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1 INTRODUCTION

The diurnal cycle (DC) in radiation has long been known
to manifest itself in the cirrus canopy of tropical cyclones
(TCs), such as in its radial extent, and diurnal pulses of con-
vection (Kossin ; Dunion et al. ). Dunion et al.
( ), showed that for all major North Atlantic hurricanes
from 2001-2010, a peak in IR Brightness Temperature forms
in the inner core of the cyclone around the time of local sun-
set and propagates radially outwards overnight. This signal
likely forms due to radiative cooling of the cloud tops gener-
ating convection. Alternately this may form due to differen-
tial cooling of clouds and the surrounding cloud-free regions,
or radiative cooling altering the potential vorticity of the cir-
rus canopy (Gray and Jacobson ; Mecikalski and Tripoli

)- Regardless of the mechanism by which the pulse ra-
diates, behind this feature there is a marked warming, lead-
ing to structural and perhaps intensity changes (Dunion et
al. ). Furthermore, the DC has been shown to be im-
portant for regulating tropical cyclogenesis and secondary
eyewall formation, since solar heating enhances the moat
between eyewalls, and night is necessary for allowing the
reestablishment of moisture removed by heating during the
day (Tang and Zhang ; Tang et al. ).

Other studies on the diurnal cycle have focused on the
transition between balanced and radiating waves in re-
sponse to diurnal heating (Willoughby ; Navarro and
Hakim ; Navarro et al. ; O'Neill et al. ).
Willoughby ( ) used an idealized framework to evaluate
secondary circulations produced in response to forcing with
low periods. Navarro and Hakim ( ) and Navarro et al.
( ) used an idealized model with full physics, treating di-
urnal forcing as a sine wave, to find that diurnal forcing of
the cirrus canopy results in a diurnal cycle of storm inten-
sity. O’Neill et al. ( ) explored the transition between
balanced and radiating waves with periods of 12 hours or
longer. They found that diurnal heating of the cirrus canopy
creates a balanced response in the inner core, and radiating
waves in the storm environment, with responses predomi-
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nantly of diurnal and semi-diurnal periods. The internal iner-
tia gravity waves (IIGWs) created were not observed in the
inner core because inside the region of moist convection,
the horizontal extent of instability release is small. Outside
the inner core remains statically stable, supporting IGWs.

The question remains, where does the diurnal pulse in
the cirrus canopy as shown by Dunion et al. ( ) orig-
inate? In particular, does it originate from diurnal forcing
of convection in the eyewall or from the cirrus canopy it-
self? Furthermore, where do diurnal signals outside the
inner core originate? In this study, we aim to use a linear
model to investigate balanced vs. radiating responses to
diurnal heating of the cirrus canopy and eyewall in TCs.

2 METHODOLOGY

2.1 3DVPAS Description

This study evaluates the dynamical responses to potential
temperature forcing in the eyewall and cirrus canopy of a
dry hurricane-like axisymmetric vortex. The model, the 3-
Dimensional Vortex Perturbation Analysis and Simulation
(B3DVPAS), is based upon the vortex anelastic equations as
derived in Hodyss and Nolan ( ) and Nolan et al. ( )
The model simulates the evolution of free or forced pertur-
bations to a balanced vortex.

The domain for the simulations is cylindrical with solid
boundaries, extending to a radius of 800km, and height of
20km. At the upper and outer boundaries, there are Gaus-
sian damping zones to absorb waves. Simulations were per-
formed with a horizontal resolution of 5km and vertical res-
olution of 0.6km. The basic state for the simulations is a
Modified Rankine Vortex, assuming slantwise moist neutral
conditions in gradient wind balance as shown in Figure 1.

3DVPAS was forced using potential temperature pertur-
bations (0'(r, z,t)) where r is radius, z is height, and ¢ is
time. The shape of the 6’ forcing in r-z space and the tem-
poral forcing were idealized versions of the diabatic heating
analyzed in the Hurricane Nature Run (Nolan et al. )-
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Figure 1: Basic state azimuthal velocity, v, with an outward slope of radius
of maximum winds (RMW). The surface wind maximum of 45m/s, is located
at a radius of 40km.

2.2 Hurricane Nature Run (HNR)

2.2.1 Description

The Nolan et al. (2013) Hurricane Nature Run (HNR) is
a simulation of the life cycle of a strong tropical cyclone
in the North Atlantic Ocean using the Weather Research
and Forecasting Model version 3.2.1 (WRF), embedded in
the Joint Observing System Simulation Experiment (OSSE)
global nature run by the European Center for Medium-
Range Weather Forecasts (ECMWF). The resolution of the
innermost nest is 1Tkm. Solar radiation was parameterized
using the RRTM-G scheme (lacono et al. 2008). Azimuthally
averaged fields of diabatic heating will be used here to deter-
mine the spatial structure and temporal variability of diurnal
heating in the HNR.

2.2.2 Spatial variability of heating

The spatial structure of radiative heating at the time of the
daily minimum (0600z) in the HNR is shown in Figure 2a,
which illustrates the two main cloud bodies with strong diur-
nal variability in radiative heating: the cirrus canopy and the
eyewall. The eyewall heating is displaced around 10km in-
wards of the radius of maximum wind (RMW), and extends
from around 2-10km height.
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Figure 2: Radlius-height plots of the (a) minimum (0900z) and (b) maximum
net radiative heating (shortwave plus longwave) (1500z). Note also the
consistent positive radiative heating at the melting level, due to continuous
heating from longwave radiation emitted below. Mean position of the RMW
is shown by the purple line.
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Figure 3: Radius-height plots of the (a) minimum (0600z) and (b) maximum
(2100z) moist convective heating (latent heating). Note the only location
of significant moist convective heating is the eyewall. Mean position of the
RMW is shown by the white line.

At the daily maximum of radiative heating (1500z), in Fig-
ure 2b, it is shown that cirrus clouds and the thick clouds
at the top of the eyewall absorb most to the incoming short-
wave radiation atop the cyclone, preventing solar heating of
the clouds below. Thus diurnal variability of radiative heating
is greatest in the cirrus canopy where the clouds are most
susceptible to solar heating.

As shown in Figure 3, moist convective heating domi-
nates in the eyewall. This is weakest at 0600z as shown
in Figure 3a, and strongest at local sunset at 2100z, as in
Figure 3b. The heating rates due to moist convection are
substantially greater than for radiative heating.

2.2.3 Temporal variability of heating

To determine the variability in heating rates throughout the
course of one day, time series of the area-averaged heating
in the cirrus canopy and eyewall were constructed. The area
averages for the eyewall were taken over a slanted box dis-
placed inwards of the RMW, extending from z=2-10km and
of width 10km. The center of the box was colocated with the
maximum moist convective heating. The cirrus canopy area
average was taken over a box from r=75-170km and z=12-
14km. This aimed to capture diurnal variability at the loca-
tion of the maximum of radiative heating. Using these time
series, a daily composite was created for moist convective
heating in the eyewall, radiative heating in the eyewall, and
radiative heating in the cirrus canopy (Figure 4).

As shown in Figure 4, eyewall convection is strongest
around local sunset (2100z), and weakest at 0600z. The di-
urnal heating rate is sinusoidal in shape. In the lower panel
of Figure 4, eyewall radiative heating is shown to be consis-
tently negative, since the thick clouds are largely opaque to
solar shortwave heating while constantly emitting longwave
radiation. The cirrus canopy is strongly heated during the
day since it is located at the uppermost levels. The peak of
this heating occurs at 1500-1600z, while the strongest cool-
ing is from sunset after 2100z to sunrise at 0900z.
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Figure 4: The diurnal cycle of (upper) moist convective heating and (lower)
radiative heating for the cirrus canopy (CC) and eyewall (EW). Blue lines
show the diurnal cycle for the eyewall, and the red line shows the diurnal
cycle for the cirrus canopy.

2.3 Idealized 3DVPAS simulations

Using the spatial structure of radiative and moist convective
heating from Figure 2 and Figure 3 as a guide, idealized
potential temperature perturbations in the shape of the cir-
rus canopy and eyewall were designed for use as forcing in
3DVPAS (Figure 5). For the idealized cirrus canopy (here-
after referred to as CC), the perturbation potential temper-
ature (/) is maximized at the RMW at a height of 13km,
and the CC extends to a radius of around 300km. The ideal-
ized eyewall (hereafter referred to as EW) is displaced 10km
inwards of the RMW, and slopes outwards with height con-
currently with the slope of the RMW. The model EW extends
from 2km height to 11km.

The heating rate is forced to change in time for four model
days using an idealized version of the daily heating rates
shown in Figure 4. 3DVPAS simulates perturbations to the
mean state, so the diurnal cycle for moist convective heating
in the eyewall in the upper panel of Figure 4 was adjusted
to have a mean of zero instead of 18K/h, but maintains the
same amplitude of the forcing and timings of the maximum
and minimum. The radiative heating cycle was also ideal-
ized for the CC and EW, again maintaining the amplitude
and phase shown in Figure 4.

Based on the HNR, three simulations were performed in
3DVPAS to evaluate the transition between balanced and
radiating responses produced by the diurnal forcing of (1)
moist convective heating in the eyewall, (2) radiative heating
in the eyewall, and (3) radiative heating in the cirrus canopy.

3 RESULTS

3.1 Moist convective heating in the eyewall

Figure 6 shows the progression of perturbation vertical mo-
tion, w’, from the maximum of daily moist convective heating
in the EW to the minimum.

Spatial Heating Rate (cirrus canopy) maximum=1K/1hour(s)
20

1
16 0.8

12 0.6
<

z [km]

2z
8 0.4

4 0.2

0 o
0 200 400 600 800

r [km]

Spatial Heating Rate (eyewall), maximum=1K/1hour(s)
20

16 0.8

12 0.6
<

z[km]

4
0.4

8

4 0.2
0

0 200 400 600 800

r [km]

Figure 5: Idealized r-z structure of the 8’ forcing used in 3DVPAS to rep-
resent the (a) CC and (b) EW. Deepest red colors indicate the maximum
heating (9’). The purple line is the RMW

At the maximum, in Figure 6a, during positive 8’ in the
EW there is strong upward motion throughout the entire EW,
with compensating downward motion either side of the eye-
wall, downward motion in the region of the cirrus canopy,
and downward motion at the edge of the domain, closing the
circulation. During the transition from positive to negative
heating rate, as in Figure 6b, w’ declines fastest near the
surface where the mean azimuthal wind, @, is greater. w’
at the top of the eyewall, where ¥ is much lower, responds
more slowly. At the minimum in eyewall moist convective
heating, in Figure 6c, the spatial pattern is the exact oppo-
site of that in Figure 6a since in a linear model the opposite
sign of heating yields the opposite sign of motion.

All the panels in Figure 6 illustrate that the motion pro-
duced in response to heating from moist convection in the
EW is entirely balanced, with no radiating response. This is
due to the very high inertial stability in the EW, where v is
highest, which prevents the radiation of waves produced by
the low-frequency forcing. In a linear model, the spectrum
of frequencies that makes up the temporal forcing function
should also manifests themselves in the response. Since
the temporal forcing function used in this simulation is a si-
nusoidal wave of exactly diurnal frequency, the frequency of
the response is also entirely diurnal.

3.2 Radiative heating in the eyewall

Similarly to the EW moist convective heating in subsec-
tion 3.1, the response to diurnal radiative heating in the EW
is also largely balanced as shown in Figure 7. The panels
in Figure 7 show the progression of w’ from model sunrise
to sunset, with additional snapshots just after sunrise and
during the peak radiative heating.

At sunrise, w’ in Figure 7a looks much like that of the
minimum in moist convective heating, i.e. the response at
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Figure 6: Moist convective heating in the EW: r-z snapshots of w' at (a)
1.875 days, (b) 2.125 days, (c) 2.375 days. Red colors denote upward
motion, and blue colors downward motion. The colorbar is saturated at 10%
of maximumw’ to observe finer details of waves. Below each r-z snapshot,
the temporal forcing used in the simulation and the corresponding point in
time at which the snapshot was taken are shown (denoted by the orange
line and marker). The purple line is the RMW.

this time is balanced. Just after sunrise however, there is
evidence of a radiating feature at a radius of 500km, and
height of 6-8km (Figure 7b). This negative w’ radiates out-
wards and downwards from the top of the EW, reaching the
edge of the domain by the time of the peak radiative heating
at 1.5 days in Figure 7c. The radiating wave is of extremely
low amplitude (around -1x10~°m/s). Otherwise the majority
of the cyclone outside the RMW remains devoid of any w’

throughout the simulation. By sunset, w’ becomes almost
entirely balanced again as evident in Figure 7d, closely re-
sembling w’ at sunrise.

As mentioned in subsection 3.1, any waves produced
in response to heating have the same frequencies as the
temporal heating rate function with which they were forced.
The radiative heating forcing function has sharp inflection
points at sunrise and sunset, and so projects on to modes
of higher frequency that one cycle/day. Specifically, these
modes have periods of even fractions of 24 hours (i.e. pe-
riods of 24, 12, 8, 6, and 4 hours). As such, waves pro-
duced in response to the radiative forcing have these same
frequencies. The wave shown in Figure 7b and Figure 7c
corresponds to these higher frequency waves produced by
the relatively sudden change in heating rate.

As shown in Figure 7, while some of the higher frequency
components of the response can radiate in to the outer cy-
clone, they are effectively negligible. Therefore, regardless
of the shape of the temporal forcing function, heating in the
EW produces a balanced response that is confined near to
the source of the heating in the EW by the high inertial sta-
bility associated with the higher v and lower 7.

3.3 Radiative heating in the cirrus canopy

For the diurnal radiative heating if the CC, the response to
heating is essentially the opposite in character to that of the
EW, in that it is almost entirely radiating. This is shown in
Figure 8, which, as for the corresponding EW simulation,
shows the progression of the w’ field from sunrise to sunset.

At sunrise, in Figure 8a, the heating rate is negative,
resulting in downward w’ at the CC, and compensating
upward motion in the eye and outer radii at upper levels.
Waves produced by the downward motion in the CC radiate
outwards and downwards. As with the EW, just after sunrise,
in Figure 8b, the sudden change in heating rate induces the
formation of waves of multiple frequencies. The waves of
higher frequency can be seen in the figure to radiate at a
steeper angle from the horizontal than the waves of lower
frequencies. The variability in angle of radiation matches
very well with the results of O’Neill et al. (2017) for internal
inertia gravity waves radiating from the cirrus canopy in a full
physics model. At the peak solar heating in Figure 8c the
w' response is essentially the opposite of that at sunrise,
with upward motion in the CC with compensating downward
motion either side. By sunset in Figure 8d, there are fewer
waves at the surface, since most of the waves have radiated
vertically away from the surface by this time.

The forcing is situated at a high elevation where v is much
lower than for the forcing in the EW simulations. Therefore,
the inertial stability is significantly lower, allowing the hori-
zontal radiation of waves. A significant amount of the diur-
nal signal of w’ in the CC of TCs thus originates from diurnal
forcing of the CC itself rather than the EW.
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Figure 7: Radiative heating in the EW: r-z snapshots of w' at (a) 1.375
days, (b) 1.500 days, (c) 1.688 days, (d) 2.000 days. The colorbar is sat-
urated at 10% of maximum w'’ to observe finer details of waves. Below
each r-z snapshot, the temporal forcing used in the simulation and the
corresponding point in time at which the snapshot was taken are shown
(denoted by the orange line and marker). The purple line is the RMW.
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Figure 8: Radiative heating in the CC: r-z snapshots of w’ at (a) 1.375 days,
(b) 1.500 days, (c) 1.688 days, (d) 2.000 days. The colorbar is saturated
at 10% of maximum w’ to observe finer details of waves. Below each r-z
snapshot, the temporal forcing used in the simulation and the correspond-
ing point in time at which the snapshot was taken are shown (denoted by
the orange line and marker). The purple line is the RMW.



4 SUMMARY

The main sources of diurnal heating in a TC are moist con-
vective heating of the eyewall, and radiative heating of the
cirrus canopy and eyewall. Using the Nolan et al. (2013)
Hurricane Nature Run as inspiration for the spatial pattern
and daily variability of heating, we applied this to an ide-
alized linear model, 3DVPAS, to explore the transition be-
tween balanced and radiating responses. The approach
used in this study aims to test the mechanism in Dunion et
al. (2014) for the origin of diurnal signals in the cirrus canopy,
where radiative cooling of the cloud tops induces motion at
sunset by modifying the local lapse rate.

Moist convective and radiative diurnal heating in the eye-
wall produce a balanced response in 3DVPAS, whereby the
w'’ response is confined to the region near the source by
the high inertial stability. Radiative diurnal heating in the cir-
rus canopy produces a radiating response throughout the
depth of the cyclone, since the source of the heating/motion
is in a region of lower inertial stability, as with the region in to
which the waves are propagating. Waves produced by radia-
tive heating of the cirrus canopy have predominantly diurnal
and semi-diurnal frequencies, owing to the sharp inflection
points in the radiative heating diurnal cycle. The results pre-
sented here suggest that diurnal signals beyond the inner
core of a TC originate as a result of diurnal forcing of the
cirrus canopy rather than the eyewall.

This work raises interesting questions about the impact of
waves radiating from the cirrus canopy. For example, would
any changes in intensity or structure result? To what ex-
tent can the forced lifting induced by wave radiation enhance
convection or precipitation? Future work on this topic aims
to address these questions in idealized models with non-
linear physics and additional hurricane simulations. Since
this problem includes cloud physics, it is inherently non-
linear, and so future work should address this same problem
in a non-linear framework.
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