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ABSTRACT: Satellite observations of tropical maritime convection indicate an afternoon maximum in anvil cloud frac-
tion that cannot be explained by the diurnal cycle of deep convection peaking at night. We use idealized cloud-resolving
model simulations of single anvil cloud evolution pathways, initialized at different times of the day, to show that tropical
anvil clouds formed during the day are more widespread and longer lasting than those formed at night. This diurnal differ-
ence is caused by shortwave radiative heating, which lofts and spreads anvil clouds via a mesoscale circulation that is largely
absent at night, when a different, longwave-driven circulation dominates. The nighttime circulation entrains dry environ-
mental air that erodes cloud top and shortens anvil lifetime. Increased ice nucleation in more turbulent nighttime condi-
tions supported by the longwave cloud-top cooling and cloud-base heating dipole cannot compensate for the effect of
diurnal shortwave radiative heating. Radiative—convective equilibrium simulations with a realistic diurnal cycle of insola-
tion confirm the crucial role of shortwave heating in lofting and sustaining anvil clouds. The shortwave-driven mesoscale
ascent leads to daytime anvils with larger ice crystal size, number concentration, and water content at cloud top than their
nighttime counterparts.

SIGNIFICANCE STATEMENT: Deep convective activity and rainfall peak at night over the tropical oceans. How-
ever, anvil clouds that originate from the tops of deep convective clouds reach their largest extent in the afternoon
hours. We study the underlying physical mechanisms that lead to this discrepancy by simulating the evolution of anvil
clouds with a high-resolution model. We find that the absorption of sunlight by ice crystals lofts and spreads the daytime
anvil clouds over a larger area, increasing their lifetime, changing their properties, and thus influencing their impact on
climate. Our findings show that it is important not only to simulate the correct onset of deep convection but also to cor-
rectly represent anvil cloud evolution for skillful simulations of the tropical energy balance.
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1. Introduction anvil clouds in order to balance radiative fluxes and correctly
simulate of changes in climate.

Over the tropical oceans, the majority of rainfall and
upper-tropospheric anvil clouds originate in large clusters of
deep convective activity called mesoscale convection systems
[MCS; see, e.g., Houze (2004) for a review]. Observational
data from tropical maritime regions robustly show a diurnal
cycle of MCS activity with a peak in the early morning hours
(Gray and Jacobson 1977; Chen and Houze 1997; Randall
et al. 1989; Nesbitt and Zipser 2003). Similar diurnal pulses of
convection and the associated precipitation have been also
observed in the intertropical convergence zone (Bain et al.
2010; Ciesielski et al. 2018) and in tropical cyclones (Dunion
et al. 2014; Bowman and Fowler 2015). The precise mecha-
nisms behind this diurnal cycle are still under debate. Possibil-
ities include the stabilization of the environment during
daytime by SW heating (lapse-rate mechanism; Kraus 1963;
Randall et al. 1989), a daytime decrease in relative humidity
due to SW heating of clear sky areas (Tao et al. 1996; Dai
2001), changes in the large-scale overturning circulation
between convective and nonconvective regions (cloudy—clear-
sky differential radiation mechanism; Gray and Jacobson
1977), insolation-driven changes in sea surface temperatures

Corresponding author: Blaz Gasparini, blaz.gasparini@univie. ~ that can excite convectively coupled equatorial waves (Chen
ac.at and Houze 1997), and convectively forced diurnal gravity

Anvil clouds are both the most frequent and the most radi-
atively important cloud type in tropical deep convective
regions (Hartmann and Berry 2017; Berry and Mace 2014).
On average they exert strong shortwave (SW) and longwave
(LW) cloud radiative effects (CRE) and therefore signifi-
cantly modulate both the incoming and outgoing radiative
fluxes in the tropical atmosphere (see Table 1 for a list of
abbreviations). However, their instantaneous effects on both
the top-of-the-atmosphere (TOA) radiative fluxes as well as
the radiative heating within the atmosphere are strongly influ-
enced by the diurnal cycle of insolation. During the day, an
optically thick, fresh anvil cloud will have a strong net nega-
tive TOA CRE of up to —500 W m~ 2, dominated by the
strong SW shading effect due to its large albedo. On the other
hand, at night the net CRE will be composed only of the LW
component and can exceed 150 W m ™2, Given the large diur-
nal cycle in tropical anvil clouds CRE, it is important for cli-
mate models to capture both 1) the correct timing of deep
convection and 2) the subsequent evolution and thinning of

DOI: 10.1175/JCLI-D-21-0211.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 06/01/23 04:04 PM UTC


mailto:blaz.gasparini@univie.ac.at
mailto:blaz.gasparini@univie.ac.at
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1656

TABLE 1. List of abbreviations.

Abbreviation

ACRE Atmospheric cloud radiative effect
BT Brightness temperature

Meaning

CRE Cloud radiative effect

CNC Cloud number concentration
COD Cloud optical depth

CTH Cloud-top height

LT Local time

IWC Ice water content

IWP Ice water path

LW Longwave radiation

RCE Radiative-convective equilibrium
Reioud Cloud mean mass radius

RH; Relative humidity with respect to ice
SAM System for Atmospheric Modeling
SwW Shortwave radiation

TWC Total water content

waves originating from nearby land (Mapes et al. 2003;
Ruppert et al. 2020). Recent idealized simulations of orga-
nized deep convection point at the primary importance of the
lapse-rate mechanism to strengthen convection at night by the
radiative destabilization of the atmosphere by LW cooling
(Ruppert and Hohenegger 2018). This in turn increases convec-
tive heating particularly in the lower troposphere and leads to an
increased low-level circulation due to a sharp heating gradient
between the clear-sky region, cooled by LW radiation, and the
moist region, warmed by convective heating initiating the cloudy—
clear-sky differential radiation mechanism. In contrast, during the
afternoon hours the SW heating near cloud tops was found to
intensify the mesoscale circulation in the upper troposphere.

While numerous studies have so far been dedicated to
understanding deep convection, we focus on the evolution of
detrained anvil clouds to better understand the processes con-
trolling their decay and explain the discrepancy between the
early morning peak in deep convection and the number of
MCS and the afternoon peak in anvil cloud cover (Fu et al.
1990; Feofilov and Stubenrauch 2019; Chepfer et al. 2019;
Sokol and Hartmann 2020). As a difference from the night-
time MCS that define the diurnal cycle of precipitation (Nes-
bitt and Zipser 2003), the relatively less frequent daytime
MCS lead to substantial climatic effects by producing more
extensive anvil cloud shields (Wall et al. 2020).

Recent modeling work shows differences between the diur-
nal cycles of convective activity and ice water path (IWP; the
vertically integrated amount of ice in the atmosphere) over
tropical oceans (Ruppert and Klocke 2019). While rainfall
peaks in the early morning hours, IWP was shown to have
two diurnal maxima: one in the early morning hours, coinci-
dent with the peak in rainfall and deep convective activity,
and one in the afternoon hours, coincident with the diurnal
peak in anvil cloud cover. Ruppert and Klocke (2019)
explained the secondary peak in IWP as an anvil cloud
response to increased SW heating within clouds that enhances
the local mesoscale updraft motion, promoting the formation
and maintenance of high ice clouds, which we term the anvil
lifting hypothesis. Durran et al. (2009) and Dinh et al. (2010)
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described a similar circulation response for thin tropical tro-
popause layer cirrus. A greater knowledge of anvil cloud evo-
lution is needed to bridge the gap in our understanding
between the early morning peak in deep convection and the
afternoon peak in anvil coverage.

Hartmann and Berry (2017) proposed that radiative heating
first promotes the rapid decay of thick anvil clouds until they are
thin enough for a LW heating dipole (cloud-top cooling com-
bined with cloud-base heating) to support its maintenance. This
was subsequently modeled in idealized simulations by Hartmann
et al. (2018), who found that radiatively driven turbulence
extended the cloud lifetime by supporting within-anvil convec-
tion that triggered new ice crystal nucleation. The small, newly
nucleated ice crystals are only weakly affected by sedimentation
compared with larger, aged ice crystals, therefore prolonging the
anvil cloud lifetime. We refer to this mechanism as the micro-
physical cycling hypothesis. Sokol and Hartmann (2020) used
CloudSat—-CALIPSO satellite data to show that the radiative
structure of heating within anvil clouds drives the distribution of
anvil optical thicknesses to peak preferentially at cloud optical
depths (COD) between 1 and 2. Anvils of such COD were found
to be particularly susceptible to radiative destabilization by both
LW and SW radiation and to contain larger ice crystal number
concentrations than anvils at slightly higher or lower COD, indi-
cating a possible role of new ice crystal nucleation in anvil cloud
maintenance.

An observational study by Wall et al. (2020) used geosta-
tionary satellite data to evaluate the anvil lifting and micro-
physical cycling hypotheses. They evaluated the two
hypotheses by comparing observations of daytime and night-
time anvil clouds and their persistence. Nighttime anvils are
influenced only by LW radiation, and therefore should evolve
according to the LW heating—cooling dipole that is central to
the microphysical cycling hypothesis. During the day, SW
heating dominates, suggesting that anvil lifting is favored.
Wall et al. (2020) found strong evidence for the dominant role
of SW-initiated daytime anvil lifting that increases anvil cloud
lifetime and no indication for excessive new ice crystal forma-
tion near anvil cloud top in more persistent daytime anvils.

Deng and Mace (2008) studied the diurnal cycle in anvil
cloud properties and air motion with the help of the cloud
radar observations from one midlatitude (Southern Great
Plains) and two tropical western Pacific (Nauru and Manus)
Atmospheric Radiation Measurement Program sites. The
tropical measurements showed a pronounced diurnal cycle in
cloud properties and residual air motion. Cloud-top height
and cloud geometrical thickness both peak in the early after-
noon hours, shortly after the midday peak in in-cloud air
motion, and reach a minimum in the early morning hours.
Similar variations were also measured in cloud microphysical
and optical properties, all peaking in the early afternoon
hours. Their results are consistent with Wall et al. (2020) and
point at the important role of radiative heating in the mainte-
nance and microphysical structure of anvil clouds.

This study extends recent work to study anvil cloud mainte-
nance from an idealized modeling perspective. We first exam-
ine the life cycles of anvil clouds from a sink perspective, by
monitoring the decay of identical thick anvil clouds initialized
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in the middle of a model domain at different times of day.
Similar to Wall et al. (2020), we take advantage of the diurnal
cycle of insolation, further simplified by examining cloud
evolution during perpetual night and midday conditions. We
support these idealized experiments with an analysis of a
statistically representative ensemble of anvil clouds from
a simulation in radiative—convective equilibrium (RCE) with
a realistic diurnal cycle of insolation. RCE is a simplified
description of the climate system, in which radiative cooling
of the atmosphere must be balanced by latent heating from
convective cloud processes. It is a useful representation of the
tropical atmosphere particularly at large spatial and long tempo-
ral scales (Jakob et al. 2019). While Ruppert and Hohenegger
(2018) and Ruppert and Klocke (2019) investigated diurnal
cycle impacts on organized convection, this study focuses on
anvil cloud dynamics, circulations, microphysics, and their radia-
tive impacts in nonorganized convection.

2. Methods
a. Model

We use the version 6.10 of the System for Atmospheric
Modeling (SAM) cloud resolving model (Khairoutdinov and
Randall 2003). The model is coupled with the RRTMG radia-
tive transfer model (Mlawer et al. 1997; Tacono et al. 2008)
and uses a Smagorinsky-type 1.5-order closure scheme to rep-
resent the subgrid-scale motions. The radiation called every
sixth, 30-s-long, model time step. The model allows for sub-
stepping to ensure the Courant-Friedrich-Levy criterion and
is set to use periodic lateral boundary conditions. Microphysi-
cal processes are represented with the Predicted Particle
Properties (P3) bulk microphysical scheme (Morrison and
Milbrandt 2015), version 3.1.4, with the following deviations
from the default P3 microphysics:

e The maximum ice crystal number concentration limit is
increased from 0.5 X 10° to 10 X 10° kg ™! in order to allow
for realistic simulations of fresh deep convective outflow
with high ice crystal number concentrations (Heymsfield
et al. 2017; Jensen et al. 2018; Kramer et al. 2020).
Freezing in mixed-phase clouds is parameterized following
Meyers et al. (1992) with an additional constraint that
allows ice nucleation only in the presence of cloud droplets,
since deposition freezing is thought to be negligible in
mixed-phase conditions (e.g., Ansmann et al. 2008; DeMott
et al. 2010; Hoose and Mohler 2012; Lohmann et al. 2016).
e Freezing below the homogeneous freezing temperature of
water (—38°C) follows the description of Shi et al. (2015),
as implemented in CAMS, CAM6, and E3SM general cir-
culation models. The formulation is largely based on the
parameterization by Liu and Penner (2005) that simulates
the competition between homogeneous and heterogeneous
freezing in cirrus clouds. The competition for vapor
between freezing and pre-existing ice crystals follows the
description published in Kércher et al. (2006). The number
of ice nuclei considered by the Liu and Penner (2005)
parameterization is due to the absence of an interactive
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aerosol module set to 2 L1, typical for low aerosol concen-
tration in the upper troposphere of the tropical western
Pacific (e.g., Gasparini and Lohmann 2016). The number of
sulfate aerosols available for homogeneous freezing is set to
20 cm .

e The saturation vapor pressure for liquid water and ice is
parameterized by the Murphy and Koop (2005) formulation.

The simulated ice cloud properties were found to generally
agree with the observed tropical maritime cloud data, despite a
small underestimation in cloud water content at temperatures
between 0° and —80°C and the underestimation of ice crystal
number at temperatures colder than —60°C. A short model
evaluation comparing model output with cloud properties
observed in three tropical aircraft field campaigns, consolidated
in a uniform dataset by Kramer et al. (2020), can be found in
appendix A.

b. Simulations

We use two different simulation strategies of differing
model complexities (summarized in Table 2). In the simplest
setup, we initiate a thick ice cloud with uniform ice mixing
ratio of about 0.6 g kg~ and a diameter of 60 km in the mid-
dle of a 256 km X 256 km model domain, as described in Gas-
parini et al. (2019). All of the described simulations use 128
vertical levels with the upper tropospheric vertical resolution
of 250 m and the horizontal resolution of 1 km X 1 km that is
able to resolve part of the within-anvil convection that drives
a significant proportion of the within-anvil microphysical pro-
cess rates (Gasparini et al. 2019). The model typically uses
two substeps within one model time step in the first few hours
of the simulation, decreasing the effective model time step
from 30 to 15 s. The simulations are initialized without the
presence of any mean winds from a typical tropical tempera-
ture and moisture profile. The model mean horizontal wind
fields are nudged to zero.

The cloud is representative of observed freshly detrained
thick anvils in the tropics, with a cloud-top altitude at 13 km
and cloud base at 8 km. The cloud’s initial diameter is set to
60 km in all but the small-real and large-real simulations. We
simulate the evolution of the cloud by either assuming a real-
istic diurnal cycle of insolation and varying the simulation
starting time or by fixing the insolation to a constant value rep-
resenting the typical midday (1300 W m™2) or night (0 W m™2)
conditions. In addition, we conduct several sensitivity tests with
changes to physical processes that influence the ice cloud evolu-
tion, namely SW and LW atmospheric cloud radiative effects
(ACRE), ice crystal sublimation, ice sedimentation, and ice
nucleation (Table 2).

Second, we perform a 50-day simulation of a cloud field in
RCE with a realistic diurnal cycle of insolation typical for the
equator. The simulation is initialized from a temperature and
moisture profile generated from the average over the last 20
days of an earlier 100-day-long RCE simulation with a smaller
model domain. Only the last 30 days of the hourly model out-
put, after the simulated climate reaches a statistical equilib-
rium, are considered in this analysis. The sensible and latent
heat fluxes are computed interactively. The model typically
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TABLE 2. A list of performed simulations.

Simulation

Insolation

Description

1. Cloud in the middle of the domain

Ctrl-real
Small-real
Large-real
Day/night-only
No-freezing

No-ACRE
No-sublimation

No-sedimentation

Realistic diurnal cycle
Realistic diurnal cycle
Realistic diurnal cycle
Day (1300 W m~2) and night (0 W m~?)
Day (1300 W m~2) and night (0 W m~?)

Day (1300 W m™2) and night (0 W m~?)
Day (1300 W m™2) and night (0 W m™?)

Day (1300 W m™2) and night (0 W m™?)

Full physics, 24 simulations initialized
between 0000 and 2300 LT

Full physics, as ctrl-real but with initial
cloud diameter of 30 km

Full physics, as ctrl-real but with initial
cloud diameter of 120 km

Full physics, as ctrl-real but with
constant insolation

As day/night-only but with no ice
nucleation

As day/night-only but with no ACRE

As day/night-only but with no
sublimation

As day/night-only but with no

2. RCE Realistic diurnal cycle

sedimentation
50-day simulation in radiative—convective
equilibrium

uses 5-9 substeps within one model time step, decreasing the
effective model time step from 30 to 3-6 s. The RCE simula-
tions are performed in a 128 km X 128 km domain, which is too
small to allow the development of convective organization.

¢. Himawari satellite data

We use 3 months (1 June-31 August 2016) of Himawari-8
geostationary satellite observations (Bessho et al. 2016) of
brightness temperature (BT) at the infrared channel (11.2 wm).
The downloaded product was subsequently regridded to 0.25°
by averaging the native grid pixels within the new grid bound-
aries. The dataset’s temporal resolution is 1 h.

3. Results

a. Diurnal cycle of brightness temperature from
geostationary satellite observations

Figure 1a shows the geostationary satellite measurements
of BT in the ocean-covered areas of the tropical western

a ) . .

1 Diurnal cycle of BT classes, Tropical Western Pacific (205-20N,130-180E)
%
= 0.10 280-290K
E B 270-280K
©0.08 I 260-270K
e BN 250-260K
= R 240-250K
g 0.06 N 230-240K
S N 220-230K
§0'04 BN 210-220K
e N 200-210K
=]
2 vio3 . <200K
S
=
&
£ 0.00

0 3 6 9 12 15 18 21 0 3 6 9

local time

12 15 18 21 0

Pacific (20°S-20°N, 130°E-180°). The BT roughly corresponds
to the cloud-top temperature for optically thick clouds with
emissivity values near 1 (Protopapadaki et al. 2017). The BT
signal from thinner clouds includes a mixture of the clouds’
emission and the emission from lower, warmer atmospheric
levels. Most of such clouds can be classified as anvil clouds in
different stages of their life cycle. Appendix B contains a
detailed discussion explaining why most pixels with BT < 290
K correspond to high clouds.

The BT observations are clustered into 10-K bins to better
represent the transition from deep convective cores (BT <
210 K) to anvil clouds of various optical thickness (210 < BT <
290 K). The relationship between BT and high cloud COD is
explained in more detail in appendix B. The BT values typical
of deep convection occur most often in the early morning hours,
whereas the BT bins associated with anvil clouds peak 7-18 h
later (Fig. 1). Interestingly, the frequency of pixels with BT of
210-220 K peaks at 1400 local time (LT). This BT bin corre-
sponds to a mixture of weaker deep convective systems that are
frequent in the afternoon hours (Nesbitt and Zipser 2003) and
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FIG. 1. Diurnal cycle of 10-K brightness temperature (BT) bins in the tropical western Pacific: (a) variations of occurrence frequency
and (b) relative deviations from the diurnal means. The diurnal peak in occurrence frequency in of each BT bin in (a) is marked by orange

dots.
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FI1G. 2. Time evolution of ice water path for a cloud initialized at (a) 2100 and (b) 0900 LT, averaged over one of the
two horizontal dimensions. The respective insolation profiles are shown in the lower panels.

thick anvil clouds. This peak is followed by successive peaks in
BT bins between 220 and 290 K in the afternoon and evening
hours, when deep convective activity remains low (Fig. 1b). The
transition from BT maxima of 210-220 K at 1400 LT to 250-260
K at 2000 LT reflects a BT warming rate of 15 K h™’. This corre-
sponds to a thinning of the median anvil COD from about 30 to
about 2 within 6 h, as confirmed by a combination of radar-lidar
(DARDAR) cloud profile and MODIS BT data (appendix B).
The thinning slows down after the anvils reach a COD of ~2 that
was found to be preferred based on radiative flux considerations
(Hartmann and Berry 2017; Sokol and Hartmann 2020). These
results agree with a study using the spaceborne lidar data from
the Cloud-Aerosol Transport System (CATS) instrument, which
showed an increase in high opaque clouds in the afternoon hours
(Chepfer et al. 2019) and another that relied on infrared sounder
data (Feofilov and Stubenrauch 2019). Moreover, Sokol and
Hartmann (2020) found a larger coverage of anvil clouds in the
tropical western Pacific and tropical Indian Ocean during the
afternoon A-Train overpass (1330 LT) compared with the night
one (0130 LT), which is consistent with the observed afternoon
peak in the BT bins of 210-260 K.

The clouds from the afternoon/evening anvil cloud peak
cannot be generated by the diurnal peak in convective activity
that occurs 6-8 h earlier. While the transition from convective
cores to thin anvils can take up to 10 h, the optically thick
phase of anvil evolution that corresponds to BT of up to
220-240 K and COD of 5-15 (Fig. B1) is unlikely to persist in
the atmosphere for more than about 5 h (e.g., Mace et al.
2006; Wall et al. 2020; Jensen et al. 2018; Gasparini et al. 2019,
2021; also see appendix B herein). Additional physical mecha-
nisms must therefore play a role in the formation and mainte-
nance of the afternoon and evening anvil clouds. This result is
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consistent with the work by Wall et al. (2020), which con-
cluded that the daytime anvil clouds must be more persistent
and/or more widespread compared with their nighttime
counterparts.

b. Idealized simulations

Figure 2 shows the time evolution of the IWP for two iden-
tical high clouds initialized at two different times during the
diurnal cycle. The first cloud is initialized at 2100 LT and
undergoes a rapid thinning and spreading until disappearing
about 8 h after the initialization, at 0500 LT, just before sun-
rise. The cloud initialized at 0900 LT persists for more than 15
h, spreading over a larger portion of the domain (Fig. 2b).
The clouds initialized at 0900 and 2100 LT represent the two
extremes among clouds initialized throughout the diurnal
cycle: on one side the persistent and widespread daytime anvil
cloud, and on the other side the shorter-lived nighttime anvil.
Additional simulations of anvil cloud life cycles initialized at
each of the 24 hours of the day fall in between the selected
two cases in terms of IWP, cloud fraction, and cloud persis-
tence (not shown).

The TOA radiative effects also vary significantly depending
on the simulation start time. Figure 3 represents values of
SW, LW, and NET CRE averaged over the whole domain
and 16-h duration of the simulations for each of the simula-
tions initialized at different times of the day. Simulations that
start in the morning hours (particularly 0700-1100 LT) lead to
alarge LW CRE and an even larger SW CRE, with a negative
net CRE from —5 to —10 W m~2 X day, when averaged over
the entire anvil life cycle. In contrast, simulations starting in
the late evening or night (between approximately 1500 and
0300 LT) exert no or a very small SW CRE, caused by the
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FIG. 3. Domain- and time-integrated cloud radiative effect
(CRE) for simulations with variable local time of simulation start.
The background color represents the net integrated CRE. The gray
circle represents the values for the simulation at perpetual diurnally
averaged insolation. The black plus sign represents the average of
all 24 simulations.

lack of insolation and a smaller LW CRE due to their smaller
extent and shorter lifetime, leading to a net positive inte-
grated CRE of 1 W m™2 X day over the course of the anvil
life cycle. Only a small change in the starting time of the anvil
cloud can therefore cause a substantially different net climatic
effect.

The radiative effects of anvil clouds with different initializa-
tion times vary not only because of insolation differences, but
also because of differences in cloud optical properties. Figure 4
shows the COD evolution of a daytime and nighttime simula-
tion composite. Daytime simulations are influenced by strong
insolation of 900 W m ™2 or more in the first 8 h. The two com-
posites do not differ substantially in the first two hours of the
evolution, when the COD distribution of both composites peaks
near 100 (Fig. 4a). For a cloud age of 3-5 h, however, the day-
time composite shows a bimodal distribution with COD peaks
near 100 and 3, as opposed to thinner nighttime clouds peaking
between COD of 3 and 30 (Fig. 4b). A large majority of night-
time clouds of age 6-8 h are optically thin (Fig. 4c), with COD
smaller than 0.5, and disappear almost completely by hours
9-11 of the simulation (Fig. 4d). In contrast, 6-11-h-old daytime
anvils cover a large portion of the domain with a COD distribu-
tion peak that slowly shifts from ~1 to ~0.1 before fully disap-
pearing at hours 14-16 of the simulation (Fig. 2b).

At this point we further simplify the modeling setup to iso-
late the differences between the day and night simulations by
simulating cloud evolution in perpetual midday conditions
with insolation values of 1300 W m ™2 (referred to as “day-
only”) and perpetual night conditions (no insolation, referred
to as “night-only”) as shown by Figs. 5a and 5b. The IWP evo-
lution of the night cloud strongly resembles the 2100 LT case
from Fig. 2a, while the day cloud resembles the 0900 LT case
from Fig. 2b. The main difference between the evolution of
the day-only and night-only cases is best represented by the
Fig. 6. The daytime anvil is quickly lofted by about 1.5 km

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 06/01/23 04:04 PM UTC

JOURNAL OF CLIMATE

VOLUME 35
Cloud optical depth (COD) distributions
61 nighttime clouds a) 0-2h insolation
daytime clouds [Wm=2]
i 0
5 993
o e av
107t 10° 10t 102
. 6 b) 3-5h
T
S 4 0
T" . 1179
o
8 NN\
= 107! 10° 10! 10?
=
Q
T 6 c) 6-8h
o
= 685
g2
g o
107! 10° 10! 10?
6 d) 9-11h
i 335
2 114
0 —
107t 10° 10! 10?2

coD

FIG. 4. Evolution of the cloud optical depth distribution over the
anvil life cycle. Daytime anvil composite represents simulations
started between 0700 and 1100 LT; nighttime composite represents
simulations started between 1900 and 2300 LT. (a)—(d) The fraction
of the domain covered by each COD bin for different values of
cloud age. A cloud age of zero corresponds to the starting time for
each of the simulations.

due to a strong SW heating that overcompensates the cloud-
top LW cooling effect (Fig. 6b). The heating-induced updraft
(Fig. 6d) supports higher relative humidities with respect to
ice (RHjc), limiting the cloud decay by sublimation (not
shown). Nevertheless, sublimation remains the largest micro-
physical tendency due to cloud spreading and mixing with
environmental air that is subsaturated with respect to ice
(Figs. 7a—c). Despite the SW-driven updraft, the net sedimen-
tation flux remains substantial throughout the first 16 h of
cloud evolution (Fig. 7d). The sinking motion near cloud base
that appears in both day-only and night-only simulations
(Figs. 6¢,d) is caused by latent cooling due to ice crystal subli-
mation, which is by far the largest ice crystal number sink
(Fig. 7e).

On the other hand, the top of the nighttime anvil remains
at an approximately constant altitude in the first 2—4 h of the
simulation despite a strong LW cloud top cooling and the
associated downdrafts (Figs. 6a,c). At the same time, the cen-
ter of the cloud undergoes depositional heating, which helps
counteract the sinking motion near the cloud top. The latent
heating tendency decreases through time, and the cloud grad-
ually dissipates by sublimation and sedimentation (Figs. 7a—c)
before completely disappearing within 8 h of the initialization
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(Fig. 6a). Sublimation is stronger at night because the cloud
sinks down to higher temperatures and lower RH;. that sup-
port faster sublimation. Interestingly, there is substantially
more ice crystal nucleation at night than there is during the
day (Fig. 7f), indicative of a stronger turbulence at night
caused by the LW radiative heating dipole and depositional
heating within the cloud. The new ice crystal nucleation is
expected to prolong the cloud lifetime; however, the sublima-
tion tendency is substantially stronger, leading to a rapid
cloud decay. This is confirmed by a simulation in which freez-
ing was not allowed, which show a similar evolution compared
to the reference case (Figs. 5a-d and 8a—d ).

The diurnal differences in cloud evolution are also modu-
lated by differences in cloud-top circulation. The night-only
simulation develops a two-cell circulation (Figs. 9a,b), with a
main, lower branch driving the spreading of the cloud and a
secondary branch near cloud top, similar to what was shown
by Gasparini et al. (2019) for daily average conditions. The
upper circulation cell, driven by LW cooling, largely disap-
pears due to SW heating in the day-only case. The day-only
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simulation develops only one circulation cell that leads to
strong spreading and lofting of the cloud (Figs. 9¢c,d), keeping
the cloud top at near saturated conditions. The nighttime cir-
culation erodes the cloud from the top by mixing in subsatu-
rated environmental air which decreases the -cloud-top
altitude and accelerates the cloud decay.

SENSITIVITY SIMULATIONS

A sensitivity test in which the clouds are transparent to
radiation (no-ACRE) shows little difference in cloud evolu-
tion between the two insolation setups (Figs. Se,f and 8e,f).
The no-ACRE clouds do not spread and thin, but just slowly
sediment out of the atmosphere and sublimate as shown by
the decreasing cloud-top altitude in Figs. 8e and 8f. The
absence of the radiatively driven circulation in the no-ACRE
nighttime cloud prevents cloud spreading and mixing with the
subsaturated environmental air and prolongs the cloud life-
time when compared with the night-only simulation. The
domain average radiative impact of such slowly sedimenting
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and sublimating clouds is quite limited due to their small sur-
face area and dominated by SW CRE, leading to a net cooling
effect on climate (not shown).

The no-sublimation sensitivity tests lead to long-lived
clouds in both day and night simulations (Figs. 5g,h). The
night no-sublimation experiment contains several times larger
IWP than the day case (cf. Figs. 5g,h). This is caused by the
lower cloud temperature in the daytime one, when the cloud
top is lofted from about 13 to about 16 km (Figs. 8g.h),
experiencing temperatures about 20 K colder. The colder
temperatures inhibit a large portion of the depositional
growth of ice in the higher and colder day cloud compared
with the night cloud.

Given the importance of the sedimentation flux, we analyze
an additional sensitivity simulation in which there is no ice
crystal sedimentation (no-sedimentation). Figures 5i and 5j
show very similar IWP time evolution in the two simulations,
despite a higher cloud top in the day simulation (Figs. 8i.j).
Interestingly, the strong LW heating near cloud base and
latent heating by deposition within the cloud gradually over-
compensate the LW cooling related downdraft near cloud top
in the nighttime simulation. Between hours 5 and 15 of the
simulation, when the cloud is thinner due to its spreading in
the surrounding clear sky air, the heating-induced updraft
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velocity lofts it about 2 km (Fig. 8i). The sensitivity tests
reveal that cloud radiative heating, sublimation, and sedimen-
tation all shape anvil cloud evolution.

Additional sensitivity tests are performed to investigate
how the diurnal cycle effect on cloud evolution depends on
cloud size. We hypothesize that a larger initial cloud initial-
ized at 2100 LT will experience proportionally less entertain-
ment of drier environmental air, which is maximized in
absence of SW heating at night. To test this, we performed
experiments in which the initial cloud diameter was halved
(small-real) and doubled (large-real) compared with the con-
trol simulation (ctrl-real) with a diameter of 60 km. The
clouds with which the simulations are initialized represent
freshly detrained anvils, tightly related to the actively convec-
tive part of the MCS. An actively convective surface area
larger than 5000 km? (the equivalent of an initial cloud diame-
ter of 40 km) is therefore unlikely to exist within a single
MCS (Houze 2004).

Figure 10 shows the ratio of the domain-averaged IWP and
cloud fraction between the nighttime cloud initialized at 2100
LT and the daytime cloud initialized at 0900 LT. The smaller
the fraction, the quicker the nighttime cloud decays in com-
parison to its daytime equivalent, and the larger is the impact
of the diurnal cycle on the cloud evolution. As expected, both
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flux for perpetual day and night simulations.

IWP and cloud fraction are smaller in the nighttime clouds;
the fraction is thus below 1 for all cases for most of the cloud
lifetimes. The impact of the diurnal cycle is thus the largest
for the small-real cloud and smallest for the large-real cloud.
The diurnal cycle effect on cloud evolution therefore
decreases with the increase of the initial cloud size.

¢. RCE simulations

To understand whether the day-night differences seen in
simulations of individual clouds above are present in
extended simulations of clouds and convection, we perform
additional simulations of a cloud field in RCE. In Fig. 11,
selected variables are plotted as a function of IWP, with IWP
decreasing from left to right. This gives an intuitive view of
the anvil cloud evolution, from freshly detrained anvils at the high-
est IWP to aged thin anvil clouds at low IWP (please refer to
appendix C for a detailed description of the IWP binned perspec-
tive on anvil cloud evolution). This view is confirmed by Figs.
11a and 11b, which show how much time has elapsed since a
parcel was last in a buoyant cloudy updraft with vertical
velocity larger than 1 m s~ !, which is representative of deep
convective cores. This is therefore a meaningful proxy for
anvil cloud age, which increases from about 1.5 h near the
main deep convective detrainment level at around 12-km
altitude to about 10 h at low IWP values, typical for aged
anvil clouds or in situ formed cirrus.

The variables are shown separately as an average between
0000 and 0400 LT (typical for nighttime conditions; left column)
and for 12001600 LT (typical for daytime conditions; center
column), and the anomaly between the two times (right col-
umn). The general pattern of cloud age does not change signifi-
cantly between day and night: however, the transition from a
high IWP deep convective core to thin anvil is faster at night.
The 6-h isochrone reaches the 50th IWP percentile at night
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(Fig. 11a) but only the 70th percentile during the day (Fig. 11b),
implying faster nighttime cloud decay. Moreover, the clouds at
levels above 12 km in all IWP bins except the highest few are
fresher during daytime (Fig. 11c). Therefore, while the level of
convective detrainment remains nearly the same throughout
the day, the subsequent anvil cloud evolution takes a different
pathway, which is, as in the idealized simulations, modulated by
differences in ACRE. Strong LW cooling dominates the cloud
top at high TWP percentiles (thick anvil clouds) during the
night, with LW heating below (Fig. 11d). In the day, the SW
heating is strong enough to neutralize the LW cooling, leading
to no significant ACRE near the tops of thick anvil clouds
(Fig. 11e). However, the SW heating effect dominates in the
intermediate and thin anvils and induces a slow mesoscale
updraft motion of about 1-7 cm s~ ! (Fig. 11h) that supports
the maintenance of anvils. In contrast, the nighttime cloud-top
cooling leads to a downdraft motion that reaches values of about
5 cm s~! on average (Fig. 11g), enhancing the removal of ice
crystals by sedimentation (Fig. 7d).

The streamfunction, computed as in Gasparini et al. (2019),
shows a strong main upper tropospheric branch with a maxi-
mum near the main level of deep convective outflow at 12
km, extending throughout most of the domain at all times
(Fig. 11j). At night, a secondary circulation driven by the LW
cloud-top cooling flows in the opposite direction, similarly to
that shown in Fig. 9a for the night-only simulation. This
upper-level circulation pattern nearly disappears during the
day (Fig. 11k). In addition, the peak of the main circulation
that drives the spreading of anvil clouds shifts toward higher
altitudes and lower IWP percentiles (thinner anvil clouds)
during the day, driven by the SW ACRE.

ACRE-driven dynamical changes lead also to changes in
RHj... Figure 12 provides a more detailed perspective on
diurnal changes in RH;., temperature, and updraft velocities
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FIG. 8. Time evolution of in-cloud radiative heating for (a),(b) perpetual day and night control and (c)—(j) four sensi-
tivity experiments. Gray contour lines represent ice mixing ratio contours of 1 and 10 mg kg ™!

in thick anvil clouds (88-98 IWP percentile, COD range of
10-50), intermediately thick anvils (70-88 ITWP percentile,
COD range of 2.5-10), and thin anvils (30-70 TWP percentile,
COD range of 1-2.5). The strong radiatively driven ascent in
thick anvils increases RH;.. during daytime hours (Fig. 12a).
However, the increase is only modest, rarely exceeding 1%
and is not observed in thinner anvil clouds. In contrast, the
RH;. decreases during the day in the rest of the model
domain, particularly in the clear-sky areas (Fig. 12b). This is
caused by a combination of weak diurnal heating of the clear
sky portion of the domain by the SW absorption by water
vapor (Fig. 12c) and conservation of mass, which implies a
stronger compensating subsidence in clear-sky regions at
times of elevated upward mass flux in the anvil-covered part
of the domain. The simulated diurnal changes in clear-sky
RH;.. are comparable to those in Megha-Tropique satellite
observations (Chepfer et al. 2019). The dynamical cooling
effect caused by within-anvil updraft motions during daytime
is not strong enough to compensate for the heating due to the
SW absorption, leading to a slightly increased anvil tempera-
ture in the afternoon hours (Fig. 12c).
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1) DIURNAL VARIATIONS IN TURBULENCE AND
MESOSCALE ASCENT

Figure 12d confirms that the frequency of updraft motions
within anvil clouds (defined as updrafts > 1 cm s~ ') is higher
during daytime hours, with a clear peak around 1200 LT for
thick anvils, and a similar, but less pronounced peak for inter-
mediate anvils peaking 1-2 h later in the early afternoon. The
peak in updraft frequency within thin anvils is delayed until
approximately 1600 LT due to a slow dynamical response to
their weak heating rate. Interestingly, the occurrence fre-
quency of strong updraft motions, representative of turbu-
lence, shows the opposite behavior, peaking in the night, and
reaching minimum values during the afternoon hours
(Fig. 12e). Turbulence is favored when there is a heating
dipole comprising cloud-top radiative cooling and internal
heating due to radiation and latent heat release, which ini-
tiates in-cloud convection (Fig. 11d). The standard deviation
of in-cloud updraft velocity (Fig. 12f) shows a similar diurnal
cycle, with a nighttime peak and a minimum at about 1400 LT
for both thick and intermediate anvil clouds, and a delayed
afternoon minimum for thin anvils at about 1700 LT.
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2) DIURNAL VARIATIONS IN ICE MICROPHYSICAL concentrations between 5 and 100 L™! typical for thinner
PROPERTIES anvil clouds (Figs. 13d,e). Ice crystal effective radius is
inversely proportional to altitude; the model simulates

Anvil cloud ice mixing ratio can vary from values close to  particle sizes of about 70 wm at 8-km altitude, which decreases

1 g kg~ ' in fresh anvils to 107 g kg~ ! in thin anvil clouds to about 10 wm at 15 km as a result of gravitational settling of
(Figs. 13a,b). Similarly, the simulated ice crystal number larger ice crystals and the slowdown of depositional growth at
concentrations often exceed 1000 L™! in fresh anvils, with  cold temperatures (van Diedenhoven et al. 2020). Ice crystals
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FI1G. 10. The ratio of (a) IWP and (b) cloud fraction between simulations started at 2100 and 0900 LT. A fraction
smaller than 1 means that the selected quantity is at the given time smaller in the simulation started at 2100 LT com-
pared to the simulation started at 0900 LT. A fraction larger than 1 means that the selected quantity is at the given
time larger in the simulation started at 2100 LT compared to the simulation started at 0900 LT. The small-real initial
cloud diameter is 30 km, ctrl-real is 60 km, and large-real is 120 km.
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are larger in deep convective cores and fresh anvils, as the Changes in ACRE lead to differences in anvil cloud micro-
strong updrafts can overcompensate sedimentation of both  physical properties. Both ice mixing ratio and ice crystal num-
smaller and larger ice crystals (Figs. 13g,h). ber concentration are more top heavy in the day compared
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FIG. 12. Diurnal cycle of RH;. for (a) thick, intermediate, and thin anvil clouds and (b) clear-
sky regions averaged for altitudes between 10 and 15 km. (c) The deviation of the temperature
from the mean over the diurnal cycle between 10- and 15-km altitude. (d)—(f) In-cloud vertical
velocity analysis for the upper portions of the anvil clouds (12-15-km altitude), namely, the fre-
quency of vertical velocity > 1 cm s~ ! in (d), frequency of vertical velocity > 50 cm s~ ! in (e),

and standard deviation of vertical velocity in (f).

with night (Figs. 13a—f). Most of the simulated anvil ice crys-
tals originate from freezing within deep convective updrafts.
The variations in anvil ice crystals size and number are there-
fore indicative of changes in detrained air parcel trajectories
and not of new nucleation events outside of deep convective
cores as demonstrated by the small influence of ice nucleation
on the evolution of idealized cloud simulations (Figs. 5¢,d and
8c,d). Upward motions during the day counteract sedimenta-
tion and therefore support anvil clouds with larger ice crystal
radii, particularly for intermediately thick and thin anvil
clouds (Fig. 13h).

3) DIURNAL VARIATIONS IN CONVECTIVE UPDRAFTS AND
FRESHLY DETRAINED ICE MICROPHYSICAL PROPERTIES

Diurnal variations in anvil cloud properties may partially
depend also on convective processes, particularly the updraft
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velocity and its microphysical implications. Figures 14a and 14b
show the mean values of updraft velocity in cloudy updrafts
with vertical velocities larger than 1 m s! that are positively
buoyant and its anomalies with respect to diurnal mean values.
The convective updraft velocities do not vary much throughout
the day, with substantial anomalies occurring only above the
peak anvil detrainment level, where deep convective updrafts
occur infrequently, leading due to small sample sizes only to ran-
dom fluctuations in updraft strength. Moreover, the fluctuations
largely disappear when computing median instead of mean
velocities (not shown). Figures 14c—h similarly show mean values
(left column) and their anomalies with respect to diurnal mean
(right column) for ice cloud properties of freshly detrained anvil
clouds, with a cloud age of less than 1 h. The variability of freshly
detrained ice properties at the main detrainment level between
9 and 13 km is very limited and possibly related to variations in
cumulus congestus and not anvil clouds.
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4. Discussion

This work agrees with recent modeling (Ruppert and
Hohenegger 2018; Ruppert and Klocke 2019) and observa-
tional studies (Deng and Mace 2008; Wall et al. 2020; Sokol
and Hartmann 2020) that point at the important role of day-
time cloud heating by SW absorption in modulating the anvil
life cycle. Our results confirm both hypotheses posed by Rup-
pert and Klocke (2019): SW heating of anvils causes a daytime
upper tropospheric increase in upward motion and conse-
quently leads to longer-lived and more widespread anvil
clouds. While Ruppert and Klocke (2019) and Ruppert and
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O’Neill (2019) considered the role of SW heating in organized
convection, our work points out at an important role of the
SW-driven ascent for nonorganized convective systems, which
were a focus of our idealized and RCE simulations. SW radia-
tive heating was based on ground radar measurements hypothe-
sized to drive diurnal variations in both cloud macrophysical
and microphysical properties (Deng and Mace 2008), which was
largely confirmed by our idealized model simulations.

Our work shows that despite being less frequent, daytime
MCS play an important role in the climate system by spawn-
ing anvil clouds supported by solar heating that ultimately
cover a larger fraction of the tropical maritime areas
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FIG. 14. Diurnal variations of the mean deep convective updraft velocity, diagnosed only for

updrafts stronger than 1 m s~

and of the microphysical properties for clouds within the first

hour after detrainment. The right column represents the anomalies from the diurnal average val-
ues computed separately for each vertical layer.

compared to anvils initialized in more frequent nocturnal and
early morning MCS. MCS were previously shown to contrib-
ute most to the total precipitation in most of the tropics, thus
also controlling the diurnal cycle of precipitation with a peak
in the early morning hours (Zipser and LeMone 1980; Fu et al.
1990), when the number of MCS is maximal. This coincides
with the diurnal BT frequency peak for BT < 210 K shown in
Fig. 1. In contrast, the relatively less frequent daytime
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convection and MCS drives the afternoon—evening peak in
anvil cloud fraction of decreasing cloud optical depths and
thus exhibits a strong control on both SW and LW radiative
fluxes.

Tropical anvil clouds are affected not only by slow, laminar,
mesoscale circulations associated with the diurnally enhanced
in-cloud ascent but also by in-cloud convection. Ground radar
measurements from the tropical western Pacific presented in
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Wall et al. (2020) show a larger variance in updraft velocities
during the night for thick and intermediate anvil clouds,
which is consistent with our findings and indicative of higher
turbulence. The cloud-top ice crystal number was found to be
smaller during night in CloudSat-CALIPSO observations
(Wall et al. 2020), despite more turbulent environmental con-
ditions, favorable for new ice nucleation, which is in agree-
ment with our modeling results. Our simulations indicate that
most of ice crystals detrain from deep convection, and thus
subsequent ice nucleation within or at the edge of anvil clouds
is not frequent enough to significantly affect the ice crystal
number budget. This is in contrast to Hartmann et al. (2018),
who found that new ice nucleation is an important mechanism
prolonging anvil cloud lifetime. However, their simulations
used a fully cloud-covered domain, in which the cloud could
not dissipate by spreading into neighboring air. This spreading
also disperses the cloud’s turbulent kinetic energy over a
larger area, decreasing the potential for in-cloud convection
(Schmidt and Garrett 2013).

Our work offers support for hysteresis in anvil clouds. Anvil
evolution takes a different pathway depending on the amount
of insolation during the fresh anvil stage. Anvils subjected to
insolation of about 800 W m ™2 or more maintain a constant
cloud-top height or even undergo lofting and enhanced spread-
ing that cannot be achieved at night, in the early morning, or in
the late afternoon (Fig. 15). This is consistent with the observa-
tional finding of Sokol and Hartmann (2020) that fresh anvil
clouds sink after detrainment at night but are maintained at
higher altitudes during the day. They speculated that the alti-
tude, geometric thickness, and radiative heating rates of aged
anvil clouds are influenced by the time of day at which the cloud
was detrained. Our findings are consistent with this notion.

We also find that the time at which an anvil cloud is detrained
influences the cloud’s climatic effects. In RCE simulations, deep
convective activity peaks at 0500 LT. A mere one-hour shift in
the timing of this peak could lead to substantially different anvil
net CRE. A hypothetical shift of convective detrainment from
0500 to 0600 LT would lead to a 3 W m™2 X day more negative
integrated net CRE (or a 2 W m 2 X day more positive inte-
grated net CRE in the case of an opposite shift from 0500 to
0400 LT) based on the simulated single cloud evolution simula-
tions (Fig. 3). A modeling study using a general circulation
model in present and 4-K warmer climate found a 4-h delayed
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convective activity peak in the warmer climate compared with
the reference climate that contributed to a significant negative
diurnal component of the cloud feedback (Gasparini et al. 2021).
However, more work is needed to understand whether a change
in the diurnal cycle of deep convection and anvil clouds in a
warmer climate is a robust response to increased greenhouse
effect or only an artifact of a single climate modeling study.

5. Conclusions

In this study we first analyzed the diurnal variations in BT
from Himawari geostationary satellite observations in the
tropical western Pacific, which indicate an afternoon diurnal
peak in anvil cloud fraction, in contrast to the early morning
peak in deep convective activity and rainfall. The large time
gap between the peak in convection and in anvil cloud frac-
tion implies that the evolution of anvil clouds must differ
between daytime and nighttime. In particular, the daytime
anvils must be more widespread and/or long-lived compared
with the nighttime anvils.

To explain this observed behavior we used idealized simula-
tions with the SAM cloud-resolving model. We initialized each
of the simulations with a cylindrical-shaped cloud, comparable to
freshly detrained, thick anvil clouds and let the cloud evolve
freely. The only difference between the simulations is their start-
ing time; we started identical clouds at each hour, from 0000 to
2300 LT. The clouds’ evolution pathways differ substantially in
terms of cloud lifetime, coverage, and climatic effects. The
absorption of SW radiation by ice crystals was found to be the
key driver of diurnal differences between simulated anvil clouds
(Fig. 15). The anvil clouds exposed to insolation of about 800 W
m™~! or more are able to support a mesoscale ascent that partially
counteracts the sedimentation of ice crystals and supports favor-
able conditions for cloud maintenance by keeping the cloudy
parcels saturated. The heating that the cloud experiences in trop-
ical regions around noon can be strong enough to loft the cloud.
Moreover, the SW heating intensifies the radiatively driven circu-
lation, leading to a faster spreading of the cloud that in turn cov-
ers a larger surface area (Fig. 15). On the other hand, nighttime
anvil cloud top is dominated by the LW cooling, which drives a
circulation near cloud top that entrains drier environmental air
into the cloud, eroding the cloud top and shortening its lifetime.
This effect weakens for more extensive anvil cloud systems.
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The RCE simulation with a realistic diurnal cycle provides
additional support for the results of the idealized simulations.
The SW-driven mesoscale ascent both increases the cloud-top
altitude during the day and allows more and larger ice crystals
near the anvil cloud top. Despite experiencing elevated levels of
turbulence that trigger more ice nucleation, nighttime anvils
contain fewer ice crystals near cloud top where nucleation is
most likely to occur. The source of ice crystal number by in situ
ice nucleation was found to be only of secondary importance
for anvil evolution, behind the dominant source of ice crystals
by cloud droplet freezing within deep convective updrafts.
Cloud properties were not found to vary substantially at or
immediately after the deep convective detrainment.

The evolution and climatic effect of anvil clouds largely differ
based on the time of cloud initialization. It is crucial that models
successfully reproduce the timing of deep convection and cor-
rectly represent the radiative-microphysical-dynamical interac-
tions driving anvil decay. Only in this way can climate and
cloud-resolving models successfully reproduce the tropical
energy balance and lend credibility to their projections of future
climate.
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APPENDIX A

Comparison of Modeled Tropical Ice Cloud Properties
With in Situ Data

Cloud properties from a 30-day-long free-running RCE
simulation are compared with 69 h of aircraft observational
data used in Kridmer et al. (2020) from three field campaigns
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in the tropical western Pacific Ocean: the NASA Airborne
Tropical Tropopause Experiment (ATTREX; Jensen et al.
2017); the NASA Pacific Oxidants, Sulfur, Ice, Dehydration,
and Convection (POSIDON) Experiment (https://espo.nasa.
gov/posidon); and The Convective Transport of Active Spe-
cies in the tropics (CONTRAST) Experiment (Pan et al
2017). ATTREX and POSIDON measurements were
focused on the tropical tropopause region, collecting data
mainly from thin cirrus at temperatures between —90° and
—60°C. In CONTRAST, however, clouds were sampled
between the marine boundary layer and the bottom of the
tropical tropopause region at about 14-km altitude, including
the altitude of main deep convective detrainment. The plot-
ted quantities refer to ice only properties at temperatures
colder than —35°C and a mixture of cloud ice and liquid in
the mixed-phase temperature range.

Despite its simple simulation setup, the model is able to
reproduce many features of the tropical climate, in particu-
lar the balance between the radiative cooling of the cloud-
free atmosphere and the convective heating, which initiates
deep convection along with detrained ice clouds of decreas-
ing optical thickness. Sufficiently moist and cool upper tro-
pospheric air parcels subjected to updraft motion initiated
by gravity waves can, moreover, nucleate in situ cirrus
clouds through both homogeneous and/or heterogeneous
ice nucleation (Shi et al. 2015). The median total water con-
tent (TWC) decreases with decreasing temperature from
values of 107°-107% g m™> at temperatures warmer than
—40°C to 107> g m > at T of —80°C (Fig. Ala), as expected
by the decreasing availability of vapor for deposition
growth (van Diedenhoven et al. 2020). In contrast, cloud
number concentrations increase with decreasing tempera-
tures, although the variation is not as pronounced as for
TWC (Fig. Ald). The mean mass radius increases with
increasing temperatures until a maximum size is reached at
about —35°C. The subsequent decrease is a result of a mix-
ture of large ice crystals with smaller and numerous cloud
droplets and ice crystals formed by secondary ice produc-
tion (Fig. Alg).

The model is able to reproduce most of the observed
relationships as shown by the middle column. Nevertheless,
the comparison reveals a general underestimation of the
TWC (Fig. Alc), an underestimation of ice crystal number
at temperatures colder than —60°C (Fig. Alf), and a slight
underestimation of ice radius at temperatures between
—60° and —40°C (Fig. Ali). There are two possible origins
of the mentioned biases:

1) The models’ tendency to produce too numerous very thin
ice clouds due to numerical diffusion. Such clouds, however,
do not exert any significant climate forcing and therefore
do not significantly bias the modeled radiative balance.

2) The biases may be partly attributed to the limitations in
in situ retrievals, given that the clouds containing low con-
centrations of small ice crystals cannot be detected with
current particle measurement techniques (Krdmer et al.
2016; Baumgardner et al. 2017).
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FIG. Al. (a)-(c) Total water content (TWC), (d)—(f) cloud number concentration (CNC), and (g)—(i) cloud mean mass radius (Rcjoud)
from (left) in situ measurements sampled in three tropical Pacific field campaigns and (center) the RCE model simulation. The mass mean
radius is defined as R jouq = [3TWC/(477chk,ud)]1/ 3. The data are sorted in 4°C temperature bins. The colors represent the occurrence fre-
quency of one of the three cloud properties, normalized to reach 100% in each of the temperature bins. The green and blue lines represent
the median values of the in situ and model data in all subplots, including the right column. (right) The colors represent the occurrence fre-

quency anomaly between the first two columns.

Finally, the model lacks the Brewer—Dobson circulation,
which leads to a warm bias in the tropopause region and the
underestimation of the in situ formed thin tropopause cirrus.
The increase in all ice properties at the coldest modeled temper-
atures is a result of penetrating deep convective outflow, which
is infrequent and not sampled by the observational dataset.

APPENDIX B

Relationship between Brightness Temperature and High
Cloud Optical Depth

In this appendix, we justify our claim from section 3a
that variability in the BT distribution reflects the evolution
of anvil clouds. We examine the relationship between BT
and COD using BT measurements from MODIS and cloud
property, cloud-top height, and COD retrievals from DAR-
DAR-CLOUD v2.1.1. We use a full calendar year (2009) of
measurements from the tropical western Pacific (12°S-12°N,
150°E-180°). The MODIS 11-um BT measurements are
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obtained from the Level 2 Cloud Product (Platnick et al.
2017) and have a 5 km X 5 km resolution. The DARDAR
(radar-lidar) retrievals combine measurements from Cloud-
Sat’s radar and CALIPSO’s lidar to estimate the optical
and microphysical properties of ice clouds (Delanoé and
Hogan 2008). The vertical resolution is 60 m, and the
retrieval profiles have a horizontal spacing of about 1.1 km.
We correct for the diurnal cycle of lidar sensitivity by
removing cloudy pixels that were detected by the lidar only
if they have a visible extinction coefficient below 0.12
km™!, as described in Sokol and Hartmann (2020). For
each DARDAR retrieval profile, we calculate COD for
each individual cloud layer by vertically integrating the visi-
ble extinction coefficient. We then use nearest-neighbor
interpolation to find the associated BT, which is only con-
sidered valid if the distance between the retrieval profile
and the center of the nearest MODIS pixel is less than 3.5
km. Because the BT pixel dimensions are larger than DAR-
DAR’s horizontal resolution, each BT measurement can be
associated with several COD retrievals.
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F1G. B1. Distributions of cloud optical depth for different brightness temperature classes: (left) retrieval profiles with one ice cloud layer
and (right) profiles with two ice cloud layers.

There are several factors that cause the COD distribution
associated with any particular BT to be wide. Some of these
factors are physical. For example, the emission temperature
of a cloud with fixed COD will vary depending on cloud
altitude and microphysical structure, and BT can further be
affected by the presence of additional cloud layers below a
high, thin cirrus. Then there are the factors associated with
the retrievals themselves, such as the DARDAR-CLOUD
retrieval error [see Cazenave et al. (2019) for an in-depth
discussion] and the fact that retrievals are only performed
for ice-phase clouds. The latter’s influence is likely small,
since the liquid-phase clouds of the boundary layer have
emission temperatures similar to that of the surface. Finally,
there are factors related to the collocation methods we
have used to match MODIS BT and DARDAR-CLOUD
COD observations. The main source of error here is the
previously noted discrepancy between the MODIS and
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DARDAR horizontal resolutions. Consider a hypothetical
but illustrative case in which a 25-km* area is covered in
part by a deep convective core and in part by cloud-free
conditions. The core and ocean surface are associated with
BTs in the realm of 200 and 300 K, respectively. The
MODIS observation for this area will record a BT some-
where in between these two extremes, while some of the
associated DARDAR retrievals will high COD and others
will have zero COD. Despite these sources of error, we
believe the analysis presented here allows for a solid under-
standing of the relationship between BT and COD.

The COD distributions for 10-K BT bins are shown in
Fig. B1. The left column shows COD distributions for the
67% of cloudy profiles that contain one ice cloud layer.
Figure B2 shows a joint histogram of BT and cloud-top
height (CTH) for these one-layer profiles. BTs between 190
and 200 K correspond to optically thick clouds with CTH
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F1G. B2. Joint histogram of brightness temperature and cloud top
for profiles with a single ice cloud layer. The histogram is normal-
ized by brightness temperature bin such that the values in each col-
umn sum to unity. The navy bar chart shows the relative frequency
of each BT bin in the study region. Data are for both day and night.

above 14 km; these are deep convective cores and fresh,
optically thick anvils. As BT increases from 220 to 290 K,
the COD distribution shifts progressively to smaller values.
At the same time, the CTH distribution varies very little,
remaining centered in the 14.5-16-km range. There are a
small number of observations with CTH below 10 km in
the 250-290-K BT range, which we suspect are midlevel
clouds with glaciated tops. But these instances are rare, sug-
gesting that BT is controlled by high cloud optical thickness
rather than cloud altitude.

The right column of Fig. B1 shows COD distributions for
the 25% of cloudy profiles that contain two ice cloud layers.
The uppermost cloud layers in these profiles are nearly
always cirrus clouds with CTH above 10 km. As expected,
their COD distributions (blue shading) follow a pattern
similar to that seen in one-layer profiles. The lower layers,
on the other hand, are more diverse. About half of the
lower layers between 200 and 290 K are also cirrus clouds,
with CTH above 10 km and relatively small COD. The
remainder have CTH below 10 km and a wide range of
COD. We speculate that these are midlevel, partially glaci-
ated cumulus clouds that produce a COD signal corre-
sponding only to their glaciated portions. In profiles near
deep convection, it is also possible that the lower layers are
midlevel outflow plumes from convective cores. Profiles
with three or more layers (not shown) account for only 7%
of cloudy profiles.

The warmest BT bin (290-300 K) accounts for 42% of
the BT measurements in our dataset. A majority of the
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profiles in this BT range do not contain any ice cloud layers
(58%). Nearly all of the cloud-containing profiles contain
one or two cirrus layers with CTH above 10 km and an
average COD of 0.28.

The relationships between BT and COD examined here
suggest that BT is most often a reflection of cirrus COD,
with the exception of the lowest BTs associated with deep
convective cores. Figure B2 supports this finding, showing
that the CTH distribution in one-layer profiles is relatively
constant across the observed BT range. This conclusion is
to be expected, first because cirrus are the dominant cloud
type in tropical convective regions, and second because cir-
rus altitude varies little compared to cirrus COD. Based on
these findings, it is reasonable to attribute variations in the
BT distribution to cirrus cloud evolution.

APPENDIX C

Anvil Cloud Representation Binned by Their Respective
Ice Water Path

Free tropospheric clouds in tropical deep convective
regions are dominated by anvil clouds of various COD and
IWP. The evolution of tropical high clouds of significant
COD typically begins with deep convective detrainment:
such clouds contain the highest IWP (on the order of kg m™2)
and the largest COD. They quickly lose ice by precipitation
and sublimation and continue their life cycle as anvil clouds
of decreasing COD until reaching the thin cirrus stage,
when they become difficult to distinguish from the very
thin in situ nucleated clouds typical of the tropical tropo-
pause layer.

We therefore group tropical high clouds by their IWP
into 50 bins. Each of the bins contains the same amount of
data points (2%) and thus covers exactly the same portion
of the total surface area of the domain. We implemented a
new model tracer that is set to 1 in all positively buoyant
grid boxes with updrafts larger than 1 m s~ ' that contain at
least 107 g kg™ ! of condensed water (either liquid or ice)
and decays with a half-life of 30 min elsewhere. The tracer
helped us estimate the time that has passed since the deep
convective detrainment. The cloudy air parcels in the high-
est IWP bin have been detrained from deep convective
updrafts about 1.7 h earlier, on average. The cloud age
increases quickly, reaching 5 h at the 84th IWP percentile
with COD of about 7 and an IWP of 100 g m~? (Figs.
Cla—c). Shortly thereafter, at COD of about 4 and age of
6 h, the LW CRE becomes dominant over the SW CRE,
and the cloud on average shifts from a state with net nega-
tive toward net positive CRE (Fig. Clb). The cloud contin-
ues to loose IWP until reaching values of about 10 g m™>
near the 60th percentile bin at an average cloud age of about
7 h. The cloud evolution slows down at this stage as indi-
cated by the flattening of the cloud age trajectory, despite
continuing to lose IWP. As a difference, the lowest 20 per-
centile bins result in a steep increase in cloud age, indicating
a change of regime, which may be associated with optically
very thin in situ formed cirrus that may not be directly
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FIG. C1. (a) Anvil cloud age, (b) cloud optical depth, (c) ice water path (IWP), and (d) top of the atmosphere cloud
radiative effects (CRE) binned by ice water path percentiles.

connected with the initial deep convective detrainment. Typi-
cal COD for such clouds range between 0.01 and 1, signifi-
cantly lower than what shown by the COD plot in Fig. Cl1b,
likely because of the effect of the underlying clouds. Interest-
ingly, the SW CRE increases with increasing IWP percentile
values until reaching the 95th percentile. The thickest anvils
and deep convective outflow preferentially occur during the
early morning hours in absence of insolation, therefore
decreasing the SW CRE while still contributing to an
increasing LW CRE.
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