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ABSTRACT

This work examines the impacts of the diurnally varying radiation cycle on the formation, intensity,
structure, and track of Hurricane Edouard (2014) at different stages of its life cycle through convection-
permitting simulations. During the formation stage, nighttime destabilization through radiative cooling may
promote deep moist convection that eventually leads to the genesis of the storm, while a tropical cyclone fails
to develop in the absence of the night phase despite a strong incipient vortex under moderately strong vertical
wind shear. The nighttime radiative cooling further enhances the primary vortex before the storm undergoes
rapid intensification. Thereafter, the nighttime radiative cooling mainly increases convective activities outside
of the primary eyewall that lead to stronger/broader rainbands and larger storm size during the mature stage
of the hurricane; there is, however, less impact on the hurricane’s peak intensity in terms of maximum 10-m
surface wind speed. The control forecast undergoes distinct secondary eyewall formation during the mature
stage of Edouard (as observed), while there is no apparent eyewall replacement cycle as simulated in sen-
sitivity experiments without solar insolation and the moat is narrower in those with switch-on solar insolation
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at night, suggesting the potential role of the diurnally varying radiative impact.

1. Introduction

A significant diurnal cycle of tropical convection and
tropical cyclone (TC) cirrus canopy has been described
extensively in numerous studies using satellite imagery
(Browner et al. 1977, Muramatsu 1983; Lajoie and
Butterworth 1984; Steranka et al. 1984; Kossin 2002;
Dunion et al. 2014). Some studies (e.g., Dunion et al.
2014) speculate that the TC diurnal cycle might influ-
ence the TC intensity and structure changes. A recent
climatological study of Yaroshevich and Ingel (2013)
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showed that TCs in the northwestern tropical Pacific, on
average, intensify (decay) much faster (slower) at night.
Satellite-derived observations also indicated apparent
diurnal oscillations of precipitation associated with TCs
(Browner et al. 1977; Shu et al. 2013; Wu et al. 2015).
The TC diurnal cycle may be ultimately attributed to
the diurnal variation of radiative forcing. Three leading
mechanisms have been proposed in explaining the ef-
fects of radiation on deep moist convection: 1) change in
convective instability due to radiation difference be-
tween the cloud top and cloud base (Webster and
Stephens 1980; Hobgood 1986; Xu and Randall 1995),
2) differential heating between deep cumulus convec-
tion and the surrounding cloud-free region (Gray and
Jacobson 1977; Craig 1996), and 3) large-scale nighttime
environment cooling (Dudhia 1989; Tao et al. 1996;
Johnson et al. 1999; Melhauser and Zhang 2014). The
first mechanism is attributed to being the primary cause
of TC diurnal oscillation by Hobgood (1986): net
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cloud-top cooling at night steepens the lapse rate, thus
promoting convection while the daytime absorption of
solar radiation at cloud tops reverses this process.
Hobgood also suggested this process might be aug-
mented by the second mechanism. The second mecha-
nism on differential heating between convective and
cloud-free regions was found in Craig (1996) to be solely
responsible for the enhancement of the diurnal variation
in the TC growth rate and intensity, using an axisym-
metric model with explicit convection. The third mech-
anism could result in nighttime destabilization of the
local and large-scale environment through radiative
cooling, promoting deep moist convection and in-
creasing the TC genesis potential (Melhauser and Zhang
2014). While these early modeling studies provided
strong evidence of TC diurnal variation, the rather
simplistic resolution and physics including cloud and
radiation schemes these models used might have been a
strong limiting factor toward a full understanding of the
impacts and mechanisms of the TC diurnal cycle.

The impact of the diurnal radiation cycle on the gen-
esis of TC has recently been studied in a real-case
modeling (Melhauser and Zhang 2014) and in ideal-
ized simulations (Nicholls 2015) with state-of-the-art
high-resolution convection-permitting simulations that
include sophisticated cloud and microphysics schemes.
Both studies suggested that radiative forcing causes
accelerated rates of tropical cyclogenesis during the TC
formation stage, though they differed in what was at-
tributed to being the primary mechanism in leading
these diurnal variations and impacts. Melhauser and
Zhang (2014) emphasized nighttime destabilization of
the local and large-scale environment through radiative
cooling, while the proposed mechanism by Nicholls
(2015) is a refinement of the second mechanism men-
tioned above through which circulations generated can
have significant influences on convective activity in the
TC core. Despite clear observational evidence of diurnal
variations of TC cloud canopies (e.g., Dunion et al.
2014), how the diurnal radiation cycle impacts, and what
the impacts are on, mature tropical cyclones including
structure, intensity,] and associated rainbands remains
mostly unexplored with complex numerical models. The

! Following Holland and Merrill (1984), in this study, TC “in-
tensity” is defined by the maximum 10-m azimuthal wind speed or
by the minimum central pressure. ‘“‘Strength” is defined by the
average relative angular momentum of the low-level circulation
(inside 300-km radius). ““Size” is defined by the axisymmetric ex-
tent of gale force winds. Here volume-averaged kinetic energy
(m?s~2) within radius of 270km and radius of azimuthally aver-
aged wind speed of 34 or 50kt at 10-m level can also be used to
represent strength and size, respectively.
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current study seeks to address the impact of the diurnal
radiation throughout the life cycle of an observed TC
(Hurricane Edouard 2014) from its formation to matu-
rity using convection-permitting simulations that ex-
plore all of the three aforementioned mechanisms on the
role of radiative forcing on deep convection.

This paper is organized as follows. The model setup
and experimental design of the control and sensitivity
experiments are described in section 2. Overview of the
evolution of Hurricane Edouard (2014) is provided in
section 3. Impacts of the diurnal radiation cycle on the
formation and early development stage of Edouard are
shown in section 4, while the rapid intensification (RI)
and mature stages are presented in section 5. Conclud-
ing remarks follow in section 6.

2. Model setup and experimental design
a. WRF and the control simulation

The nonhydrostatic Advanced Research version of
the Weather Research and Forecasting Model (ARW),
version 3.5.1 (Skamarock et al. 2008), is used in this
study. The horizontal grid spacing and coverage, from
coarse to fine domains, is D01: 27 km, 379 X 244; D02:
9km, 298 X 298; and D03: 3km, 298 X 298. All three
domains have 43 vertical terrain-following Eta levels
with model top at 10 hPa. The inner domains (D02 and
DO03) are two-way nested and vortex following. The
Rapid Radiation Transfer Model (RRTM) longwave
radiative scheme (Mlawer et al. 1997), Dudhia short-
wave (SW) radiation scheme (Dudhia 1989), the WRF
single-moment 6-class microphysics scheme (Hong and
Lim 2006), and Yonsei University (YSU) planetary
boundary layer (PBL) scheme (Hong et al. 2006) are
employed for all domains. The Grell-Freitas cumulus
scheme (Grell and Freitas 2014) is used for D01; no
cumulus parameterization is used for D02 and D03. The
interaction between the radiation and microphysics
scheme is the same as described in Melhauser and
Zhang (2014).

The control simulation (CNTL) is initialized with
composite-mean initial conditions from the 10 best-
performing ensemble members in terms of intensity
selected from a 60-member 126-h ensemble that is di-
rectly from The Pennsylvania State University (PSU)
real-time WRF ensemble Kalman filter (WRF-EnKF)
analysis and forecast system starting at 1200 UTC
11 September 2014 (Zhang and Weng 2015; Weng and
Zhang 2016). The PSU WRF-EnKF ensemble is part
of NOAA’s Hurricane Forecast Improvement Proj-
ect (HFIP) with detailed system configurations and
forecasts (as well as archives of this event; available at



JULY 2016 TANG AND ZHANG 2873
TABLE 1. Description of experiments set up in the study.
Radiation

Name Start time Integration hours Solar shortwave Longwave
CNTL 1200 UTC 11 Sep 168 Normal diurnal cycle Normal
NoSolarRadOh 1200 UTC 11 Sep 126 Off Normal
ConstSolarRadOh 1200 UTC 11 Sep 126 Fixed at local noon Normal
NoSolarRad48h 1200 UTC 13 Sep 78 Off Normal
ConstSolarRad48h 1200 UTC 13 Sep 78 Fixed at local noon Normal
NoSolarRad72h 1200 UTC 14 Sep 96 Off Normal
ConstSolarRad72h 1200 UTC 14 Sep 96 Fixed at local noon Normal
NoSolarRad96h 1200 UTC 15 Sep 72 Off Normal
ConstSolarRad96h 1200 UTC 15 Sep 72 Fixed at local noon Normal
the website hfip.psu.edu). The PSU real-time system c. Storm tracking
is also used to provide high-resolution forecast guid- . . .

p & & The Geophysical Fluid Dynamics Laboratory

ance to NASA'’s field campaign of Hurricane and Se-
vere Storm Sentinel (HS3) during which Hurricane
Edouard developed.

The WRF-EnKF system is initialized at 1200 UTC
07 September 2014 with the operational Global Forecast
System (GFS) analysis, and the first data assimilation is
conducted over all three domains at 0000 UTC 8 September
after 12h of ensemble integration. The system performs
cycling assimilation every 3h until Edouard dissipates
(1800 UTC 19 September). The operational GFS forecasts
from 6h prior are used as lateral boundary conditions for
the deterministic forecast, while the ensemble lateral
boundary conditions are generated by adding pertur-
bations derived from the background error covariance
of the WREF variational (WRF-VAR) data assimilation
system (Barker et al. 2004) to the deterministic lateral
boundary conditions. The control simulation is initialized
with the composite initial conditions from the 10 best-
performing members from 1200 UTC 11 September that
is integrated for 168h using the GFS forecast as the
boundary conditions at the outermost grid.

b. Sensitivity experiments

Four sets of sensitivity experiments (Table 1) are con-
ducted to elucidate the effects of the diurnal radiation
cycle on different stages of the hurricane life cycle, from
the initial development to rapid intensification and ma-
turity at peak intensity. An endless daytime simulation
with the solar insolation set at local noon (“Con-
stSolarRad”) and an endless nighttime simulation with no
solar insolation (‘NoSolarRad”) are included in each set
of these sensitivity experiments, starting at 0, 48, 72, 96
model integration hours of the control simulation, which
grossly represent the beginning time of genesis, early de-
velopment, rapid intensification, and mature stages of
Edouard, respectively. These sensitivity experiments are
designed to isolate the two extremes of diurnal radiation
forcing but without the diurnal cycle.

(GFDL) vortex tracker (Marchok 2002; Tallapragada
et al. 2013) is used to track the center of Edouard. The
storm center is tracked by searching for the average of
the maximum or minimum of several parameters near
an input first-guess position of the targeted vortex.
The primary fields used for tracking are relative vor-
ticity and geopotential height at 850 and 700 hPa and
the minimum sea level pressure. The horizontal wind
speed at 10 m, 850 hPa, and 700 hPa are also used in the
tracking but in a supplementary role. Winds at 500 hPa
are used, along with other parameters, for advecting
the storm and creating a first-guess position next time.
Best-track data (Stewart 2014) are used at the initial
time of 1200 UTC 11 September as the first-guess
position of the storm center. Diagnostic analyses are
all performed on the 3-km domain (D03) unless
otherwise noted.

3. Overview of evolution of Hurricane Edouard
(2014)

The best track of Edouard’s path is shown in Fig. 1a
with the wind and pressure histories shown in Figs. 1b
and 1d, respectively. By 1200 UTC 11 September, the
system was designated as a tropical depression over the
far eastern tropical Atlantic (Stewart 2014). The de-
pression moved to the northwest and maintained that
general motion for the next 5 days. The cyclone
became a tropical storm early on 12 September and a
hurricane early on 14 September. Edouard continued to
intensify to a major hurricane early on 16 September,
reaching its peak intensity of 54ms~' at 1200 UTC that
day, which was followed by a weakening trend almost
immediately. The control run nicely catches the general
features of track and development in all stages of the
lifetime mentioned above (Figs. 1a—d). Although Edouard’s
tracks covered two time zones during the simulations pe-
riod, the local standard time (LST; UTC — 4 h) hereafter is
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FIG. 1. (a) Tracks, (b) maximum 10-m wind speed (ms '), (c) radius of azimuthally averaged 34-kt wind speed at

10-m level, and (d) minimum sea level pressure (hPa) evolutions of control simulation (red line) and sets of sensitivity
experiments [see text for detail; bold (light) lines for NoSolarRad (ConstSolarRad) experiments], with comparison of
NHC best-track data (black line). The period is from 1200 UTC 11 Sep to 1800 UTC 16 Sep. The circles on the tracks
denote the location every 6 h. The gray dashed line denotes the time of rapid intensification in the control run
roughly. The last 12-h data of ConstSolarRadOh is lacking because the storm circulation is too weak to be identified
distinctly. The storm maximum wind of ConstSolarRadOh was too weak to approximate 34 kt only, so there is little

significance to show in (c).

all based on the longitude of 60°W (Fig. 1a) for the sim-
plicity of intercomparison.

The control simulation of Edouard shows obvious
diurnal variation of outgoing longwave radiation (OLR)
within 500km of the vortex center from formation to
mature stages (Fig. 2a). The lower OLR reflects deeper
cloud, associated with more active convective activities,
which parallels the infrared (IR) brightness temperature
observed by satellites, since longwave radiation is partly
absorbed by cloud and air from below. The diurnal
pulses (lower OLR in Fig. 2a) formed in the storm inner
core after sunset each day, then propagated away and
reached a radius of several hundred kilometers from the
cyclone center by the following afternoon.

Figure 3 shows an example of the TC diurnal cycle for
Edouard from 1800 UTC (1400 LST) 15 September to

1800 UTC (1400 LST) 16 September. The 6-h IR
brightness temperature trend shows that a pulse at ra-
dius of 300 km occurs in the early morning, then prop-
agates outwards and reaches 400km at around noon. A
higher-frequency oscillation is present at the radius of
~200 km. The control simulation closely reproduces the
observed diurnal cycle of Edouard (made available to us
through Chris Velden) and is consistent with past ob-
servational studies [Fig. 2 of Kossin (2002); Figs. 3, 6, 8,
and 9 of Dunion et al. (2014)]. In contrast with the
control run, there is no diurnal cycle feature of OLR in
NoSolarRadOh (Fig. 2b) or ConstSolarRadOh (Fig. 2¢)
experiments during all the simulations due to shutting
off the solar radiation or setting it as a constant. The
effect of the diurnal cycle on the storm’s early devel-
opment is analyzed by sensitivity experiments with
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FIG. 2. (a) Hovméller (radius vs LST) diagram of simulated azimuthally averaged OLR (W m~2) at top of atmosphere on domain 2 of
control run. Purple arrows denote the diurnal pulses (see text for detail). (b) As in (a), but for NoSolarRadOh. (c) As in (a), but for
ConstSolarRadOh. The period is from 1200 UTC (0800 LST) 11 Sep to 1800 UTC (1400 LST) 16 Sep. The gray dashed line denotes the time

of rapid intensification in the control run roughly.

modified radiation starting at different times in an at-
tempt to isolate the extremes of the diurnal radiation
cycle, as described in section 2b. The impact on the in-
tensities, sizes, and even tracks of these storms can be
seen in Figs. 1a—d, spanning 11-16 September. It is easy
to find out that responses to the diurnal cycle of solar
radiation forcing have differences in extent and feature
throughout the different stages of tropical cyclones
through comparisons between sets of sensitivity exper-
iments. The following two sections will describe these
impacts in different stages of Edouard in detail.

4. Impact on intensification rate in formation stages

In this section the diurnal radiation cycle impact in
the formation stages of Edouard will be investigated
through comparing the CNTL simulation with the sensi-
tivity experiments NoSolarRadOh and ConstSolarRadOh.
CNTL and NoSolarRadOh both developed the hurri-
cane, with CNTL having track and intensity to the best-
track estimate while the NoSolarRadOh simulation
intensified more rapidly and was more intense than
the CNTL run after 36h (Figs. 1b,d). In contrast,
ConstSolarRadOh failed to form a TC during the 126-h
integration; the tropical disturbance was substantially
weaker than CNTL after 36h and cannot be easily
tracked after 114 h (Figs. 1a—d). Without developing
to an organized storm, the low pressure disturbance
took a much more leftward track than the observed
storm, gradually drifting more westward after 24 h in
ConstSolarRadOh instead of a more northwestward track
in CNTL (best-track observations); this is likely due to the
influence of the effective steering layer, tied to the storm

intensity, which is shallower for the weaker TC accord-
ing to Velden and Leslie (1991). The track may also be
due to a stronger beta effect associated with a stronger
TCin CNTL (Holland 1983; Fang and Zhang 2012; Qian
et al. 2013).

We first examine the influence of diurnal radiation
cycle during the formation and subsequent development
stages by diagnosing the difference in the local envi-
ronment (within 180km of the storm center) between
CNTL and the two sensitivity experiments starting at O h.
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FIG. 3. Azimuthally averaged IR 6-h brightness temperature trends
at 200-, 300-, and 400-km radii around the storm for the control run
from 1800 UTC (1400 LST) 15 Sep to 1800 UTC (1400 LST) 16 Sep.
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(1400 LST) 14 Sep.

Figure 4 shows the vertical profiles of the average
local-environment hourly model output of net radiation
forcing (i.e., potential temperature tendency due to the
sum of longwave and shortwave radiation), relative
humidity, relative vorticity, and vertical velocity
from 1900 UTC (1500 LST) 11 September to 1800 UTC
(1400 LST) 14 September for experiments CNTL,
NoSolarRadOh, and ConstSolarRadOh. In the CNTL run,
the net radiation forcing has an evident diurnal cycle in
the troposphere, with maximum potential temperature
tendency occurring at 1200-1300 LST each day, shortly
after the strongest solar insolation (Fig. 4a). Before
1200 UTC (0800 LST) 12 September, the profiles have
negative net radiation forcing throughout the tropo-
sphere. This is similar to the average profiles of the clear-
sky region in Figs. 9a and 9d of Melhauser and Zhang

(2014), and it is attributable to the dearth of cloud, wa-
ter, and ice in the core area during the formation stage.
As the system developed into a tropical storm, the
profiles of net radiation forcing gradually shifted
toward a more cloudy type of vertical profile displayed
in Figs. 9a and 9d of Melhauser and Zhang (2014): there
are mostly negative values at the top of the cirrus canopy
and mostly positive values below in CNTL (Fig. 4a). In
NoSolarRadOh (Fig. 4e) and ConstSolarRadOh (Fig. 41),
there are no apparent signals of diurnal variations in
net radiation. Nevertheless, the net radiative forcing is
much more negative in NoSolarRadOh than that in
ConstSolarRadOh; shutting off solar insolation in
NoSolarRadOh leads to an effective net radiative cooling
in NoSolarRadOh in comparison to ConstSolarRadOh
(and to somewhat a lesser degree to CNTL).
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With persistent maximum solar insolation, Con-
stSolarRadOh (Fig. 4j) has a decrease in relative hu-
midity from 4 to 9 km when compared to CNTL (Fig. 4b)
and more so to NoSolarRadOh (Fig. 4f). The constant
heating of maximum shortwave radiation resulted in a
net mid- to upper-tropospheric warming in Con-
stSolarRadOh and increased the temperature (Fig. 5b),
which is primarily responsible for a smaller relative hu-
midity compared to CNTL (Fig. 4b) and NoSolarRadOh
(Fig. 4f); this is pronounced before and during the
genesis of Edouard from 0600 UTC (0200 LST)
12 September to 0600 UTC (0200 LST) 13 September.
Midlevel warming and drying of the local environment
for ConstSolarRadOh suppressed the potential for
strong convective bursts that occurred in CNTL and
NoSolarRadOh and were essential to the formation of
the storm. Conversely, NoSolarRadOh was the earliest
to moisten the levels from 5km up to the outflow layer
because of net radiative cooling and subsequent mois-
ture transport for more vigorous deep convection, be-
ginning at 1800 UTC (1400 LST) 13 September (Fig. 4f).
Once the midlevel (about 7-8 km) diabatic heating from
convection exceeded the net radiative cooling, the tem-
perature became higher in CNTL (and NoSolarRadOh)
than in ConstSolarRadOh after 1200 UTC (0800 LST)
13 September as shown in Figs. 5a and 5b.

The relative vorticity (Figs. 4c,g,k) and vertical velocity
(Figs. 4d,h,l) are similar for CNTL, ConstSolarRadOh,
and NoSolarRadOh during the first 18 h. Thereafter, the

relative vorticity in both CNTL and NoSolarRad0Oh in-
creased steadily from the low level upward but there was
no discernible increase in ConstSolarRadOh. The en-
hancement of the low-level vorticity in both experiments
with a net nocturnal radiative cooling phase can likely be
ascribed to the enhanced stretching that enhances the
convergence of ambient vorticity owing to enhanced
moist convection, as was noted in the genesis of Hurri-
cane Dolly (2008) and other tropical cyclones (e.g., Fang
and Zhang 2010). On the contrary, convective activity is
evidently suppressed by midlevel drying and warming in
ConstSolarRadOh, resulting in a disorganized vortex that
failed to develop into a TC during the 126-h integration.

The storm’s evolution and structure are also notably
different amongst the three experiments, as can be seen
from the azimuthal mean structure averaged over three
consecutive 24-h periods (Fig. 6). The secondary circu-
lation is much stronger in NoSolarRadOh (Figs. 6d-f)
than that in CNTL (Figs. 6a—c), with stronger bound-
ary layer inflow, upper-layer outflow, and vertical up-
ward motions, all of which are much weaker in
ConstSolarRadOh than CNTL during the first three days
of the simulation (Figs. 6g—i). The maximum radial inflow
gradually increases while moving inwards closer to the
vortex core region in both NoSolarRadOh and CNTL,
but it is always outside of about 200 km from the center
in ConstSolarRadOh. In the meantime, the radius of
maximum tangential wind (RMW) at the surface con-
tracts from about 230 to 50km in both NoSolarRadOh
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(Figs. 6d—f) and CNTL (Figs. 6a—c). No RMW contrac-
tion but a gradual increase of the RMW during the
72-h simulation further indicates a nondeveloper in
ConstSolarRadOh (Figs. 6g—i).

In brief summary, the above analyses show that the
net nighttime radiative cooling results in midlevel
moistening and destabilization in the incipient vortex
core area and surrounding larger-scale environment
during the early development period that promotes
deeper and stronger moist convection and subsequent
stronger convergence of ambient vorticity (through en-
hanced stretching), which eventually leads to the for-
mation of Edouard in both CNTL and NoSolarRadOh. It
should also be noted that the impact of diurnal radiative
forcing on the thermodynamic and dynamic field is an
integrated effect since the three simulations diverge
little during the first 12-18 h (Figs. 1 and 4). It takes
considerable time for the difference in radiative forcing
in the sensitivity experiments to substantially alter the
thermodynamic and dynamic fields associated with the
incipient storm; thus, the switch-on or -off of solar in-
solation between day and night in CNTL is a rather
gradual and even lagged response rather than a sharp
transition.

The effect of net nighttime radiative cooling in pro-
moting enhanced deep moist convection continues to
play an important role in the storm’s development and
intensification even after Edouard in the CNTL simu-
lation reaches tropical storm strength, as shown by
comparison with the sensitivity experiments of the
NoSolarRad48h and ConstSolarRad48h in Fig. 7. These
two new sensitivity experiments are performed exactly
the same as NoSolarRadOh and ConstSolarRadOh ex-
cept that the solar isolation is switched off, respec-
tively, or permanently in maximum phase starting from
1200 UTC (0800 LST) 13 September, which is 48 h into
the CNTL simulation, when the maximum 10-m wind
speed of the storm had already reached above 25ms "
(Fig. 1b).

Although the diurnal radiation cycle at this stage did
not lead to a significant difference in Edouard’s track
between both sensitivity experiments and CNTL (Fig. 1a),
it continues to have an important impact on the strength-
ening and size increasing of the storm (Figs. 1b—d); the
maximum 10-m wind speed of ConstSolarRad48h barely
reached the threshold of a hurricane (though with some
strengthening even after switching on permanent maxi-
mum solar insolation) while NoSolarRad48h develops
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into a major hurricane as in CNTL (and best-track obser-
vations) (Figs. 1b,d). As indicated by the azimuthally av-
eraged simulated radar reflectivity in Figs. 7a—c, convective
activities in both the inner-core area and the outer rain-
bands are much weaker in ConstSolarRad48h than CNTL
(and even more so than NoSolarRad48h). Consequently,
without a night phase of net radiative cooling,
ConstSolarRad48h only has slow and moderate strength-
ening while both CNTL and NoSolarRad48h soon be-
gin eyewall (RMW) contraction and RI as observed
(Figs. 1b,d and 7d-f). NoSolarRad48h (ConstSolarRad48h)
also has a bigger (smaller) size than CNTL as a result of
more (less) active convection in a moister (drier) environ-
ment (Fig. 1c). The reason for the size difference between
sensitivity experiments of solar radiation will be analyzed in
detail in the next section.

5. Impact of the diurnal cycle on storm structure
and strength after the start of RI

In this section, the effect of diurnal radiative forcing on the
RI and mature stages of Edouard will be analyzed through
comparison of sensitivity experiments NoSolarRad72h
and ConstSolarRad72h with the CNTL simulation.
NoSolarRad72h (ConstSolarRad72h) is performed by
switching off (staying permanently on the maximum
phase of) the solar isolation from 1200 UTC (0800 LST)
14 September, which is 72h into the CNTL simulation
when the maximum 10-m wind speed of the storm had
already reached hurricane intensity (Figs. 1b,d). The
storm begins its RI around 1200 UTC (0800 LST)
14 September in the CNTL simulation, approximately
the start of the sensitivity experiments that either have
no solar insolation (NoSolarRad72h) or permanent
peak solar insolation (ConstSolarRad72h).

a. Evolution of hurricane structure and strength after
the start of RI

Unlike the sensitivity experiments that switch-off or
permanently on solar insolation during the formation
and earlier development stages, both NoSolarRad72h
and ConstSolarRad72h simulated the track and in-
tensity of Edouard (in terms of maximum 10-m surface
wind speed) very similar to those of the CNTL simula-
tion (Fig. 1). Also similar are the contractions of eyewall
and RMW as well as the timing and rate of RI among all
three experiments (Figs. 1b,d, 8a—c, and 9a): the RMW
shrunk from around 45 to 30 km at around 0000 UTC 15
(2000 LST 14) September (Fig. 9a) when a clear eye
formed in each simulation (Figs. 8a—c), about 12 h after
the start of RI.

Nevertheless, there are also clear differences among
these simulations with and without the diurnal radiation
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cycle as well as with and without solar insolation. In
particular, convective activities are the strongest in
NoSolarRad72h (owing to net radiative cooling), espe-
cially those outside of the primary eyewall, while
ConstSolarRad72h has the weakest and least expansive
outer rainbands, soon after the start of the sensitivity
experiments and more evident 18 h after the start of the
RI in all simulations (Figs. 8a—c). More rigorous con-
vective activities after RI subsequently led to the grad-
ual expansion of eyewall and primary rainbands in
NoSolarRad72h (Figs. 8b and 9a), resulting in a much big-
ger hurricane in terms of both RMW and the outside radius
of 50-kt (1kt = 0.51ms™') wind at around 1800 UTC
16 September in NoSolarRad72h (Fig. 10b) than in
ConstSolarRad72h (Fig. 10c), the latter of which has no
noticeable change in the eye size and RMW during this
period (Figs. 8c, 9a, and 10c). The volume-averaged ki-
netic energy (KE) [cf. the definition of total KE in Eq. (2)
of Maclay et al. (2008)] at the 10-m level within the
radius of 270km in Fig. 9b further shows that enhanced
convection with the persistent night phase of radiative
cooling also results in a hurricane with greater strength
(cf. NoSolarRad72h than ConstSolarRad72h).
Moreover, interestingly, the azimuthally averaged
column-maximum reflectivity field shows evidence of a
secondary eyewall formation (SEF) contracting from
about 120km inwards to 90km beginning at around
1200 UTC (0800 LST) 16 September in CNTL (Fig. 8a),
but not in NoSolarRad72h (Fig. 8b). There are also some
hints of the SEF in the sharp increasing of the RMW in
CNTL [at 0600 UTC (0200 LST) 17 September of the

simulation, Fig. 9a] as well as in the snapshot of the
horizontal distribution of the reflectivity field (Fig. 10a).
The observed Edouard in real world also underwent
SEF at similar times (Stewart 2014). The SEF can also
be found in ConstSolarRad72h (Fig. 8c), although the
outer eyewall is narrower and contracts inward more
evidently, while the moat is less evident than in CNTL.
After the replacement of the primary eyewall, the eye is
smaller in ConstSolarRad72h than in CNTL (Figs. 10d,f),
since the new eyewall contracts much farther inward
in ConstSolarRad72h than CNTL (Figs. 8a,c). The av-
erage eye radius is largest for NoSolarRad72h, which
experiences continuous expansion of the primary eye-
wall (without eyewall replacement) throughout the
model integration (Figs. 8b and 10e). However, it is
beyond the scope of the current study to examine the
dynamics of the SEF and subsequent eyewall re-
placement cycle of Edouard for both the observed storm
and in the CNTL. Nevertheless, the start of the SEF in
CNTL and the lack of it in NoSolarRad72h suggest a
potential role of diurnally varying radiation cycle, es-
pecially the solar insolation, in the TC’s eyewall re-
placement cycle that certainly warrants future studies.

b. Radiation’s role on convection in Edouard

The above analyses suggest that enhanced outer-core
convective activities (and their diabatic heating release)
associated with cloud-radiative forcing can broaden the
cyclonic flow in the lower troposphere as well as aug-
ment the secondary circulation, which is to a certain
extent consistent with previous findings such as in Wang
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(2009), Xu and Wang (2010), Fang and Zhang (2012),
and Bu et al. (2014). More detailed analysis of the im-
pact of diurnal radiation forcing and its impacts before
the secondary eyewall formation are provided through a
comparison with the three experiments.

The net radiative forcing in CNTL shows evident di-
urnal variation in both the eyewall and the outer-core
region with maxima near the local noon time each day
due to the solar shortwave heating (Figs. 11a,b). The
maximum net radiative cooling is located at the level of
14-16km within the radii of 30-60 km (Fig. 11a) and at
13-14-km height from outside the eyewall to the 180-km
radius (Fig. 11b); the maximum net radiative warming is
at the level of 10-13km. These results are consistent
with the vertical profiles of cloudy-air net radiative
forcing in previous studies (e.g., Dudhia 1989;
Melhauser and Zhang 2014; Bu et al. 2014). The in-
creasing eyewall radiative cooling at the layer of
7-13km during the night of 16 September (Fig. 11a)
corresponds to the maximum intensity in terms of
the maximum 10-m wind speeds (Fig. 1b). In the

ConstSolarRad72h experiment, the net radiative
warming prevails below 13km with the maximum at
about 11-12 km (Figs. 11e,f) as a result of uninterrupted
solar shortwave radiation. The radiative heating leads to
the temperature increasing at higher levels, which is in
strong contrast to CNTL and NoSolarRad72h (Figs. 12¢,d).
There is hardly any net radiative heating in the tropo-
sphere in NoSolarRad72h, resulting in net radiative
cooling in the inner core and surrounding areas all the
time (Figs. 11c,d). It can also be seen that the lowering of
the cloud tops (Figs. 13c and 15f) is accompanied by a
decrease in the height of maximum radiative cooling
(Fig. 11c) when the eyewall begins to expand outward
from 1900 UTC (1500 LST) 15 September to 1800 UTC
(1400 LST) 16 September (Fig. 8b).

The temperature difference of ConstSolarRad72h
and NoSolarRad72 minus CNTL will further indicate
the effect of solar shortwave radiation on the thermo-
dynamic stratification (Fig. 12). In the outer core of
60-180km, the temperature is higher below the level of
about 15 km in ConstSolarRad72h than CNTL with the
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maximum difference of 3K at 11-13-km height
(Fig. 12d), and it is lower in NoSolarRad72h with the
maximum difference of 1K (Fig. 12b). The de-
stabilization in the outer-core region can promote deep
moist convection in the NoSolarRad72h experiment
(Fig. 12b). Similar to the outer core of ConstSolarRad72h,
the temperature difference in the 30-60-km radius
also has a positive maximum at the height of 10-15 km,
causing the decrease of vertical velocity at almost
all the time relative to CNTL (Fig. 12c). However, in
the region of 30-60-km radius for the NoSolarRad72h
experiment, the decreasing vertical velocity is likely
due to the expanding eyewall (Fig. 12a). And because
of the eyewall expansion with a warmer eye entering

into this region, the temperature difference becomes
positive from 2-4km upward to 9km gradually from
1900 UTC (1500 LST) 15 September to 1800 UTC
(1400 LST) 16 September (Fig. 12a). Figures 13 and
14 also show that the outer-core-averaged vertical ve-
locity is stronger in NoSolarRad72h than CNTL and
ConstSolarRad72h, which is even more evident in the
mature stage (cf. Figs. 13b,d,f and Figs. 14a,d,g). In No-
SolarRad72h, the enhanced outer-core updrafts are
mainly composed of vertical velocity of 1-2ms™" at the
layer of 6-12km, while the decreased downdrafts at the
same layer also contribute to the greater average upward
motion (cf. Figs. 14¢,f,i). Enhanced moist convection also
induces more release of latent heat, which will further



JuLy 2016 TANG AND ZHANG 2885

30 km<R<60 km 60 km<R<180 km

ib)

a4 a4 o
w H O N

12
E 11
(@)
= 10 b
e 9 =1
2 8 =
o S
T
6
5
4
3
2
1
0
18
17
16
15
14
13 OZ
12
/é\ 11 (OD
= 10 o
e 9 %
9 8 Q)
[0) 7 o
I ~
6 N
5 0
4
3
2
1
0
18
17
16
15
14
(@)
13 (@]
12 >
e %
= 10 S
5 . S
‘S 3 g;)U
T . 2
\l
5 N
4 >0
3
2
1 [ P
0
14/20 15/08 15/20 16/08 14/20 15/08 15/20 16/08
Local Standard Time Local Standard Time

-1
02 0 02 04 06 08 1 12 [MS’]
FIG. 13. As in Fig. 11, but for the vertical velocity.



2886 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 73

30 km<R<60 km 60 km<R<180 km

©)

()

Height (km)

Height (km)
UZ/peyJe|oSON

(-]

13

12

e —— e e—

10 9
g
< 8 17
= 5
[=) 2
s 6 ©
= <
N
4 5

2

0

0 60 120 180 5 4 3210123 45¢665-4-3=2-10123456
Radius (km Vertical Velocity (m/s) Vertical Velocity (m/s)
-1
020 02040608 112141618 [MS] 0 1 3 5 10 15 20 25 50 75100 [l

FIG. 14. (left) The 24-h-average azimuth-mean vertical cross sections of vertical velocity from 1900 UTC 15 Sep to 1800 UTC 16 Sep.
Contoured mean frequency by altitude diagrams for vertical velocity within radial range of (center) 30-60 and (right) 60-180 km for (a)-
(c) CNTL run and sensitivity experiments (d)-(f) NoSolarRad72h and (g)—(i) ConstSolarRad72h. The mean frequency is obtained by
averaging the frequency in the 24-h period. Contours are the differences of sensitivity experiments minus the CNTL run (solid and dashed
denotes positive and negative, respectively; zero is omitted; contour intervals are 0.2 m s~ for left column and 1% for right two columns).
Superposed black lines denote RMW in the three leftmost panels.

strengthen the transverse circulation outside the eyewall,
resulting in its expansion (cf. Figs. 14a,d,g). Compared
with ConstSolarRad72h and CNTL, the average vertical
upward motion decreases at the mid- to upper tropo-
sphere in the area of 30-60-km radius in NoSolarRad72h
with the eyewall expanding from 1900 UTC (1500 LST)

15 September to 1800 UTC (1400 LST) 16 September
(Figs. 13a,c,e and Fig. 14d), which results in the de-
creased updraft mainly of vertical velocity of 1-3ms ™"
above the 8-km height (cf. Figs. 14b,e,h). A caveat is that
the RMW is shifted outward in NoSolarRad72h, which
contributes to some of the differences with CNTL in
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Figs. 14d-f. For example, the decreasing updrafts are
along the inner edge of the RMW (Fig. 14d), the weaker
upper-level updrafts in NoSolarRad72h are in the 30—
60-km radius, and more of the moderate upper-level
downdrafts are in the 8-12-km layer (Fig. 14¢). These
are partly because of compensating subsidence along
the inner edge of the eyewall in the 30-60-km radius.
The convective activities nearby the RMW are sup-
pressed in ConstSolarRad72h (Fig. 14g). However, on
either side of the suppression, the vertical velocity has a
slight compensatory increase in ConstSolarRad72h rel-
ative to CNTL (Figs. 14g-i), and the overall updrafts are
also generally weaker at all times (cf. Figs. 13a,b,e.f).
Outside of the 180-km radius, the amplitudes of tem-
perature difference between sensitivity experiments and
control run are mostly similar to those at the inner core,
but the induced vertical velocity differences are smaller
than 0.1ms™"' (figures not shown).

c¢. Impact of radiation on hurricane structure

Figure 15 shows the temporally and azimuthally aver-
aged radiative forcing, latent heating, kinematic field,
moisture, and cloud fraction in the radius-height plane
from 1900 UTC 15 September to 1800 UTC 16 September;

also shown are the corresponding differences between
sensitivity experiments and CNTL. Radiative forcing for
CNTL shows strong cooling along the cloud tops, with
warming within the cloud due to role of the ice-phase
hydrometeors (i.e., cloud ice, snow, and graupel) at higher
levels (see Figs. 16a—f), largest within the 60-120-km ra-
dius (Fig. 15a). In NoSolarRad72h, cloud-top radiative
cooling persists and is stronger than in CNTL, with little
within-cloud warming because of the lack of solar short-
wave heating (Fig. 15d). Because of artificially enhanced
persistent solar radiative heating, the within-cloud radi-
ative warming is much larger in ConstSolarRad72h
than both CNTL and NoSolarRad72h (Fig. 15g). The
cloud-top cooling in ConstSolarRad72h is also weaker
as a result of lesser vigorous convection while the air at
middle levels between the 180- and 300-km radii is drier
with less cloud ice and snow in ConstSolarRad72h than
CNTL (Figs. 15h and 16m,n,o,r) as a result of warming
induced by radiative forcing. The maximum differences
of relative humidity and all hydrometeors between
NoSolarRad72h and CNTL exist inside of the RMW
(Fig. 15¢ and Figs. 16g-1), since the eyewall expansion
causes them to decrease substantially in the previous
maximum updraft (Fig. 14d).
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Two distinct regions of enhanced cloud content, sepa-
rated by the melting level (roughly 5km MSL), can be seen
in the azimuthally averaged cloud fraction field (Figs. 15c,f,i)
and the total hydrometeor mixing ratio (Figs. 16f,L,r) in all
three experiments. The NoSolarRad72h storm has the
thickest, most radially extensive and outward-sloped cloud
shield (Figs. 15f and 16g-i,l), which is associated with

strongest low-level inflow, upper-level outflow, and widest
eyewall updraft with latent heating (Figs. 14d and 17c).
The largest RMW throughout the troposphere can also be
found in NoSolarRad72h storm (Figs. 14d, 15, and 17),
which accompanies the expanding eyewall and outer-core
strengthening (Figs. 9 and 17d) resulting from the most
active convection outside of RMW and in the outer core
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interval).

(Figs. 14d,f). The eyewall expansion can be attributed to
increased heating outside the RMW and a larger outward
tilt of the eyewall. Surface pressure change due to heating
resulting mainly from hydrostatic adjustment in the rain-
bands is significant on the inward side of the rainbands
where the inertial stability is generally high, which lowers
the surface pressure and increases pressure gradient out-
side the RMW, thus increasing the inner-core size of the
hurricane, consistent with Wang (2009). Heating in the
outwardly tilted eyewall, outside the RMW in the mid-
troposphere, will increase (reduce) low-level tangential
wind outside (near and inside) the RMW that leads to the
outward expansion of the RMW while prevents the in-
ward contraction of the RMW (Shapiro and Willoughby
1982). Conversely, the ConstSolarRad72h storm has the
smallest RMW and least active convection nearby the
RMW and in the outer core (Figs. 9a, 14g—i, and 17e,f).
The suppression of updraft nearby the RMW and the
slightly increased compensatory updraft on both sides also
cause the wavelike radial structure of the hydrometeor
mixing ratio (i.e., positive and negative differences

alternately in Figs. 16m-r), which is probably related to
the formation of a narrower moat in ConstSolarRad72h
(Figs. 8c and 10c).

The structural differences between storms of
NoSolarRad96h and ConstSolarRad96h are similar to
those of NoSolarRad72h and ConstSolarRad72h (not
shown). In closing, after the start of RI, the persistent
nighttime phase without solar shortwave heating leads
to enhanced convective activities outside of the primary
eyewall, leading to the storm broadening and strength-
ening during the mature stage, although its impacts on
the storm’s intensity in terms of maximum 10-m wind
speed (Fig. 1b) or minimum sea level pressure (Fig. 1d)
is rather limited.

6. Concluding remarks

High-resolution convection-permitting full-physics
simulations with the WRF are used to examine the ef-
fects of the diurnal radiation cycle on storm in-
tensification and structure in the formation, rapid
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intensification, and mature stages of Hurricane Edouard
(2014). Sensitivity experiments with either endless day-
time (persistent maximum solar shortwave forcing) or
endless nighttime (no solar radiative forcing) applied at
different model integration periods are designed to
isolate the varying roles of the diurnal radiation cycle
during different stages of the storm’s life cycle. These
results show the influences of the diurnal radiation var-
iation on storms and related processes are significantly
different among stages from its formation to maturity.

In the formation stages of tropical cyclones, the sen-
sitivity to the heating and cooling associated with the
diurnal cycle is mainly on the intensification rate. The
nighttime phase of the diurnal radiation cycle provides
radiative cooling in the local and large-scale environ-
ment, which leads to an increase in humidity and de-
crease in stability, both of which favor deep moist
convection and improve the potential for cyclogenesis.
The greater latent heating released by deep convection
induces stronger low-level inflow, which results in con-
vergence of absolute vorticity and increase of low-level
cyclonic winds (Fang and Zhang 2010). In the meantime,
the RMW contracts inwards substantially to form a
compact and well-organized storm. On the contrary, the
daytime-phase radiation reduces relative humidity and
increases stability, which is less favorable for deep moist
convection and storm development. Consequently, solar
radiation has a suppressing role for TC genesis and early
development. The impact of the diurnal radiation cycle
on TC genesis is similar to the findings of Melhauser and
Zhang (2014) on their study of Hurricane Karl (2010).
Moreover, the large track difference between a poorly
developed disturbance in the experiment with constant
and excessive solar shortwave radiation and the control
run could be due to differences in the effective steering
layer, tied to the storm intensity (Velden and Leslie
1991) and/or due to the beta drift effect (Holland 1983;
Fang and Zhang 2012; Qian et al. 2013). These reveal
that the effect of the diurnal radiation cycle is very
critical to the storm intensification rate and even the
track in the formation stages.

Once the storm commences rapid intensification and
then becomes mature, the diurnal radiation cycle mainly
impacts the storm structure and strength (rather than
track and intensity). The large-scale cooling in the
nighttime phase increases outer-core relative humidity,
promoting deep moist convection and more active
rainbands outside of the eyewall. The latent heating
released by enhanced convection induces stronger low-
level inflow outside the eyewall. Hydrostatic adjustment
causes surface pressure to lower significantly on the in-
ward side of these rainbands as a result of heating, where
the inertial stability is generally high, thus increasing the
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pressure gradient outside the RMW and hurricane
inner-core size (Wang 2009). The eyewall is most out-
wardly tilted in the nighttime phase (Figs. 14-17), while
heating outside the RMW in the midtroposphere will
increase (reduce) low-level tangential wind outside
(near and inside) the RMW and lead to the outward
expansion of the RMW (Shapiro and Willoughby 1982)
and thus a larger and stronger hurricane in the experi-
ment without solar insolation. In the daytime phase of
diurnal cycle, the shortwave radiation heating decreases
the relative humidity in the outer core, making it less
conducive to deep moist convection and thus weaker
outer rainbands development.

It seems that the changes in both convective instability
and the large-scale nighttime cooling play important
roles in all the stages of tropical cyclone development.
However, the differential heating mechanism may act
together with the other two mainly in the RI and mature
stages of the storm when it has a well-organized eyewall
and thicker and broader cloud canopy. It is also found
that the impact of radiation is an integrated effect, tak-
ing at least about half a day to noticeably alter the en-
vironment for the modifications and subsequently the
storm in the sensitivity experiments, as is also shown in
Melhauser and Zhang (2014). In the control simulation,
there is no obvious diurnal change in storm size during
the mature stage likely as a result of an integrated effect
in the switch-on or -off of shortwave radiation forcing
between day and night. Under the long-time integrated
effect of nighttime cooling of the environment, the final
strength of the storms in experiments without solar in-
solation are greater than those in the corresponding
experiments with constant solar insolation, though the
occurrence may be later than in the control run. How-
ever, the difference of radiation between the daytime
and nighttime phase has only a minor and inconsistent
impact on the maximum tangential wind during the
mature phase.

Another interesting finding is that there is a distinct
secondary eyewall formation in the control simulation
with a normal diurnal radiation cycle that has a strong
resemblance to the observed storm (Stewart 2014),
while no secondary eyewall forms in the experiments
without solar insolation (while a narrower moat is in the
experiments with constant solar insolation during the
eyewall replacement cycle). There is less convective
activity and less-developed outer rainbands in the ex-
periments with constant solar insolation such that the
secondary eyewall tends to form at a smaller radius in
the drier (lower relative humidity) environment. How-
ever, the absence of secondary eyewall formation in the
experiments without solar radiation may be caused by
the outward expansion of the primary eyewall, which
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prohibits moat formation (cf. Terwey and Montgomery
2008; Fang and Zhang 2012). Both outer and inner
rainbands were active but they were too close to each
other for moat formation. The interaction between inner
rainbands and eyewall convection could lead to the
formation of annular hurricane with a wider eyewall
and a larger eye, as is also shown in Wang (2008).
Nevertheless, the detailed impacts of radiation to SEF
and subsequent eyewall replacement cycle and un-
derlying dynamics are under investigation and will be
reported elsewhere when completed. Future work is also
planned to test how these results depend on different
representation of cloud-radiative processes using other
pairings of radiation schemes and microphysics schemes.
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