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ABSTRACT

Recent numerical modeling studies indicate the importance of radiation in the transformation from a
tropical disturbance to a tropical depression, a process known as tropical cyclogenesis. This paper
employs a numerical modeling framework to examine the sensitivity to radiation in idealized simulations
for different initial vortex strengths, and in doing so highlights when during tropical cyclogenesis radi-
ation is most important. It is shown that all else being equal, a stronger initial vortex reduces the impact
that radiation has on accelerating tropical cyclogenesis. We find that radiation’s primary role is to
moisten the core of a disturbance through nocturnal differential radiative forcing between the distur-
bance and its cloud-free surroundings, and after sufficient moistening occurs over a deep layer and the
winds are sufficiently strong at the surface, radiation no longer plays as significant a role in tropical

cyclogenesis.

1. Introduction

Hurricanes are devastating storms capable of pro-
ducing death tolls in the thousands and damage in
the tens of billions of U.S. dollars. Prior to hurricane
landfall, a vortex must transform from a tropical dis-
turbance into a tropical depression by a process known
as tropical cyclogenesis. It has been discovered through
numerical modeling that longwave and shortwave ra-
diation (hereafter just ‘‘radiation” unless otherwise
noted) dramatically accelerates tropical cyclogenesis,
but an important question still remains that is ad-
dressed in this paper: at what stage of development
does radiation play the most significant role? We ad-
dress this question by performing idealized simulations
of tropical cyclogenesis with different initial vortex
strengths, which represent different stages of a devel-
oping tropical disturbance.

It has long been recognized that a diurnal cycle of
tropical convection exists (e.g., Kraus 1963; Fingerhut
1978). Specifically, tropical convective activity peaks in
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the early morning and is weakest in the afternoon
local time (Jacobson and Gray 1976). This has been
attributed to both a nocturnal differential radia-
tive forcing between cloud structures and their rela-
tively clear-sky surroundings (Gray and Jacobson
1977) and to nocturnal longwave-induced destabi-
lization (Xu and Randall 1995). Convective desta-
bilization of clouds due to longwave radiation is
sensitive to the cloud quantity (Godbole 1973) and
has been linked to the intensification of tropical me-
soscale convective systems (Dudhia 1989; Miller and
Frank 1993).

Numerical simulations of tropical cyclones (TCs)
demonstrate strong sensitivity to the changes in ra-
diation due to the presence of hydrometeors, also
known as cloud radiative forcing (CRF). The inclu-
sion of CRF in a numerical simulation often results
in a broader storm circulation and enhances upper-
tropospheric radial outflow, ascent in the core of the
vortex, and outer-core horizontal winds (Bu et al.
2014). TC tracks, intensities, distribution of winds
and strength of the secondary circulation may also be
affected by CRF (Fovell et al. 2016).
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Due to the documented diurnal variability of tropical
convection and the impacts of CRF on TCs, it follows
that TCs also exhibit a diurnal variability in convec-
tive activity (e.g., Leppert and Cecil 2016). This sig-
nature exists in observations of TCs (e.g., Dunion
etal.2014; Knaff et al. 2019) and has been reproduced
in numerical models (e.g., Navarro and Hakim 2016).
In addition to convective activity, TCs also exhibit
diurnal cycles in their wind fields and their thermo-
dynamic structure (Dunion et al. 2019). Wind speeds
tend to peak about 6 h after the peak in heating occurs
(Navarro et al. 2017). The reduction of a TC’s radius
of maximum winds during intensification is shown to
be sensitive to the diurnal cycle of shortwave radia-
tion in the tropics, as demonstrated by daytime- and
nighttime-only simulations of Hurricane Edouard
(2014) (Tang et al. 2019).

The impacts of radiation on stability in the tropics
is an important consideration for TCs as well. While
longwave emission may destabilize the atmosphere,
shortwave radiation tends to stabilize the atmo-
sphere by diminishing cloud-top cooling (Schmetz
and Beniston 1986). This may in turn restrict sec-
ondary eyewall formation in mature TCs (Tang et al.
2017). Cooling at the tropopause and above can lead
to significant changes in the potential intensity of TCs
(e.g., Ramsay 2013; Wang et al. 2014). Temperatures
in the upper troposphere have recently been linked to
changes in ice species, upper-level vertical mass flux
and the height of the TC’s upper-tropospheric out-
flow (Trabing et al. 2019). Radiation’s impacts on the
Brunt-Viisild frequency have been linked to po-
tential vorticity near the tropopause, which has im-
plications for the rapid intensification of TCs (Duran
and Molinari 2019).

The transformation from a tropical disturbance
to a tropical depression, otherwise known as tropical
cyclogenesis (TCG) marks the formation of a TC.
Some of the earliest work found that TCG is favored
in regions with sea surface temperatures (SSTs) in
excess of 26°C and vertical wind shear less than
10kt (~5.1ms™ ') (Gray 1968). More recently, the
roles of convective organization and inner-core mois-
ture in TCG have been explored in the literature. Early
in the evolution of a tropical disturbance, the core
tends to gradually warm and moisten and angular
momentum surfaces are drawn inwards (Kilroy et al.
2017). The character of convection may change once
the relative humidity (RH) reaches about 80% in the
disturbance core below a height of 7km, increasing
the likelihood of TCG (Davis 2015). Although mid-
level vortices (MLVs) are frequent precursors to TCG
(e.g., Ritchie and Holland 1997; Raymond and Lépez
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Carrillo 2011; Davis and Ahijevych 2012), they are not
necessarily essential for the development of a tropical
depression (Kilroy et al. 2018).

Recent numerical modeling studies indicate the par-
amount importance of radiation in TCG. Removing
radiation in a simulation often inhibits TCG from
occurring for several days, suggesting that radiation
plays a very active role in the development of a
tropical disturbance (Nicholls and Montgomery 2013;
Melhauser and Zhang 2014; Nicholls 2015; Tang and
Zhang 2016). Feedbacks of longwave radiation may
assist with the self-aggregation of convection (Muller
and Romps 2018) and the development of a circula-
tion (Wing et al. 2016). Although there appear to be
distinctly different “pathways” to TCG depending
on a model’s initialization and chosen physics pa-
rameterizations (Hendricks et al. 2004; Montgomery
et al. 2006; Nolan 2007), turning off radiation dra-
matically slows development regardless of the specific
mechanism at play, attributed to clear-sky longwave
cooling acting on a tropical depression’s surrounding
environment (Nicholls and Montgomery 2013).

During TCG, sensitivity to radiation appears to be
due in large part to a weak nocturnal transverse cir-
culation brought about from differential radiative
forcing between the cloudy disturbance and the sur-
rounding cloud-free region at night, similar to the
mechanism discussed in Gray and Jacobson (1977) for
organized convective clouds. This circulation is as-
sociated with a slow rising motion in the core and
subsidence in the surroundings, which leads to in-
creased RH in the core of the disturbance and pro-
motes convection (Nicholls 2015). Tao et al. (1996)
also noted that large-scale radiative cooling tends to
increase the RH of the core, which enables additional
condensation in a convective column. A moist vortex
is more likely to undergo TCG (e.g., Bister and
Emanuel 1997; Pielke and Pielke 1997; Rappin et al.
2010; Wang 2012), lending further support to the fact
that radiation accelerates development. TCG is also
sensitive to heating and cooling from the diurnal cy-
cle of radiation, which impacts deep, moist convec-
tion (Melhauser and Zhang 2014). The detrimental
effects of shortwave radiation on tropical convection
also apply to developing tropical disturbances, where
sensitivity studies to shortwave radiation indicate
that TCG is often delayed with it included (Tang and
Zhang 2016).

Despite the documented sensitivity of tropical dis-
turbances to radiation as found in numerical modeling
studies, there has been little exploration into the ex-
act “‘stage” where radiation is the most important
during TCG, a gap that this study seeks to address.
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TABLE 1. An overview of the six “core” simulations performed in this study. The two rightmost columns show the maximum azi-
muthally averaged tangential wind values from the initial vortex at the lowest model level (40.6 m AGL) and at the height of maximum

winds (about 4 km AGL), respectively.

Name Radiation Microphysics Max surface V (ms™') Max V at 4km (ms™ 1)
RAD_Weak RRTMG Thompson 4.7 9.1
NORAD_Weak — Thompson 4.7 9.1
RAD_Medium RRTMG Thompson 6.3 12.2
NORAD_Medium — Thompson 6.3 12.2
RAD_Strong RRTMG Thompson 7.9 153
NORAD_Strong — Thompson 79 153

Nicholls and Montgomery (2013) ran an extensive
suite of simulations varying many initial parameters
in their model, one of which was vortex strength.
However, none of their simulations without radiation
were run for the stronger version of their vortex.
Nicholls (2015) briefly explored the impacts of impos-
ing radiative forcing on two vortices that had already
undergone TCG and concluded that radiation did not
have as large an impact on intensification as it does on
genesis, but these experiments did not employ a full-
physics suite, nor were their initial vortices weak
enough to make inferences for TCG. Craig (1996)
noted in simulations that radiation did not play a sig-
nificant role in the intensification of TCs, but their
initial vortex was a bit too strong to infer any applica-
tions for TCG.

The current work performs full-physics idealized
simulations of three different initial vortices and ex-
plores how the sensitivity to radiation varies among
them. In doing so, we highlight the stage of TCG
where radiation is most important, giving further in-
sight into our understanding of the role that radiation
plays. This provides important guidance for opera-
tional forecasting about factoring in the time of day,
cloud structure and cyclonic circulation strength when
making predictions about the timing of TC formation
and intensification. We hypothesize that the stronger a
prescribed vortex is in our model, the less impact that
radiation has on the timing of TCG.

2. Methods and approach
a. Numerical model and experimental design

The Advanced Research WRF Model (WRF-ARW),
version 3.9, is employed for the simulations pre-
sented in this study (Skamarock et al. 2008). Our
simulations are based on the TC “‘test” simulation
that comes with the default WRF-ARW distribu-
tion, which we modify significantly for the objectives
in this study. We change the initial vertical structure
of horizontal winds so that they are maximized at

midlevels rather than the surface, since a midlevel
mesoscale convective vortex has been observed by
numerous studies to be a precursor to TCG (e.g.,
Zehr 1992; Harr and Elsberry 1996; Bister and
Emanuel 1997; Reasor et al. 2005). This change
also allows our initial vortex to conform more closely to
the one employed in Nicholls and Montgomery (2013)
and Nicholls (2015), who used the Regional Atmospheric
Modeling System (RAMS; Pielke et al. 1992). The exact
methodology and formula for our vortex is given in
appendix A.

The simulations all contain three concentric grids with
horizontal grid spacings of 15km (301 X 301 points),
3km (301 X 301 points) and 1 km (400 X 400 points).
All three grids have 60 vertical levels that are
vertically stretched with height from about 100-m
spacing near the surface to about 1-km spacing
near the tropopause. The lowest model level is at
40.6 m above ground level (AGL) and the model top
is at 25.0km AGL. WRF uses a terrain-following
n vertical coordinate; for each model level we cal-
culate physical height by averaging the base-state
geopotential field in x, y, and time and then dividing
by g = 9.81ms 2 The SST is set to a constant 28°C
and the Coriolis force is approximated with an f
plane at a latitude of 15°N. The domains are located
at 0°longitude and initialized at midnight local time
on 1 September.

These simulations utilize the mean tropical sounding
from Jordan (1958) as a horizontally uniform initial
state. Physics schemes used in these simulations in-
clude the Thompson microphysics scheme (Thompson
et al. 2008), the RRTMG longwave and shortwave ra-
diation schemes (Iacono et al. 2008) that update every
Smin, and the YSU planetary boundary layer (PBL)
scheme (Hong et al. 2006). The authors do not feel
there is a need to parameterize convection in each
disturbance’s distant surroundings because of the ide-
alized nature of these simulations, so no cumulus
scheme is activated for the coarse grid. An implicit
gravity wave damping layer (damp_opt = 3) is used to



1264

(a) Ice Mixing Ratio (g/kg) r=3.9

14
0.8
12
10 0.6
€ 8
< 0.4
N
6
4 0.2
2
0
0 RS NS N S NS N |
0 50 100 150 200 250 300
r (km)
(c) Ice Mixing Ratio (g/kg) Default
14
0.8
12
10 0.6
E s
< ’ 04
N
6
4 0.2
2
0
0 N AR AN S NS NN |
0 50 100 150 200 250 300

r (km)

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

(b) Ice Mixing Ratio (g/kg) Mean

14 08
12
10 0.6
€
< 8 0.4
N
6
4 0.2
2
0

0....l....l..,.I....I....l....l
0 50 100 150 200 250 300
r (km)

(d) Ice Mixing Ratio (g/kg) r=3.7

14 0.8
12
10 0.6
€
< 8 0.4
N
6
4 0.2
2
0

0....I....I....I....I....I....I
0 50 100 150 200 250 300
r (km)

FIG. 1. Azimuthally averaged cross sections of total ice hydrometeor mixing ratio (gkg ') from the RAD_Medium
simulation for (a),(c),(d) all three SST configurations and (b) their mean at a model run time of 36 h.

suppress vertically propagating gravity waves from in-
teracting with the model top, which covers the highest
Skm of the domain. All nests have two-way feedback
enabled and the coarsest grid uses periodic boundary
conditions on its zonal and meridional edges. Alternative
drag and surface enthalpy coefficient formulations de-
signed for TC applications are employed in all simula-
tions (isftcflx = 1).

To understand when radiation is most important, we
run simulations with and without radiation (hereafter
“RAD” and “NORAD,” respectively) for three dif-
ferent initial vortices. The mathematical formulation
for these vortices is given in appendix A. Table 1
provides a summary of these simulations and indicates
their initial wind values at the surface and at the height
of maximum winds (4 km AGL). The two “Weak” and
two “Medium’ simulations are run for 5 days, while
RAD_Strong is run for 3 days and NORAD_Strong is
run for 4 days. These six simulations (hereafter the
“core simulations’”) form the foundation of this paper,
but several other simulations are run (discussed in
section 3c) that test a supplementary hypothesis that
after the vortex core is moistened in a deep layer due to
the influence of radiation, radiation becomes less in-
fluential in accelerating TCG thereafter.

Unless otherwise specified, all of the following ana-
lyses are performed on the 3-km-spaced grid because it
spans into the tropical depression’s surrounding envi-
ronment, unlike the 1-km grid, which only covers the

TABLE 2. A list of times it takes (h) for each simulation to reach
TCG (120ms™ ), tropical storm status (17.5ms '), and hurricane
status (33.0ms ') (TD: tropical depression; TS: tropical storm; H:
hurricane). Wind values are determined as the maximum azimuthally
averaged tangential wind about the center point discussed in section 2b
at the lowest model level (40.6m AGL). All times are linearly inter-
polated from 3-h model output spacing and rounded to the nearest hour.

Genesis TD - TS TS — H
Name time time time
RAD_Weak 74 3 19
NORAD_Weak >120 — —
NOCRF_Weak 84 6 12
RAD_Medium 41 6 13
NORAD_Medium 94 4 14
RAD_Strong 32 3 17
NORAD_Strong 74 4 13
RAD_Strong_ MOIST 25 5 18
NORAD_Strong_ MOIST 30 7 18
RAD_Strong MOIST_LL 48 4 13
NORAD_Strong MOIST_LL 70 7 11
RAD_Weak_Remove 78 6 17
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TABLE 3. A list of the time it takes (h) for each simulation to undergo TCG with the different SST configurations discussed in section 2a.

Simulation name Constant-SST run SST 1 (r =3.7) SST 2 (r =3.9) Mean simulation
RAD_Weak 70 74 74 74
NORAD_Weak >120 >120 >120 >120
NOCRF_Weak 88 83 83 84
RAD_Medium 42 41 41 41
NORAD_Medium 91 94 97 94
RAD_Strong 32 32 32 32
NORAD_Strong 74 73 73 74
RAD_Strong MOIST 25 25 24 25
NORAD_Strong_ MOIST 29 31 31 30
RAD_Strong MOIST_LL 48 49 46 48
NORAD_Strong MOIST_LL 66 73 77 70
RAD_Weak_Remove 72 77 82 78

core of the vortex. Because of our numerous modifica-
tions to an idealized modeling framework, the mini-
mum surface pressure in the domain is initially about
1017 hPa. The authors do not expect that the robustness
of the following results are impacted by this in any way,
despite this value being higher than that of the real
atmosphere.

The nature of convection in TCs is in part random and
intrinsically unpredictable (e.g., Van Sang et al. 2008),
and therefore it is worthwhile to understand how the
timing of TCG is impacted by subtle differences in its
distribution. To validate that the differences between
our simulations are due to changes in radiation and
moisture rather than the stochastic distribution of con-
vection, we add modest perturbations to the SST field
and perform otherwise identical runs of all the simula-
tions presented herein two times. Running otherwise
identical simulations with small SST differences pro-
vides insight into how influential and robust the changes
in radiation and moisture are as it pertains to the con-
clusions in this study.

We employ a ““‘chaos sequence’ approach to add small
(of order 0.1°C) perturbations to the SST field. The
value of the perturbation (x) at a given grid cell depends
on its value at the previous grid cell according to

x[n + 1] = rx[n]*(1 — x[n]), (¢8)]
where r is a constant. The SST is then perturbed ac-
cording to

SST[n + 1] =28+ (0.2*x[n + 1]) — 0.1. 2)
To create two distinct SST fields, we choose r values of
3.7 and 3.9.

Figure 1 shows azimuthally averaged cross sections of
total ice hydrometeor mixing ratio from the RAD_Medium
simulation at 36-h run time for all three SST configurations

(Figs. 1a,c,d), as well as the mean of all three (Fig. 1b).
Although there are subtle differences between all the
panels, the mean of the different simulations does a
good job capturing the general character of the ice
fields across all three SST configurations. The timing of
TCG across different SST configurations in all our
simulations is given in the next section (Table 3).
Hereafter all figures and values presented in this
manuscript are produced using the mean of all three
simulations performed with different SST values (as
depicted in Fig. 1b).

b. Computations

A relatively simple tracking strategy is adopted for
objectively determining a center point for azimuthal
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FIG. 2. Time series of the maximum azimuthally averaged tan-
gential wind at the lowest model level (40.6m AGL) from the
six core simulations.
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FIG. 3. Azimuthally averaged tangential winds (ms~'; filled contours) and total ice hydrometeor mixing ratio
(black lines; increment of 0.25 gkg ') from the six core simulations taken at a model run time of 42 h. Simulations
are (left) with and (right) without radiation, with (top to bottom) increasing initial vortex strength. Center points
for azimuthal averages are determined from the objective methodology given in section 2b.

average calculations, since a vortex tends to move about in
the domain after TCG occurs. First, we smooth the surface
pressure field 50 times with a 1-2-1 filter in both the zonal
and meridional directions, similar to the approach of Nolan
et al. (2009). If the minimum smoothed pressure is below a
specified threshold (for which we choose 1013 hPa), then
the location of the minimum is used as the center point. If it
is not below this threshold, then the center point is chosen
as the location of the maximum initial vertical relative
vorticity at the lowest model level (in other words, the
original center of the vortex).

There is no widespread quantitative metric for defin-
ing if TCG has occurred (e.g., Nolan and McGauley

2012), so this time is determined as the point when the
maximum azimuthally averaged tangential wind at the
lowest model level (40.6m AGL) reaches 12.0ms ™. We
note by inspection that once our vortices reach this
threshold, the wind (pressure) field is on a rapid rise
(decline), supporting our contention that TCG has oc-
curred. A different threshold for TCG could have a
modest effect on our results; however, we believe that
any threshold we choose will either be somewhat arbi-
trary or rely on subjectivity, so we have chosen the
12.0ms ! threshold both to remove human interpreta-
tion and to streamline the process of determining TCG
across our 36 simulations in this study. We also consider
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FIG. 4. As in Fig. 3, but at a model run time of 69 h.

the time it takes each vortex to transition from a tropical
depression to a tropical storm (upon reaching 17.5ms !
winds) and from a tropical storm to a hurricane (upon
reaching 33.0ms ™! winds). Data are output from WRF
at 3-h intervals, so linear interpolation is used to find a
more precise value for when each classification is at-
tained, which is then rounded to the nearest hour.

3. Results

a. Sensitivity to initial vortex strength

Table 2 shows the TCG times for all simulations
performed in this study. The six core simulations
given in Table 1 are listed in the first group, along
with a simulation performed using the weak initial

vortex that includes radiation but has CRF deacti-
vated (discussed more below). Following those seven
simulations are five others that test sensitivity to
initial moisture and to shutting off radiation during a
run, which are introduced and described in section 3c.
Table 3 shows how long it takes each simulation to
undergo TCG under the different SST configurations
described in section 2a. It can be seen that, by and
large, the simulations presented in this study do not
exhibit a strong sensitivity to changes in the location
and distribution of convection, thereby suggesting
that the experimental design is robust.

Time series of the six core simulations’ intensity are
shown in Fig. 2 to further highlight their progression.
The weakest initial vortex is able to undergo TCG with
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FIG. 5. Azimuthally averaged cross sections of (top),(middle) ice hydrometeor mixing ratio (zkg ') and (bottom) net radiative forcing
(K h™') from the six core simulations at a model run time of 30 h.

radiation, but fails to do so in the absence of radiation
in a 5-day period. The medium-strength and strong
initial vortices undergo TCG both with and without
radiation within the allotted simulation time, but the
absence of radiation delays genesis by about 2 days in
both cases. We note, as expected, that strengthening a
vortex without modifying radiation allows for TCG to
happen faster.

It is interesting to note that the time it takes to go
from a tropical depression to a tropical storm and
from a tropical storm to a hurricane is not appreciably
affected by the presence of radiation. This suggests
that the increase in TC intensity is driven by fluxes
from the warm ocean below once winds at the surface
are sufficiently strong, rather than being driven by any
radiative mechanism. Using RAMS, Nicholls (2015)
found that radiation did accelerate the transition
from a tropical depression to a tropical storm, but
this inconsistency might be explained by the different
radiation, microphysics, surface flux, and boundary

layer parameterizations selected between these two
works. More recently, Tang et al. (2019) showed that
radiation can appreciably affect the intensification of
TCs, but their sensitivity experiments were only per-
formed on solar radiation (daytime and nighttime
only) so these studies are not directly comparable in
this manner.

Azimuthally averaged tangential wind and ice hy-
drometeor fields for the six core simulations are shown
in Fig. 3 after 42h of run time. The RAD_Strong sim-
ulation has already undergone TCG and intensified
into a tropical storm, and the RAD_Medium simulation
is about to do the same. Distinguishable MLVs are
present in the RAD_Weak and NORAD_Strong sim-
ulations prior to TCG. In addition to observations,
MLVs have also been identified in many prior numerical
modeling studies (e.g., Reasor et al. 2005; Nolan 2007;
Kutty and Gohil 2017). All six core simulations
develop a prominent MLV prior to TCG, which may
be caused to a large degree by sublimation at the base
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FIG. 6. Vertical profiles of shortwave (dotted), longwave (dashed), and net (solid) radiative forcing in the inner (red) and
outer (blue) disturbance from the RAD_Medium simulation at (left) 39-h (daytime) and (right) 51-h (nighttime) model
run time. The inner (outer) disturbance is defined as the 0~100-km (300-400-km) radius.

of their stratiform hydrometeor canopies after suffi-
cient convection develops (Nicholls et al. 2018).

Figure 4 shows the same fields as in Fig. 3, but is
taken 27 h later at a model run time of 69 h. By this
time hurricanes have formed in the RAD_Strong and
RAD_Medium simulations, and TCG is imminent in
the RAD_Weak and NORAD_Strong simulations
evidenced by strong winds and pronounced MLVs.
Although the NORAD_Medium simulation has made
some marginal progress, the NORAD_Weak simulation
shows virtually no sign of development. Simulations
with radiation develop ice canopies much faster, indi-
cating that convective activity is favored when radia-
tion is included. These results suggest that radiation is
very influential at the very early stages of TCG, but as a
vortex gets stronger radiation is decreasingly impor-
tant. In the next subsection we examine more specific
details about how radiation influences these develop-
ing vortices.

b. Sensitivity to radiation

In the previous subsection we show that a vortex is
able to undergo TCG without the influence of radiation
for a sufficiently strong initial vortex, but in all simula-
tions TCG is delayed significantly compared to simula-
tions with radiation included. In this subsection we
explore the impact that radiation has on accelerating
TCG, in particular its influence on convective activity.
Azimuthally averaged cross sections of total ice hy-
drometeors and net radiative forcing from the six core
simulations at a model run time of 30h are shown in
Fig. 5, as the first full night is ending in the simulation.
As expected, a stronger initial vortex produces larger
mixing ratios aloft from increased surface fluxes (cf.
Figs. 5a-c and Figs. 5d-f). However, even for the

strongest initial vortex, surface fluxes alone are not
sufficient to rapidly produce an ice canopy without
radiation included (cf. Fig. 5¢ and Fig. 5f).

Once a stratiform ice canopy develops, it is hy-
pothesized that a weak transverse circulation forms
that is driven by the radial gradient of nighttime
longwave cooling. This circulation is marked by up-
ward motion in the core and subsidence in the sur-
roundings, which slowly moistens the core and favors
convection (Nicholls 2015). This radial gradient of
cooling is visible in Figs. Sg—i, with the core experi-
encing less cooling than the surrounding environment
beneath a height of 8km AGL because the hydrome-
teor canopies have a higher emissivity than clear sky.
As expected, this mechanism is stronger with a more
developed hydrometeor canopy (cf. Figs. 5ef, and
Figs. Sh,i). The expected general structure of tropical
radiative forcing (strong nocturnal infrared cooling at
the cloud top and warming at the cloud base) is seen in
these simulations (Webster and Stephens 1980).

Vertical profiles of shortwave, longwave and net ra-
diative forcing in the inner and outer disturbance from
the RAD_Medium simulation are shown in Fig. 6 in
order to explore the difference between nighttime and
daytime contributions of the differential radiative forc-
ing mechanism. At night (right panel), there is signifi-
cantly more radiative cooling in the environment than in
the core beneath a height of 6 km, as shown before in
Fig. 5. The daytime (left) panel shows similar contribu-
tion from the longwave as the nighttime panel, and that
there is more shortwave heating in the environment than
the core. Increased shortwave heating in the environ-
ment subdues and counteracts the differential longwave
mechanism during the daytime. However, the daytime
net forcing field still shows that the environment has a
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greater cooling tendency than the core. This suggests
that the beneficial effects of longwave radiation over-
whelm the documented detrimental effects of shortwave
radiation on TCG (e.g., Tang and Zhang 2016). We can
also note from Fig. 6 that the low- to midlevel nocturnal
cooling tendency in WRF (0.1 Kh™ ") is of similar mag-
nitude to that observed in the tropics (0.06-0.08 Kh™';
from Fig. 13 of Gray and Jacobson 1977), suggesting that
this process is being represented realistically in the
model. This analysis indicates that the longwave differ-
ential forcing mechanism is important in promoting
inner-core moisture formation in a developing tropical
depression.

We perform a simulation with the weak initial vortex and
radiation activated but CRF disabled (NOCRF_Weak) to
further support the hypothesis that radiative heating by
hydrometeors is influential in TCG. In other words,
longwave and shortwave radiation do not interact with
hydrometeors in this simulation. As given in Table 2,
this simulation takes 84 h to undergo genesis, which is
considerably different than the 74 h it takes with CRF
activated. This suggests that radiation’s interaction with
hydrometeors is important in TCG. It is worth clarifying
that longwave radiation in the simulation without CRF
still responds to the enhanced vapor mixing ratio in the
core, which may still lead to a subdued version of the
transverse circulation mechanism. It stands to reason
that without the influence of enhanced RH, the differ-
ence in genesis time between the RAD_Weak and
NOCRF_Weak simulations would be even greater than
observed herein.

The diurnal cycle of radiation has a significant im-
pact on tropical convection, with activity suppressed
during daylight hours and low-level moistening oc-
curring overnight (e.g., Jacobson and Gray 1976). The
latter mechanism is hypothesized to be responsible for
an early morning maximum in convective activity
(Gray and Jacobson 1977). Figure 7 shows time series
of ice mass and outgoing longwave radiation from the
disturbance core and surrounding environment in the
RAD_Medium simulation. A clear diurnal cycle of ice
mass is present with an early morning maximum (Fig. 7a),
as evidenced by the peaks of the time series occurring at
approximately 0600 local time as the sun is rising in the
domain (dashed vertical lines). This indicates that our
study is consistent with the observed tropical diurnal cy-
cle mechanism. Figure 7b shows the radial gradient of
nighttime longwave cooling, indicating that the cloudy
core of the disturbance (less than 300 km from the center)
prevents more longwave radiation from reaching the
model top than the surrounding environment does,
which supports the nocturnal transverse circulation hy-
pothesis (Nicholls 2015).
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FI1G. 7. (a) Time series of total ice mass calculated within
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and environment contributions. (b) Time series of outgoing
longwave radiation at the model top averaged inside (red) and
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the RAD_Medium simulation. Vertical dashed lines indicate
0600 local time for reference. This figure is produced using data
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The change in RH in the RAD_Medium and
NORAD_Medium simulations from 0- to 36-h run
time is shown in Fig. 8. Both simulations have un-
dergone low-level moistening, but there is a very
large difference between the two simulations above 6 km
AGL.: the simulation with radiation has undergone a sig-
nificant moistening at upper levels. The RAD_Medium
vortex is primed for TCG, which happens just Sh
later, while the simulation without radiation takes
more than 2 more days to follow suit. This result is
consistent with Rappin et al. (2010), who noted that
TCG occurs when the storm’s core becomes nearly
saturated. We hypothesize that the presence of
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FIG. 8. Azimuthally averaged cross sections of the change in RH from 0- to 36-h run time in the
(a) RAD_Medium and (b) NORAD_Medium simulations.

radiation enhances convection that leads to rapid deep
moistening in a simulation, which is then favorable for
TCG regardless of the continued influence of radiation.
The next subsection introduces several supplementary
simulations that support this claim.

c. Sensitivity to moisture

We show in the previous two subsections that all else
equal, radiation has less influence on the timing of
TCG for a stronger initial vortex, but as seen in Fig. 2
and Table 2 there is still a large disparity between runs
with and without radiation. Figure 8 highlights a key
difference between simulations with and without ra-
diation: deep moistening of the vortex core occurs
more readily with radiation included, which we hy-
pothesize allows a vortex to undergo TCG even with-
out the presence of radiation thereafter. Here we
undertake five additional simulations that validate
this claim.

Four additional simulations, which we name
RAD_Strong MOIST, NORAD_Strong_ MOIST,
RAD_Strong_ MOIST_LL, and NORAD_Strong MOIST LL
(where “LL” signifies “low level”), are simulated that have
identical initial vortices and physics parameterizations to
the RAD_Strong and NORAD_Strong simulations
except that the initial sounding from Jordan (1958) is
moistened. In the “MOIST” (“MOIST_LL”) runs,
the sounding is moistened in a deep (shallow) layer.
The exact modifications to the sounding are given in
appendix B. The “MOIST” simulations mimic the
core moistening that occurs faster in simulations with
radiation due to enhanced convective activity to verify
that radiation still accelerates development once a
vortex reaches that point. The “MOIST_LL” simu-
lations are run to emphasize that moistening must be
in a deep layer before radiation becomes less impor-
tant in TCG.

Figure 9 shows the same time series as Fig. 2, but for
only the ““Strong” initial vortices with and without the
deep-moisture anomaly. The purple curves are identi-
cal to those in Fig. 2. For the deep-moistened initial
sounding (green curves), the presence of radiation only
makes a small difference in the progression of these
simulations. Table 2 also confirms that TCG occurs at
nearly the same time with and without radiation,
compared to a 42-h difference for the default sounding.
The similarity between the deep-moistened simula-
tions suggests that once a vortex is sufficiently strong
and moist, radiation does not play a significant role
in its development or early intensification. It is worth
noting that regardless of the initial moisture field,
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F1G. 9. As in Fig. 2, but for the four “Strong” initial vortex sim-
ulations. Time series in purple (green) show simulations with the
default (deep-moistened) initial sounding described in appendix B.
The purple curves are exactly the same as those pictured in Fig. 2.
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FIG. 10. Azimuthally averaged cross sections of RH from the (a) NORAD_Strong simulation at 75h and
(b) NORAD_Strong MOIST simulation at 24 h.

TCG occurs once the core moisture reaches a certain
threshold. This is illustrated in Fig. 10, where fields of
RH are qualitatively similar at the respective genesis
times in two simulations. This supports the claim that
the moisture increase in these simulations is in line
with that of the six core simulations when they
reach TCG.

To emphasize that moisture must be enhanced in a
deep layer before TCG ceases to depend on radiation,
we run two simulations with extra moisture applied to
the initial sounding only in the lowest 2km AGL (de-
noted by “MOIST_LL”). Table 2 shows that TCG is
delayed by 22h in these simulations without the pres-
ence of radiation. It therefore appears that a vortex must
have a deep layer of moisture before radiation becomes
less important in its development. It is worth noting that
RAD_Strong MOIST_LL simulation takes longer to
undergo TCG than the RAD_Strong simulation, which
has no low-level moisture anomaly. This is likely due to
some combination of a subdued latent heat flux from
the sea surface and weaker nocturnal radiative cooling
in the disturbance’s surrounding environment (not
shown). Although the enhanced low-level moisture
promotes strong convection at first, it is likely that
these processes delay the formation of upper-level
moisture and thus TCG.

To further validate the conclusion that radiation
makes less of a difference once the core of a vortex
is sufficiently moist, we rerun the RAD_Weak sim-
ulation but shut off radiation permanently after
66 h of model integration. This simulation is named
RAD_Weak_Remove because radiation is removed
during its evolution. The objective of this is to see if
66 h of radiative forcing in this framework provides
sufficient deep moistening to allow for TCG to occur.
With radiation left on (as in RAD_Weak), TCG hap-
pens just hours after this point, and without radiation

from the beginning (NORAD_Weak) at least another
54 h passes without TCG occurring.

Figure 11 provides the same time series as Fig. 2,
but for all three “Weak’’ vortex cases, including the
run described above where radiation is switched off
(RAD_Weak_Remove). TCG occurs just 12h after
radiation is disabled in RAD_Weak_Remove (see
Table 2) compared to 8h later in RAD_Weak, lend-
ing support to the conclusion that the influence of
radiation for the first 66 h ‘“‘primes” the vortex for
TCG. This must be true because the simulation that
began without radiation (NORAD_Weak) is unable
to undergo TCG within 5 days. To indicate the
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FIG. 11. As in Fig. 2, but for the three ‘““Weak”” simulations. The
solid and dashed curves are exactly the same as those pictured in
Fig. 2. The dash—dotted curve shows a simulation that ran with
radiation for the first 66 h, at which point radiation is turned off.
This point is marked with the black hexagon.
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FIG. 12. Azimuthally averaged cross sections of the difference in (a) RH and (b) ice mixing ratios between the
RAD_Weak and NORAD_Weak simulations at 66-h run time. It is after this time that radiation is turned off in

the RAD_Weak_Remove simulation.

role that radiation plays for the first 66 h in this framework,
Fig. 12 shows difference fields of RH and ice mixing ratio
between RAD_Weak and NORAD_Weak at the point
where radiation is turned off in RAD_Weak_Remove. This
suggests that the presence of radiation accelerates
deep moistening in the core of the vortex, and a ro-
bust canopy of ice is a noticeable by-product of this.
The five supplementary simulations introduced in
this subsection provide support that, in our modeling
framework, radiation primarily serves to enhance
convection thereby accelerating moistening in the
core over a deep layer in preparation for TCG and is
much less important thereafter.

4. Conclusions

A numerical modeling investigation of the influence
of longwave and shortwave radiation on tropical cy-
clogenesis (TCG) is undertaken for varying strengths
of initial vortices, with the aim at understanding when
radiation is most important in promoting TCG. This is
done by running simulations with and without radia-
tion for three different initial vortices. We find that
for a weak vortex, TCG occurs in about 3 days with
radiation but is inhibited for more than 5 days without
radiation. For the two stronger initial vortices, TCG is
able to occur with and without radiation within 4 days,
but experiences a delay of about 2 days without radi-
ation included, thus suggesting that a strong vortex still
requires the influence of radiation to undergo TCG
readily. A strong diurnal cycle of convective activity is
evident in our simulations, consistent with previous ob-
servational and modeling studies (e.g., Gray and Jacobson
1977; Davis and Ahijevych 2012; Dunion et al. 2019). We
also find that radiation does not have an appreciable effect
on the timing of early intensification (reaching tropical
storm and hurricane status) in our modeling framework.

Although other recent modeling studies have found
that early intensification may be impacted by radiation
(e.g., Melhauser and Zhang 2014; Nicholls 2015; Tang
et al. 2019), the experimental designs in these studies
cannot be directly compared to the one presented
herein, so we are not in direct contradiction with these
prior works. However, this result motivates the need for
additional studies to investigate the role of radiation on
early intensification of TCs. We also note that our sim-
ulations are not initialized with any ambient vertical
wind shear or mean flow, which could be important
when considering radiation’s impact on TCG and should
be a topic of future work.

For an identical initial vortex, simulations with ra-
diation develop deep-moisture anomalies (extending
into the middle troposphere) and hydrometeor cano-
pies faster compared to their counterparts without
radiation. This finding is largely consistent with the
results of Nicholls (2015), who found that simulations
with radiation tend to have increased RH and in-
creased low-level cyclonic circulation. A differential
radiative forcing between the cloudy disturbance core
and its clear-sky surroundings appears to be important
in providing enhanced moisture for the disturbance
and destabilizing the core, similar to the mechanism
described by Gray and Jacobson (1977). Convergence
of low-level moisture provides an avenue for deep
moistening of a tropical disturbance. Once the core is
sufficiently moistened in a deep layer, the impact of
radiation recedes, shown through additional simula-
tions that are premoistened as well as a simulation
where radiation is turned off just prior to TCG
occurring.

It stands to reason from the arguments presented
herein that radiation has the largest influence on TCG at
very early stages of a disturbance’s development. It also
emerges that its primary influence is to provide a catalyst
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for deep moistening in the core, since radiation does
not play a significant role once the core is moistened
in a deep layer. This work shows the importance of
accurately simulating radiation and moisture, and
provides insight into how much care should be taken
to consider radiative processes at different stages
of a TC’s development during operational forecasting.
Based on our results, we conclude that radiation’s
influence is strongest for disturbances that have
broad clear-sky regions surrounding them and fairly
axisymmetric cloud canopies. These favor a strong
differential radiative forcing and thus a heightened
low-level moisture convergence from the surround-
ings. Additional work is required to validate these
conclusions in other modeling frameworks and with
different choices of physics schemes. A forthcoming
publication will examine the relevance of these findings
on a numerical modeling case study of the formation of
a real hurricane.
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APPENDIX A

The Initial Vortex

The default vortex in the tropical cyclone “test” case in
WREF is based on that used in Rotunno and Emanuel (1987)
and has maximum horizontal winds at the surface. These
surface winds are linearly interpolated to reach zero at a
height specified by the user. We modify this vertical inter-
polation to be similar to the method in Montgomery et al.
(2006) so that our vortex more closely matches the initial
RAMS vortex employed by other recent idealized
modeling studies of TCG (Nicholls and Montgomery
2013; Nicholls 2015; Nicholls et al. 2018). Now, the
vortex is defined by

o= ofaleo(59) +1
— B|cos 2lz —-11 7,
() 1]}

(A1)

where

2
v r
1= (22)
o rmaX

In Egs. (A1) and (A2), A and B are scalars, H is the
height of the vortex (above which the wind speeds are
Z€r0), Umax 1S the maximum value of the vortex winds,
Fmax 18 the radius of maximum winds, rg is the maximum
radius occupied by the vortex (outside which the wind
speeds are zero), and f'is the Coriolis parameter, all of
which are specified by the user. For our simulations, we
choose the following values: A = 0.5, B = 0.7, H =
9.5km, rpmax = 125km, ry = 400km, and f = 3.8 X
10755~ ! (corresponding to 15°N latitude). To produce
three different initial vortex strengths, we chose values
for Umax = 7.0, 8.8, and 10.6 ms ! (corresponding to the
“Weak,” “Medium,” and ‘““Strong” initial vortices, re-
spectively). Because of the new vertical interpolation
method we employ [Eq. (Al)], these values chosen for
Umax do not match the actual maximum winds found in
the domain initially; the values that do result are those
listed in Table 1. Because this vortex formulation is

2r 3
max
r+r
max

2r 3 1 1
_ max 22— A
(r0+rmax> } +4fr 2fr' (A2)

designed to exist in azimuthal (r, z) space, WRF-ARW
“unravels” this vortex into three-dimensional space so
that a simulation may be run.

APPENDIX B

Modification to the Jordan Sounding for
“MOIST” Runs

To validate the hypothesis that a sufficiently
strong initial vortex with a deep-moisture anom-
aly would develop in about the same time regardless
of the influence of radiation, we modify the hori-
zontally homogeneous initial sounding used in the
model for four model runs (‘““‘RAD_Strong_MOIST,”
“NORAD_Strong_MOIST,” “RAD_Strong MOIST_LL,”
and “NORAD_Strong LLMOIST”; see Table 2 and
section 3¢). Table B1 shows the vapor mixing ratios from
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TABLE Bl. Water vapor mixing ratios from the default
sounding used in the idealized tropical cyclone “‘test’” case in
WREF (Jordan 1958; column 2) and from the new soundings used
for the deep-moistened (“MOIST”; column 3) and low-level-
moistened (“MOIST_LL”; column 4) simulations in this work.
The difference between the modified/moistened sounding and
the default value is given in parentheses.

Jordan (1958) Deep- Low-level-
Height default moistened moistened
(m) sounding (gkg™') sounding (gkg™') sounding (gkg ")
0 18.2 20.2 (2.0) 20.2 (2.0)
583 15.3 17.3 (2.0) 17.3 (2.0)
1547 11.0 13.0 (2.0) 12.0 (1.0)
2609 7.1 9.1 (2.0) 7.1 (0.0)
3792 4.6 6.6 (2.0) 4.6 (0.0)
5138 32 52 (2.0) 3.2 (0.0)
6703 14 3.0 (1.6) 1.4 (0.0)
8581 0.0 0.6 (0.6) 0.0 (0.0)
10935 0.0 0.0 (0.0) 0.0 (0.0)

the moistened soundings next to those of the default
Jordan (1958) sounding used in all other simulations,
with difference values provided in parentheses.
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