloud top, between 13 and 14 km altitude (Figure 3 k).

• a latent-heating-driven circulation near cloud base, with an outflow below cloud base, and an inflow just
above it.

The upper branch of the circulation leads to formation of a tropopause thin cirrus (Figures 3b and 3c). The
origin of the cloud can be traced back to the radiatively driven inflow and the associated convergence of air,
which cuts off the uppermost cloud layers, and leads to an updraft just above cloud top (Figure 3k). The

GASPARINI ET AL. 2594



Journal of Advances in Modeling Earth Systems 10.1029/2019MS001736

Figure 6. Evolution of the selected microphysical process rates for the isolated convective case (a–c and e–g). The panels (d) and (h) represent the ratio between
the absolute values of sources and sinks. The black contour lines represent ice water content contours of 0.1 and 0.0001 g/kg.

updraft is further intensified by depositional heating and new IC nucleation events. The tropopause cirrus
is long lived, as it is shielded from the terrestrial LW heating by the underlying anvil cloud, as discussed in
Hartmann et al. (2001). The circulation pattern moves together with the cloud edge (Figures 3i and 3l),
slowly decaying with the gradual sublimation and sedimentation of the cloud. Interestingly, a vigorous
updraft continues to sustain the tropopause cirrus even when the anvil has substantially thinned (Figures 3c
and 3i). This later stage is characterized by vertically stratified pancake-like laminar motions with only
minimal vertical wind components, similarly to what was found by Dinh et al. (2010) for thin tropopause
cirrus.
4.2.3. Impact of the Selected Processes on the CREs
Most of the processes that we examine significantly influence the net CRE of the anvil cloud life cycle. The
control simulation yields a small negative net CRE over the course of its life cycle (Figure 2a). The simulation
in which the ACRE were turned off (NO ACRE) yields a more negative CRE, as the cloud does not spread and
thins due to the absence of radiatively driven circulations and in-cloud convective motions (Figure 4b). By
limiting the nucleation of new ICs we also limit the formation of thin cirrus, leading to a significantly more
negative net CRE (Figure 4f). On the other hand, keeping the ICs aloft by not allowing them to sediment
increases the net CRE which becomes significantly positive (Figure 4c). NO SUBI and NO DEPO simulations
both yield a net negative integrated CRE over the course of 14 hr (Figures 4d and 4e). Inhibiting sublimation
results in the lack of particle removal and weaker circulations. Inhibiting deposition, on the other hand,
drastically increases the production of new, radiatively very active small ICs, which have both a strong LW
and SW CRE. Interestingly, the lack of deposition leads to an erosion of the internal parts of the cloud, which
are normally dominated by depositional growth of ICs (Figure 4e). The tropopause cirrus cannot form in NO
ACRE and NO DEPO simulations (Figures 4b and 4d) but is still able to form weakly in NO NUCI (Figure 4e).
The tropopause cirrus therefore consists of both preexisiting anvil cloud ICs and the newly nucleated ICs.

4.3. Isolated Convection
The first deep convective activity develops at the location of the initial moist bubble. The moist air is buoy-
ant and rises, forms clouds, and therefore gains more energy for its ascent due to the latent heating of
condensation. About 1 hr from the beginning of the simulation, the convective cloud crosses the homoge-
neous freezing temperature for water, forming ICs and releasing more latent heat to the environment, which
pushes the updraft up to 18 km altitude (Figures 5a, 5b, 6a, 6d, and 6g). Despite developing a significant
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Figure 7. Decomposition of the diabatic heating sources for isolated convection (a–j). Black contour lines represent ice water content contours of 0.1 and 0.0001
g/kg. SW = shortwave; LW = longwave; ACRE = atmospheric cloud radiative effects.

radiative heating of up to 20 K/day dominated by its LW component (Figures 7c and 7d), it is the latent heat-
ing that dominates the initial cloud development. When the cloud reaches its maximum altitude, it starts
to spread horizontally at velocities of 5–8 m/s (Figure 9). The convectively driven latent heating also dic-
tates the circulation pattern with a large updraft fed by the surface inflow, and detraining ICs between 12-
and 15-km elevation (Figures 7b, 8a, and 8b). The large initial heating is a vigorous source of gravity waves
(Bretherton, 1988; Prasad et al., 2019), which significantly perturb the instantaneous wind fields while not
influencing the mean winds.

The first phase ends after ∼3 hr, when the cloud spreading velocity temporarily slows down, before increas-
ing again to about 2 m/s (Figure 9). At this stage, when the cloud still contains a large IWC yielding an
optical depth of 11 (Figure 5b), the radiative driving becomes the dominant factor for the development of the
cloud (Figures 7h, 7i, and 8h). The spreading velocity of the NO ACRE experiment reaches values close to
zero between 3 and 4 hr from the start of the simulation (Figure 9). The cloud stops spreading and remains
in the relatively thick anvil stage for longer compared with the control simulation.

At hours 4–5 of the simulation, a diabatic heating “sandwich” pattern forms (Figure 5e), including the
following:

• LW radiative cooling of about 15 K/day at the cloud top, partially canceled by SW radiative heating of about
5 K/day (Figures 7h and 7i);

• LW radiative heating at the cloud base with values between 2 and 15 K/day (Figure 7h);
• Latent heating by deposition contributes to most of the heating (3–30 K/day) between 8- and 12-km altitude

in the core of the cloud (Figure 7g, 6e, and 6h);
• Latent cooling by sublimation dominates the base of the cloud, reaching values of more than −50 K/day

(Figure 7g).

A reflection of the heating “sandwich” is seen in vertical velocity: a downdraft of up to 0.5 m/s at the cloud
base, updrafts in the center and at the edges of the cloud of 0.05 to 0.2 m/s and a downwelling motion near
cloud top (Figure 5h). There are no clear boundaries between the updrafts and downdrafts, as two mixed
layers form: one just below the cloud top and one in the central part of the cloud. Interestingly, deposi-
tion and sublimation often occur in what looks like the same location due to azimuthal and time averaging
(Figures 6e and 6g). The cooccurrence of deposition in sublimation is further supported by the highly tur-
bulent cloud interior with several small convective cells, which gives rise to an uneven cloud top and cloud
base, reminiscent of mammatus clouds (Ferlay et al., 2014; Garrett et al., 2010).
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Figure 8. Decomposition of the stream function for isolated convection (a–j). Black contour lines represent ice water content contours of 0.1 and 0.0001 g/kg.
The panels a and f show also wind vectors. Vertical winds are multiplied by a factor of 4. ACRE = atmospheric cloud radiative effects.

A strong upper level circulation pattern forms, driven mainly by ACRE and the associated turbulence
(Figures 5k, 8f-j), similar to the isolated cloud case. Latent heating is responsible for a weaker circulation
close to the cloud base, at elevations between 5 and 10 km. The radiatively-driven inflow at the cloud top
forms a thin tropopause cirrus cloud above the anvil cloud (Figure 5b,c).

The final stage of cloud thinning is characterized by a weakening circulation that spreads with the cloud
edge (Figure 5c,f,i,l). The thin anvil cloud only slowly sediments due to the effects of radiative heating, which

Figure 9. Spreading velocity of the cloud for isolated cloud and isolated
convective simulations. The velocity is calculated from the azimuthally
averaged IWP spreading front defined by the outermost grid point that
reaches IWP value of 0.005 g/m2. IWP = ice water path; ACRE =
atmospheric cloud radiative effects.

favor updraft motion. The radiative heating is strongest near the spread-
ing front, and weaker in the middle of the cloud, which sinks to lower
levels, forming a bowl-shaped cloud top with the tropopause cloud
above (Figure 5f,i). The magnitude of microphysical rates decrease,
with sublimation becoming dominant over the deposition and freezing
(Figure 6e-h). The clear-sky radiation drives part of the circulation only
at the domain edges, where there is no stronger source of diabatic heating
(Figures 7e,j and 8d,i).

4.4. RCE
Finally, we analyze the contribution of several processes to the diabatic
heating and circulation in a 80-day long simulation in radiative con-
vective equilibrium with no daily cycle of insolation. We analyze 48
timesteps (one every 2 hours) of output data from days 70-74 of the sim-
ulation. We bin all gridpoints by their respective IWP in 50 bins, rather
than attempt to detect and evaluate numerous convective life cycles.
The total diabatic heating reveals a familiar “sandwich” pattern with a
strong in-cloud warming in the most ice-filled bins with cooling anoma-
lies above (radiative cloud top cooling) and below it (sublimation), and
a slightly negative background heating rate due to the LW emission by
water vapor (Figure 10d). We apply the method from Bretherton et al.
(2005) to derive the mass stream function by integrating the vertical
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Figure 10. Decomposition of diabatic heating and stream function into its components for the radiative convective equilibrium simulation (a–d and f–j). Panel
(e) shows ice water content. Black contour lines represent cloud fractions of 0.1 and 0.5. IWP = ice water path; ACRE = atmospheric cloud radiative effects.

velocities in IWP binned columns. These results sample numerous convective systems with different prop-
erties and cloud top/base levels. Therefore we do not expect as sharp and strong circulation patterns as in
our idealized simulations. Nevertheless, the reconstruction gives a circulation pattern with an inflow at lev-
els below 10 km, outflow at 11-13 km, and an inflow just above the cloud top at 13-14 km (Figure 10f),
which is consistent with the idealized experiments. The stream function decomposition reveals important
contributions to the circulation from both cloudy and clear-sky radiative effects, with a minor latent heat-
ing component (Figure 10g-j). Unlike in the idealized experiments, the clear-sky component drives a large
fraction of the circulation (Figure 10i). The IWP binning gives equilibrium/climatological values; a high
IWP is therefore well correlated with high moisture content, explaining the large clear-sky component of
the stream function. The clear-sky cooling does not play a large role in idealized experiments, as the water
vapor does not have enough time to fully adapt to the convective perturbation. The inclusion of the diur-
nal cycle modulates the convective activity: the precipitation peaks in the early morning hours before the
sunrise, while the anvil cloud cover and IWP peak between 9-11 a.m. local time. However, the controls of
the anvil life cycle do not change when averaged over the course of several diurnal cycles, representative of
climatological mean values (Figure S6).

4.5. Model Resolution Dependence
The horizontal grid spacing of 1 km only resolves part of the turbulent motions generated by the strong
radiative and latent heating; the rest is generated by the subgrid turbulence scheme. To test the sensitivity
of the results to the horizontal resolution we perform simulations of varying resolutions in the RCE setup.
Increased model resolution increases the ratio of thin versus all cirrus clouds, leading to a more positive
net CRE (Figure 11a). The main mechanisms leading to this resolution dependence are likely the turbulent
motions, which are mainly parameterized at low resolutions and resolved at high resolutions. This is in
contrast to Khairoutdinov et al. (2009), who found similar high cloud cover for horizontal resolutions of up
to 1,600 m compared with the 100-m benchmark simulation. However, they nudged the domain-averaged
thermodynamic fields and winds to the GATE Phase III field experiment observations (Fu et al., 1995) and
used a simpler, one-moment microphysical scheme.

To better understand the effects of increased vertical and horizontal resolution on a single cloud life cycle,
we perform two additional simulations in the isolated convection setup:

• VRES_con in which we increase only the vertical resolution to 50 m between 8 and 15 km (while the layers
between 5.5 and 8 km and 15 to 16.5 km have a resolution between 50 and 100 m);

GASPARINI ET AL. 2598



Journal of Advances in Modeling Earth Systems 10.1029/2019MS001736

Figure 11. Sensitivity simulations for radiative convective equilibrium (RCE, a) and isolated convection (b, c) setups. (a) The ratio of thin versus all cirrus
where thin cirrus are all high clouds that have a net positive CRE, that is, with COD larger than 4. (b, c) Time evolution of domain-averaged net CRE and
in-cloud COD for the isolated convective simulations. In (b) only the middle 160 km of the domain are considered, to account for the smaller horizontal grid
dimension in HRES_con. CRE = cloud radiative effects; COD = cloud optical depth.

• HRES_con in which we increase the horizontal resolution to 250 m and use the high vertical resolution
from VRES_con.

The effects of increased vertical resolution to anvil properties and radiative effects are small (Figures 11b and
11c): the removal of IWC from the thicker part of the anvil is faster, which decreases the LW and SW CRE,
accelerates the anvil evolution, and decreases its spreading. When additionally increasing the horizontal
resolution, the cloud follows a similar evolution pattern in terms of averaged COD and its domain-averaged
radiative effects (Figures 11b and 11c). The cloud covers a smaller area, which might be an artifact of a
smaller horizontal model domain (160 km compared to 256 km). Interestingly, a closer look at the tempo-
ral evolution reveals significantly larger SW and LW CRE compared to CTRL_con and VRES_con. The finer
horizontal resolution more than compensates for the faster IWC removal in the VRES_con simulation, lead-
ing to a thicker, more net CRE negative core of the cloud, and generating more clouds in the COD range of
0.3 to 3, which yield a larger LW CRE (Figure S7). In summary, while increased horizontal and/or vertical
resolution has an influence on the microphysical process rates and removal of ice from the atmosphere, it
does not significantly change the evolution pathway nor the conclusions of our work.

4.6. Microphysical Sensitivity Tests
As the simulations of anvil cloud evolution were found to be very sensitive to details in the description of
microphysics (Ohno & Satoh, 2018; Powell et al., 2012), we perform several microphysical sensitivity tests.
In particular, we vary the upper limit of IC number concentration and implement a more realistic freezing
scheme for temperatures below the homogeneous freezing temperature of water.

We perform simulations in which we change the upper IC number limit used in our simulations (10 × 106

kg−1) to

• 0.5 × 106 kg−1 as used in the default P3 scheme;
• 100 × 106 kg−1.

The fraction of thin cirrus increases proportionally with the upper limit of ICs. Consequently, IClim0.5_rce
decreases the net CRE by about 3 W/m2, compared to the CTRL_rce simulation, while the IClim100_rce has
just the opposite effect (Figure 11a). Interestingly, the impact on the single convective cloud and its life cycle
is different: decreasing the limit does not allow the initial formation of a very thick anvil cloud, and leads
to a thinner and smaller cloud, with a more positive net CRE. On the other hand, IClim100_conv allows a
formation of a thicker and longer-lived cloud, which, however, does not change its integrated CRE much
over the course of the convective life cycle (Figures 11b and 11c).

Despite large disagreements about the radiative and microphysical importance of small ICs and the possi-
bility of new nucleating events in the later stages of anvil evolution (Jensen et al., 2009; Protat et al., 2011;
Whiteway et al., 2004), we perform an additional sensitivity test by changing the freezing parameterization
below the homogeneous freezing temperature of water (−38 ◦C). In P3 the deposition freezing parameteriza-
tion by Cooper (1986), valid in the mixed-phase temperature range, is used also at temperatures colder than
−38 ◦C, leading to an overestimation of freezing events. The high number of newly nucleated ICs at cirrus
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Figure 12. Probability density of outgoing longwave and albedo from
CERES pixel measurements from the tropical western Pacific (12◦S to
12◦N, 150◦E to 170◦E). The green contour lines show the same distribution
derived from the radiative convective equilibrium simulation. Blue circles
represent the average over the cloudy part of the domain for the isolated
cloud case, while the red circles represent the same for the isolated
convective case. The circles are spaced by 1 simulation hour; the color of
the circles is fading together with the time evolution of the cloud. The black
line indicates the approximate location of the net cloud radiative effects
(CRE) neutral line. Points above the line have a negative net CRE, while
those below it a positive net CRE.

levels is therefore limited by the upper IC number limit. We try to avoid
the frequent use of the unphysical IC limit by parameterizing the freez-
ing at temperatures colder than −38 ◦C using the homogeneous freez-
ing scheme from Liu and Penner (2005), and a heterogeneous freezing
based on the laboratory results from Möhler et al. (2006). The heteroge-
neous freezing scheme assumes a dust concentration of 2 ice nucleating
particles per liter. This number is based on the simulated dust concentra-
tions in TWP by ECHAM-HAM climate model (Gasparini & Lohmann,
2016). Interestingly, the implementation of the new freezing scheme
(NFRZ_rce) does not change the net CRE, despite forming about 5% less
thin cirrus compared to CTRL_rce (Fig 11a). NFRZ_conv decreases the
lifetime of the detrained anvil cloud due to a decrease in the frequency of
ice nucleation events, but does not change the net CRE integrated over
the whole anvil life cycle (Figures 11b and 11c). Such behavior may also
explain why the net CRE balance does not change between the control
and NFRZ_rce simulations.

4.7. Modeling Results in the Context of the Observed Cloud
Radiative Properties
Figure 12 shows the observed probability density function of the outgo-
ing LW radiation (OLR)—albedo pairings for the TWP during July and
August as described in Hartmann and Berry (2017). The green contours
represent the analogous PDF computed from the 80-day long RCE sim-
ulation, averaged to 32 × 32 km to correspond with the observed CERES
pixel dimensions. They follow the peak of the observed distribution but
show less variability in both albedo and OLR. The smaller number of sam-
ple points resulting from horizontal averaging, together with the absence
of large-scale dynamical variability are responsible for its smaller spread
compared with observations. Moreover, the mode of the distribution is
shifted toward larger albedo and smaller OLR values, indicative of an
overestimation of thin cirrus. On the other hand, the isolated cloud sim-

ulation follows the peak of the observed PDF but starts at a higher OLR indicative of a too low cloud top
compared to the observed deep convective clouds. The isolated convection simulation differs from the iso-
lated cloud simulation in that it starts at clear-sky conditions, quickly grows to a high albedo and low OLR
deep convective core, which gradually thins by following the peak of the observed PDF. After about 14 hr,
the first convective life cycle reaches the final thin cirrus stage, with the radiative properties very close to
the initial clear-sky conditions. Moreover, the duration of the convective life cycle qualitatively agrees with
the results from Wall et al. (2018), which were able to track the tropical convective systems with geostation-
ary satellite data for about 10 hr after the peak of convective activity. Figure 12 shows that our idealized
modeling setup can reproduce average aspects of the tropical cloud radiative properties and its evolution,
supporting our main findings of the importance of diabatic processes on the anvil cloud evolution.

5. Discussion
5.1. Drivers of Anvil Evolution
Our results largely agree with previous literature on the importance of ACRE for the maintenance and
radiative effects of the anvil life cycle. Simulations without the effects of ACRE could not achieve a near
cancelation of the SW and LW CRE as observed in the deep tropics, leading instead to a strongly negative
net CRE. Radiative heating promotes the formation and maintentance of thin anvils, which is similar to the
results by Hartmann et al. (2018) who used a very simple cloud geometry. We find the horizontal spread-
ing of the cloud to be the key feature influencing the radiative effects integrated over the whole convective
life cycle. We attributed a large share of the spreading to the in-atmospheric cloud radiative heating, as the
cloud did not spread in the NO ACRE simulation. On the other hand, in the climatologically relevant RCE
simulation, the cloud processes change the distribution of water vapor, which in turn drives a large part of
the upper tropospheric cloud-scale circulation.
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Figure 13. Relative importance of radiation (red), latent heating (green), and the residual (blue, mainly related to
turbulent motions) to the total stream function for the isolated cloud (a) and isolated convection (b). White contours
represent equal ice water content lines, with the values corresponding to domain averages. The stream function
contributions are averaged over all areas in the domain, where ice water content is present. A mixture of colors
represents a mixture of processes.

Our main conclusions differ from a modeling study by Jensen et al. (2018), in which they followed trajec-
tories of ICs detrained from a midlatitude thunderstorm and simulated the first 3 hr of their microphysical
evolution. Their results show the importance of gravitational settling and depositional growth. However,
due to the lack of radiative coupling, they could not observe any convective overturning within the anvil
cloud. Interestingly, in the simulations described in sections 4.2 and 4.3, a thin and long-lived tropopause
cirrus formed above the anvil, a thin and long-lived tropopause cirrus formed in both idealized modeling
setups. This is similar to aircraft observations of Garrett et al. (2005) who observed a similar formation of a
long-lived overshooting thin cirrus.

The isolated cloud case closely follows the thick cirrus simulation from Schmidt and Garrett (2013). While
they studied only the first hour of a high-resolution limited-area model output, we used a coarser resolution
and a larger domain size to be able to monitor later stages of cloud evolution. Similarly to their study, we
find the early stage of evolution in the isolated cloud setup to be dominated by radiatively driven turbulence
at the cloud top and cloud base and the spreading mixed layer (Figure 13a). After a few minutes of simula-
tions, however, the contribution from latent heating and cooling become dominant in the lower half of the
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cloud, while the upper third of the cloud is dominated by the radiatively driven circulations throughout the
life cycle. The contribution of latent heating gradually decreases with the thinning of the cloud, when the
turbulence is replaced by weaker motions, mainly radiatively driven.

The isolated cloud simulations qualitatively agree with the Lilly (1988) model of the deep convective outflow
as an intrusion of nearly equally buoyant air with isotropic turbulence into stably stratified environmental
air. The initial convective outflow can be thought of as a large spherical air parcel. When the parcel hits the
stable environment with potential temperature increasing with height, it has to flatten to form a pancake-like
spreading pattern and generate predominantly horizontal and isentropic laminar flows (Figures 3j–3l).

The later stage of the isolated convective case evolution is, similar to the isolated cloud case, dominated
by a combination of radiative and turbulent driving at the cloud top and latent heating at the cloud base,
which gradually decreases in strength due to the thinning of the cloud and the smaller microphysical process
rates (Figure 13b). At hour 13 of the simulation, new convective activity starts, which again increases the
significance of latent heating. Our study highlights the importance of the interaction of radiative and latent
processes for the in-cloud convection and inhomogeneities, agreeing with results from Dobbie and Jonas
(2001) that studied cirrus of COD between 1 and 2.

We have shown how an isolated deep convective system in the absence of large-scale ascent evolves until
it reaches the thin cirrus stage. At this stage, the cloud properties are similar to those observed in persis-
tent tropical tropopause cirrus, which have been found to be in a delicate balance between microphysics,
radiation, and the generated internal cloud dynamics (Dinh et al., 2010, 2012). The evolution of both our
idealized cloud and isolated convection suggest that the anvil cloud ends its life cycle by a transition to a
similar self-sustained thin cirrus stage.

5.2. Shortcomings of the Modeling Setup
The absence of ocean coupling and the relatively small domain prevents us from studying other pro-
posed mechanisms behind the triggering and occurrence of tropical deep convection and its CRE budget.
Ramanathan and Collins (1991) and Hartmann et al. (2001) proposed a mechanism that couples tropi-
cal convection, the associated cloud albedo, sea surface temperatures, and atmospheric circulations by a
self-regulating feedback process. Wall et al.'s (2018) observational study also supports the idea of a tight
coupling between the triggering of deep convection and the sea surface temperatures in the TWP. Our ideal-
ized study rather focuses on the drivers of the evolution of convection and the detrained anvil clouds, once
the conditions are right for its triggering. Our primary focus is on the subdaily scale, which is too short to
be significantly affecting sea surface temperatures. Sea surface temperature mediated feedbacks have been
found to influence simulations in an RCE setup (Coppin & Bony, 2017) and will therefore be included in
our future work.

Convective strength, anvil cloud extent, and their properties are also modulated by the daily cycle of insola-
tion (Chen & Houze, 1997; Dai, 2001). Ruppert and Klocke (2019) show that the diurnal peak in the cloud
radiative heating increases the vertical velocities within anvils and leads to an anvil cloud peak in the after-
noon. Similarly, the anvil life cycle was found to be suppressed during nighttime. The inclusion of the daily
cycle of insolation was found to modulate the cloud evolution and radiative effects, although not in the cli-
matological sense (Figure S6). In addition, the cloud evolution in our study is simulated in the absence of a
large-scale forcing and also cannot feed back on larger-scale circulations. Therefore, the gravity waves gen-
erated by the initial burst of convection can return back toward the middle of the domain via the periodic
horizontal boundary conditions. Figure 12 shows, however, that the listed shortcomings do not prevent us
from simulating clouds that fit within the range of the observations from the TWP.

6. Conclusions
The net CRE in the tropics range from very negative, SW-dominated deep convective cores, to near-neutral
or moderately positive for intermediately thick anvil clouds, to positive for thin anvils and other high clouds
that are not directly related to detrained ice from convection. The convective life cycle starts with a convective
instability and updraft motion. Updrafts are associated with a large latent heat release due to cloud droplet
condensation and freezing, and depositional growth of newly nucleated ice crystals. Latent heat release is
the dominant factor in the deep circulation pattern that develops in the early convective stage, with the low
level inflow, upper level outflow, and the slow subsidence far from the convective core. This circulation is
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also responsible for the large initial spreading of the cloud, reaching horizontal velocities beyond 5 m/s.
About 3 hr after the convective initiation, the cloud has spread horizontally more than 50 km from the
convective core, developing a thick stratiform anvil with a strong sandwich-like heating pattern, which can
be summarized by

• a LW cooling at the cloud top;
• a LW warming at and near the cloud base and cloud edge;
• additional warming in the cloud interior by latent heating due to the depositional growth of ice crystals;

and
• a strong cooling at and just below the cloud base due to ice crystal sublimation.

The differential heating and cooling are found to drive within-anvil turbulent motions at horizontal scales
smaller than 5–10 km. However, the mixed layer does not spread through the whole cloud: in fact, we observe
a strong small-scale overturning below the cloud top, and a weaker one close to the cloud base. While the
radiative and latent contributions are closely related, we find the upper third of the cloud to be predomi-
nantly driven by ACREs. In contrast, latent heating drives the evolution and circulations in the lower part
of the cloud. Within-anvil convection and turbulence slowly decrease in strength with the thinning and
spreading of the cloud, until the laminar motions become dominant at cloud optical depths between about
5 and 10. Interestingly, the radiatively driven circulation at the cloud top is responsible for the formation of
thin tropopause cirrus. The results of the idealized isolated cloud and isolated convective simulations qual-
itatively agree with averages from the radiatively convective equilibrium simulation, with the exception of
the clear-sky effects which are very important in RCE (Hartmann & Larson, 2002).

Our findings confirm that small-scale processes are important for the anvil cloud life cycle. Such micro-
physical, radiative, and dynamical processes significantly impact the cloud development and hence CRE
and climate. Current general circulation models, which are used for future climate and cloud feedback
estimates, have upper tropospheric vertical and horizontal resolutions orders of magnitude larger than the
scales discussed in this work and often have difficulties in simulating anvil clouds (Wall & Hartmann, 2018).
Results from studies on high cloud responses to increased greenhouse gas concentrations (Bony et al., 2016;
Hartmann & Larson, 2002; Mauritsen & Stevens, 2015) using crude descriptions of the small-scale processes
should therefore be revisited. The new generation of global climate models, even those able to directly sim-
ulate deep convection, might still not simulate the small-scale processes driving the anvil evolution in a
reliable way. Our idealized modeling setup could therefore provide a benchmark for parameterizations in
models both with parameterized and resolved deep convection.
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