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ABSTRACT

The authors perform 3D cloud-resolving simulations of radiative—convective equilibrium (RCE) in a
rotating framework, with interactive radiation and surface fluxes and fixed sea surface temperature.
A tropical cyclone is allowed to develop spontaneously from a homogeneous environment, rather than
initializing the circulation with a weak vortex or moist bubble (as is often done in numerical simulations of
tropical cyclones). The resulting tropical cyclogenesis is compared to the self-aggregation of convection that
occurs in nonrotating RCE simulations. The feedbacks leading to cyclogenesis are quantified using a variance
budget equation for the column-integrated frozen moist static energy. In the initial development of a broad
circulation, feedbacks involving longwave radiation and surface enthalpy fluxes dominate, which is similar
to the initial phase of nonrotating self-aggregation. Mechanism denial experiments are also performed to
determine the extent to which the radiative feedbacks that are essential to nonrotating self-aggregation are
important for tropical cyclogenesis. Results show that radiative feedbacks aid cyclogenesis but are not

strictly necessary.

1. Introduction

Self-aggregation is a mode of convective organization
found in radiative—convective equilibrium (RCE) sim-
ulations, in which there is a spontaneous transition from
randomly distributed to organized convection despite
homogeneous boundary conditions. Previous studies
have found that feedbacks involving clouds, water va-
por, and radiation are important for permitting self-
aggregation (Tompkins 2001; Bretherton et al. 2005;
Stephens et al. 2008; Muller and Held 2012; Jeevanjee
and Romps 2013; Wing and Emanuel 2014; Muller and
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Bony 2015; Wing and Cronin 2016). Analogous behav-
ior occurs in single-column and cloud-resolving models
in weak temperature gradient mode (WTG; Sobel et al.
2007; Sessions et al. 2010). Self-aggregation has pri-
marily been studied in a nonrotating framework, but it
has been hypothesized to be important to tropical
cyclogenesis (e.g., Bretherton et al. 2005; Nolan et al. 2007).

Despite its importance, there remain significant
gaps in our understanding of tropical cyclogenesis. In
recent years, the ‘“‘marsupial pouch” has emerged
as a promising theoretical framework. Tropical cy-
clogenesis tends to occur near the critical layer of a
tropical wave (Dunkerton et al. 2009), in which there
is a pouch that is favorable for the development of a
tropical cyclone. This ‘“‘pouch” region is a preferred
region for genesis not only because it is protected
from the entrainment of dry air from the environ-
ment but also because convection in the pouch re-
peatedly moistens the column. The relationship
between precipitation and saturation fraction is also
an essential part of the genesis theory presented by
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Raymond et al. (2007). Preservation of a moist area
that is favorable for convection is also fundamental
to the phenomenon of self-aggregation, suggesting a
link between aggregation and tropical cyclogenesis.

Previous studies of RCE in a rotating framework have
examined the sensitivity of tropical cyclogenesis and
tropical cyclone intensity, size, and frequency to envi-
ronmental parameters and horizontal resolution (Nolan
et al. 2007; Held and Zhao 2008; Khairoutdinov and
Emanuel 2013; Zhou et al. 2014; Boos et al. 2016; Reed
and Chavas 2015). Nolan et al. (2007) suggested that the
initial development of a broad circulation in a case of
spontaneous tropical cyclogenesis was due to the same
radiative—convective feedbacks that cause nonrotating
self-aggregation—a hypothesis we examine further.
Several recent studies have examined the effects of in-
teractive radiation on tropical cyclones, including
modulation of the structure by cloud radiative forcing
(Bu et al. 2014), the sensitivity of genesis to the presence
of a diurnal cycle (Melhauser and Zhang 2014), and the
importance of explicit radiation (as opposed to idealized
Newtonian cooling) for achieving a statistically steady
axisymmetric hurricane (Hakim 2011). These studies
suggest that radiation can influence tropical cyclones,
but with the exception of Davis (2015), who noted that
radiation that interacts with clouds and water vapor aids
the development of coherent rotating structures in ide-
alized simulations, the impact of radiative feedbacks on
tropical cyclogenesis remains relatively unexplored.

In this study, we investigate tropical cyclogenesis in
the context of self-aggregation and test the hypothesis
that both are instigated by the same radiative—convective
feedbacks. We apply an analysis framework based on a
variance budget equation for the column-integrated
frozen moist static energy to quantify the physical
mechanisms leading to cyclogenesis in rotating RCE
simulations. We directly compare cyclogenesis to the
development of a self-aggregated cluster in nonrotating
RCE simulations.

2. Simulation design

We simulate statistical radiative—convective equilibrium
(RCE) using version 6.8.2 of the System for Atmospheric
Modeling (SAM; Khairoutdinov and Randall 2003) cloud-
system-resolving model. We use the SAM one-moment
microphysics parameterization, a Smagorinsky-like scheme
for subgrid-scale turbulence, and for shortwave and
longwave radiation, the Rapid Radiative Transfer Model
(RRTM; Mlawer et al. 1997; Clough et al. 2005; Iacono
et al. 2008). The use of these particular parameteriza-
tions may affect the details and robustness of self-
aggregation [e.g., the sensitivity to radiation scheme
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noted by Wing and Cronin (2016)], but a systematic ex-
ploration of these sensitivities is not pursued here. We em-
ploy an f plane, with a Coriolis parameter f = 5 X 10 s~ ",
To facilitate comparison between spontaneous tropical
cyclogenesis and nonrotating self-aggregation, we per-
form an additional simulation that has no rotation.

In general, large domains are needed for self-aggregation
to occur (Muller and Held 2012). Recent studies that
have performed periodic f-plane simulations at cloud-
resolving resolutions have used domain lengths between
960 and 4000km (e.g., Davis 2015; Boos et al. 2016;
Schecter 2013, 2011; Khairoutdinov and Emanuel 2013;
Nolan et al. 2007). Therefore, we employ a grid of 512 X
512 X 64, with 3-km horizontal resolution (a domain
length of 1536 km) and doubly periodic lateral boundaries.
The upper boundary is a rigid lid at 28 km, with a sponge
layer extending from 19 to 28km; the vertical grid has
64 levels and variable spacing, with 8 levels in the lowest
kilometer and 500-m spacing above 3km. The lower
boundary is a fixed sea surface temperature of 305 K. The
solar insolation is fixed at 413 W m ™2, approximately the
tropical annual mean; there is no diurnal cycle.

Rather than using a weak vortex or moist bubble to ini-
tialize the model, we allow a circulation to develop spon-
taneously from an initially homogeneous environment. The
model is initialized from an average sounding from the final
20 days of a 100-day RCE simulation with the same
boundary conditions but a much smaller domain (96 X 96
grid points in the horizontal) and with a small amplitude of
random thermal noise in the lowest five levels (an ampli-
tude of 0.1K in the lowest level, decreasing linearly to
0.02K in the fifth level). This initial random noise is varied
to generate a five-member ensemble of simulations.

We perform mechanism denial experiments in which
the degree of interactive radiation is varied. In the first,
“rad_homog,” the radiative heating rates are horizontally
homogenized at each vertical level and time step before
being applied. This removes feedbacks resulting from the
spatial variation of longwave and shortwave radiative
heating. In the second experiment, “LWrad_¢fix,” the
profile of water vapor mixing ratio that enters the long-
wave radiation calculation is fixed at a constant profile
(constant in both space and time) taken from the domain-
and time-mean of a simulation on a smaller domain at the
same sea surface temperature that does not aggregate.
This removes the longwave-water vapor feedback but
retains longwave—cloud feedbacks and the shortwave ra-
diation feedback.

3. Results

Spontaneous tropical cyclogenesis is found to occur in
the rotating RCE simulation at 305K. The system
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FIG. 1. Hourly mean precipitable water (mm) for simulation at 305 K with rotation (f =5 X 107 3s™ 1),

exhibits qualitatively similar behavior in simulations with
sea surface temperatures of 300 and 303 K, in a simulation
with a horizontal domain that is 4 times larger in area
than the control simulation (1024 X 1024 grid points,
yielding a domain length of 3072km), and in a simulation
with half the grid spacing (1.5km instead of 3km).
Spontaneous tropical cyclogenesis also occurs in simula-
tions with sea surface temperatures of 285 and 295K (not
shown), which are below the threshold for nonrotating
aggregation found by Wing and Emanuel (2014). How-
ever, more recent work (Wing and Cronin 2016) suggests
that there may not be such a temperature threshold when
larger domains are utilized. The dependence of both
nonrotating and rotating aggregation on sea surface
temperature thus remains an unsolved problem.

Plan views of hourly average precipitable water (PW)
at 15-day increments in the control simulation are shown

in Fig. 1. At day 15, the precipitable water is nearly
homogenous throughout the domain, indicating con-
vection that is randomly spaced. By day 30, there are
several patches of drier air, and by day 45, the moister
areas have begun rotating. This is in contrast to non-
rotating self-aggregation, in which a dry patch expands
to force all convection into a single cluster (Wing and
Emanuel 2014). This morphological difference [also
noted by Davis (2015)] is clear in animations of the
evolution of precipitable water in the rotating and
nonrotating simulations (see supplemental material).
The development of a midtropospheric vortex precedes
genesis (not shown), as in Davis (2015), but unlike his
simulations, where multiple moist vortices form and
then merge, here there is a single large moist area that
spins up, which suggests that the precise aggregation and
genesis mechanisms could be sensitive to model details.
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FIG. 2. Histogram of hourly mean precipitable water (2-mm bins) as a function of time for simulations at 305K (a) with rotation,
(b) without rotation, (c) with rotation but without radiative feedbacks, and (d) with rotation but without longwave-water vapor feedbacks.

The logarithm of the counts in each bin is plotted.

We speculate that the difference in evolution between
nonrotating and rotating aggregation is related to the
strength of the surface enthalpy flux-wind speed feed-
back in the moist regions. In the early stages of aggre-
gation, there are stronger surface winds in the moist
regions in the rotating simulation than in the non-
rotating simulation. These stronger surface winds in the
rotating simulation, presumably produced by vortex
stretching due to surface convergence associated with
convection and ascending motion in the moist regions,
enhance surface fluxes there and amplify the moist
anomalies more than occurs in the nonrotating simula-
tion (not shown). Other factors may also contribute to
the suppression of a growing dry patch in the rotating
simulation, such as a suppression of radiative feedbacks

in dry regions by the outflow of clouds from the de-
veloping tropical cyclone or a kinematic straining and
destruction of dry patches by the circulation. A detailed
analysis of these different factors will be the subject of
future work.

By day 60, the tropical cyclone has intensified and has
very high values of precipitable water in the core of the
storm (Fig. 1d). These extreme PW values are higher
than those found in the nonrotating simulation, as in-
dicated by comparing the evolution of the distribution of
PW between the two simulations (Fig. 2). In both sim-
ulations, the PW distribution widens, but the driest PW
values, near where the peak of the PW distribution is, do
not fall as low in the rotating simulation as they do in the
nonrotating simulation (Fig. 2).
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FIG. 3. Evolution of (a) maximum azimuthal-mean tangential wind, (b) azimuthal-mean tangential wind, and (c) azimuthal-mean radial
wind (allinms ™), at z = 194 m, for simulation at 305 K with rotation (f= 5 X 10~>s™'). Dashed black lines in (a) indicate wind speeds of

17ms™! (tropical storm strength) and 33 ms ! (hurricane strength). The white and black contours in (b) are contours of 17 and 33m s~

1

winds, respectively. In (c), black indicates winds of 0m s~ ! or faster. The color bars are saturated at 0.

In the rotating simulation, the tropical cyclone persists
in a quasi-steady state for almost 20 days before rapidly
weakening to tropical storm strength, as indicated by a
narrowing of the PW distribution as well as the evolu-
tion of the tropical cyclone wind field (Fig. 3). To com-
pute the tangential and radial wind components, we
found the center of the tropical cyclone according to the
location of minimum pressure at the lowest model level
(37m) and interpolated the horizontal wind to radial
coordinates. The evolution of the azimuthal-mean tan-
gential and radial winds emphasizes the spontaneous
nature of the tropical cyclogenesis; for the first ~30 days
of the simulation, there is no coherent circulation (and
the location of minimum pressure is not truly a “cen-
ter’’). By day 40, a broad circulation has formed, which
gradually strengthens and contracts toward smaller radii
before rapidly intensifying just prior to day 50. The cir-
culation remains coherent as the tropical cyclone later
weakens and, near the end of the simulation, re-
intensifies. This type of variability is also exhibited in
simulations at other sea surface temperatures and
domain sizes.

The time to “‘genesis,” defined here as the first time
the maximum wind speed reaches hurricane strength
(33ms~ ') and continues to increase, is 49 days in the
control simulation (Fig. 3a). This metric varies between
26 and 63 days in a five-member ensemble of simulations
in which the initial random noise in the model is per-
turbed (Fig. 4a). There is substantial variability in the
strength of the tropical cyclone throughout each of the

simulations, and the spread in the time to reach hurri-
cane strength indicates that there is a significant sto-
chastic component to spontaneous tropical cyclogenesis.
The time for nonrotating aggregation to occur also
varies, by about 15 days, in a similar ensemble of non-
rotating RCE simulations (Wing 2014).

4. Analysis

The column-integrated frozen moist static energy
variance budget (Wing and Emanuel 2014) is applied to
quantify the different feedback processes controlling
tropical cyclogenesis. This analysis framework has been
applied to self-aggregation (Wing and Emanuel 2014;
Wing and Cronin 2016; Arnold and Randall 2015) and
realistic modeled tropical variability (Bretherton and
Khairoutdinov 2015), and a similar approach has been
used in theoretical (Sobel and Maloney 2012), obser-
vational (Sobel et al. 2014; Yokoi and Sobel 2015), and
modeling (Andersen and Kuang 2012; Arnold and
Randall 2015) studies of the Madden—Julian oscillation.
The frozen moist static energy (referred to herein as /) is
conserved in adiabatic displacements and its column
integral is unchanged by convection; it is defined as

h=c,T+gz+L,gq— Ly, (D
where ¢, is the specific heat of dry air at constant pres-
sure, L, is the latent heat of vaporization, g is the water
vapor mixing ratio, Ly is the latent heat of fusion, and g.;
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FIG. 4. Five-member ensemble of simulations at 305 K with rotation (f = 5 X 107>s™").
(a) The evolution of the maximum azimuthal-mean tangential wind for each ensemble mem-
ber, where the control simulation (Fig. 3) is in black. The dashed lines indicate wind speeds of
17ms~! (tropical storm strength) and 33 ms™ ! (hurricane strength). The circles indicate the
first time the wind speed reaches hurricane strength and continues to increase, defined as
genesis. (b) The contributions to the growth rate of var(k) for the ensemble members shown in
(a), where the solid line is the ensemble mean and the shading indicates the standard deviation.
The ensemble members are aligned at the times indicated by the circles in (a), which is defined
as time 0 on the time axis in (b). The ensemble mean and standard deviation are shown only for
times prior to genesis in which all ensemble members have data, up until the time of maximum

wind speed.

is the condensed ice water mixing ratio. The variability
of column frozen moist static energy is closely tied to
that of precipitable water. As shown in Fig. 2, as the
simulation evolves to an aggregated state with a tropical
cyclone, the distribution of precipitable water widens
considerably. This is consistent with a dramatic increase
in the spatial variance of column-integrated frozen moist

static energy, motivating the use of a budget equation to
quantify the different processes contributing to this in-
crease in variance. The budget equation for the evolu-
tion of column-integrated frozen moist static energy
variance (I?’Z) = var(h), the spatial mean of the squared
anomaly of h from its spatial mean, following Wing and
Emanuel (2014) and Wing and Cronin (2016), is given by
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dvar(h) _
dt

2RF )+ 2N +2(HN',) = 2(i'V, - uh),
(2)

where Fy is the surface enthalpy flux, Ny is the column
shortwave flux convergence, N is the column longwave
flux convergence, and —V, - uk is the horizontal con-
vergence of the density-weighted column integral of the
flux of frozen moist static energy. We refer to —h'V, -uh
as the advective term, and we calculate it as a residual
from the rest of the budget. A primed quantity denotes
the spatial anomaly from the horizontal mean, which is
indicated by angle brackets. We use a hat to indicate a
density-weighted integral over the entire atmospheric
column. Each of the terms on the right-hand side of Eq.
(2) takes the form of a correlation between anomalies in
h and anomalies in a source/sink of /. A process that
increases the A of an already high-ﬁ (i.e., moist) region
therefore causes a positive tendency in the spatial vari-
ance, Var(ﬁ), and is referred to as a ““positive feedback™
on aggregation and cyclogenesis.

Figure 5 shows the contributions to the growth rate of
var(h). We find that feedbacks involving longwave ra-
diation and surface fluxes dominate the initial develop-
ment of a broad circulation, each contributing
approximately equally, in both the rotating and non-
rotating simulations (Figs. 5c,d). This indicates that the
development of organized convection prior to genesis is
similar to the initial phase of nonrotating self-
aggregation (cf. days 25-40 of the rotating simulation
with days 0-15 of the nonrotating simulation). The
longwave-radiative feedbacks are composed primarily
of cloud effects (Fig. 6); more clouds in the moist, high-/
regions lead to reduced longwave cooling of the atmo-
sphere, amplifying the h anomaly and acting as a positive
feedback on aggregation.

As the tropical cyclone forms, intensifies, and is
maintained (days 45-70 of the rotating simulation), the
surface flux feedback increases in magnitude beyond
that of the radiative feedbacks, unlike in nonrotating
aggregation where the surface flux feedback becomes
negative as aggregation evolves (days 15-50 of the
nonrotating simulation). As described by Wing and
Emanuel (2014), in nonrotating aggregation, reduced
air-sea enthalpy disequilibrium in the moist, high—ﬁ re-
gions eventually overwhelms the increased surface
winds there, causing the surface flux feedback to become
negative. This does not occur in the rotating simulation
because of the much stronger winds that develop in as-
sociation with the intensification of the tropical cyclone.
However, we note that the longwave feedback is still
significant during this time; its magnitude is between
one-third and one-half of the surface flux feedback. The
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shortwave feedback is positive, but weak, throughout
the simulation. Advection by the circulation damps
anomalies in & throughout the rotating simulation, so
that the growth in var(k) is entirely diabatically driven.
This is in contrast to the nonrotating simulation, where
advection by the circulation transports moist static en-
ergy from the dry to moist regions in the intermediate
stages of aggregation (as in Bretherton et al. 2005;
Muller and Held 2012; Wing and Emanuel 2014). These
results are robust across the five-member ensemble of
rotating RCE simulations, especially the finding that the
surface flux and longwave radiation feedbacks contrib-
ute approximately equally in the period prior to genesis
(~15 days prior to time 0 in Fig. 4b).

Tropical cyclogenesis is not completely prevented by
eliminating radiative feedbacks, but it is delayed com-
pared to when radiative feedbacks are enabled, occur-
ring near the end of the rad_homog simulation (Figs. 2a,c).
In two additional realizations of the rad_homog simulation
(not shown), genesis occurs within the last 20 days of the
simulation, but this is still outside the range of variability of
the ensemble of full-physics simulations. For comparison,
homogenizing the radiative heating rates completely pre-
vents nonrotating aggregation (Muller and Held 2012;
Wing 2014). In the LWrad_gfix simulation, tropical cy-
clogenesis occurs but is delayed slightly compared to the
control simulation (Fig. 2d). This delay in genesis is not
significant, as it is within the range of variability of the
ensemble of full-physics simulations. In contrast, the same
experiment prevents nonrotating aggregation (Wing
2014), suggesting that clear-sky longwave-water va-
por feedbacks are more important for nonrotating
than rotating aggregation. Both mechanism denial
experiments suggest that rotating RCE aggregates
more robustly than nonrotating RCE. Overall, the re-
sults of the feedback analysis and mechanism denial ex-
periments indicate that while radiative feedbacks are not
strictly necessary for cyclogenesis, they contribute
significantly.

5. Summary

Spontaneous tropical cyclogenesis in a rotating
radiative—convective equilibrium simulation is charac-
terized by the spinup of a moist region, in contrast to
self-aggregation in nonrotating simulations, which be-
gins as a dry patch that is amplified and expands to
force all the convection into a single region. We
applied a variance budget for column-integrated frozen
moist static energy to quantify the feedbacks leading
to cyclogenesis. Our results agree qualitatively with the
description of spontaneous genesis by Nolan et al. (2007)
and Davis (2015) (who used different models than the



2640

m s'1

J2

N W s

JOURNAL OF THE ATMOSPHERIC SCIENCES

«10° (@) f=5x 10° s

20

40 60
Time (days)

108 (c)f=5x10"°s

— — Sfc Flux - Wind
—-—- Sfc Flux - Disequil
Sfc Flux - Eddy

10

2b
Time (days)

30

JZmtsT

%10°

VOLUME 73

4
3_
2t

——Longwave

| | =——Shortwave

—— Total Diabatic
Surface Flux

| | —— Advective Term ’

%108

20 40

Time (days)

60

(d)f=0s"

10 20

Time (days)

40

FIG. 5. Contributions to growth rate of var(/) for simulations at 305K (a) with and (b) without rotation. Shown are the contributions
from the column longwave flux convergence (blue), column shortwave flux convergence (red), surface enthalpy flux (green), advection by
the circulation (pink dashed), and a 5-day running average of the advective contribution (pink). The black solid line is the sum of all the
diabatic contributions and the zero line is shown with black dashes. The time to genesis in (a) and the time to a mature cluster in (b) are
indicated by black asterisks on the x axis. The first 40 days of the simulation are shown in more detail for the simulations (c) with and
(d) without rotation [note the different axes compared to (a) and (b)]. The curves are as in (a) and (b) with the addition of the part of the
surface flux feedback due to wind speed variations (green dashed), the part of the surface flux feedback due to air-sea enthalpy dis-
equilibrium variations (green dotted—dashed), and the part of the surface flux feedback due to the correlation of wind speed and dis-
equilibrium variations (green dotted).
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one used here) and explicitly show that the initial
development of a broad circulation proceeds according
to the same mechanisms that cause nonrotating self-
aggregation: feedbacks involving longwave radiation
and surface fluxes. As the tropical cyclone intensifies,
the surface flux feedback dominates over the radiative
feedbacks, unlike in nonrotating aggregation where the
surface flux feedbacks become negative as aggregation
evolves.

In nature, tropical cyclones are observed to form from
preexisting disturbances rather than spontaneously, but
this may simply be a faster or easier path to genesis than
the highly idealized self-aggregation described here.
Radiative—convective feedbacks may still play a role in
amplifying those disturbances and aiding in localizing
convection throughout the genesis process. Future work
on this topic should include determining how these
feedbacks operate when there are large-scale circula-
tions, such as those associated with tropical waves.

Furthermore, even though the longwave-radiative
feedback is not the dominant positive feedback in the
later stages of genesis and intensification of the tropical
cyclone, our analysis indicates that it is still a significant
contributor to the variance budget (about one-half the
magnitude of the surface flux feedback). This motivates
further investigation into the role of radiation, in gen-
eral, and especially longwave—cloud feedbacks, in the
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formation and evolution of tropical cyclones, a topic that
has been underappreciated in the tropical cyclone
literature.
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