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Rapid intensification of tropical cyclones: Vortex waves seeded by aurorally-generated atmospheric gravity waves?
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Abstract. Convective bursts have been linked to intensification of tropical cyclones [1].
We consider a possibility of convective bursts being triggered by aurorally-generated
atmospheric gravity waves (AGWs) that may play a role in the intensification process of
tropical cyclones [2]. A two-dimensional barotropic approximation is used to obtain
asymptotic solutions representing propagation of vortex waves [3] launched in tropical
cyclones by quasi-periodic convective bursts. The absorption of vortex waves by the mean
flow and formation of the secondary eyewall lead to a process of an eyewall replacement
cycle that is known to cause changes in tropical cyclone intensity [4]. Rapid intensification
of hurricanes and typhoons from 1995-2018 is examined in the context of solar wind
coupling to the magnetosphere-ionosphere-atmosphere (MIA) system. In support of
recently published results [2] it is shown that rapid intensification of TCs tend to follow
arrival of high-speed solar wind when the MIA coupling is strongest. The coupling
generates internal gravity waves in the atmosphere that propagate from the high-latitude
lower thermosphere both upward and downward. In the lower atmosphere, they can be
ducted [5] and reach tropical troposphere. Despite their significantly reduced amplitude,
but subject to amplification upon over-reflection in the upper troposphere, these AGWs
can trigger/release moist instabilities leading to convection and latent heat release. A
possibility of initiation of convective bursts by aurorally generated AGWs is investigated.
Cases of rapid intensification of recent tropical cyclones provide further evidence to
support the published results [2].

Convective bursts and tropical cyclone intensification The importance
of latent heat release in convective bursts (CBs) in TCs was first hypothesized [6,7] and CBs
have been linked to tropical cyclone intensification [8]. The amount of energy released in a
typical CB has been estimated to be capable of significant intensification [9,10,11] showed
a series of CBs preceding intensifications of hurricane Opal and typhoon Paka,
respectively. A global survey of CB events covering years 1999-2002 [12] showed that 80%
of TCs have at least one CB episode and that CBs usually occur during or just prior the
intensification phase of the storm cycle. A comparison study covering years 2011-2014 [13]
of TCs with and without CBs revealed that the correlation between outflow and the TC
intensification rate was higher for TCs accompanied by CBs than for those without CBs,
implying that a rapid deepening of inner core convection is important for intensification of
a TC’s secondary circulation.

Vortex Rossby waves and formation of inner bands outward-
propagating spiral rain bands have been known to affect the structure and intensity of
tropical cyclones [14]. They can be initiated by deep convection in the eyewall and have
been described as vortex Rossby waves (VRWs) [15]. The radially outward-propagating
VRWs are responsible for initiation of the inner spiral rain bands, and can affect the
structure and intensity of the mean vortex by wave-mean flow interaction [16,17]. The
absorption of VRWs in critical layers is known to lead to formation of the secondary
eyewall, and ultimately to a process of eyewall replacement cycles, which is thought to
play an important role in rapid intensification of TCs.

Modeling of vortex Rossby waves Nikitina and Campbell [18] presented
asymptotic solutions for a problem representing VRW propagation in tropical cyclones
and considered the interaction between the waves and the mean flow in the vortex. The
stream function (right) show positive values coded in red-orange color. The orange arcs
(spiral sleeves) beyond the critical radius represent the outward propagating spiral bands
of the tropical cyclone. The waves are forced by perturbations on the eyewall. The wave
number is selected equal to one to represent the asymmetric structure of perturbations
caused by convective bursts. For the modeling, a two-dimensional barotropic
approximation of the TC was used, and the mean rotation speed in TC was taken as a
function decreasing with the radial distance from the centre. At a critical radius, where
the speed of the wind in TC matches the phase speed of the propagating waves, energy
exchange between waves and the mean flow occurs, which can cause the TC
From mathematlcal point of view the critical radius corresponds to a
of wave propagation. The model demonstrates absorption of
d attenuation of the wave amplitude outside of the critical
ion provides energy to the cyclone intensification. The problem

)| roximation for propagation of small-amplitude vortex waves:

2. .u]v v-lyd (| +5 ) — 0, where yir..1) is the wave streamfunction,

and §(r)/r - Q(r) = (1 —ar’).a > 0. is the mean angular velocity.
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High-speed solar wind streams
from coronal holes generate compression
regions, called co-rotating interaction
regions (CIRs), as the fast stream overtakes
slow solar wind. Time series of hourly
averages of solar wind plasma parameters,
including the velocity V, the interplanetary
magnetic field (IMF) magnitude B, the

Rapid intensification (RI) of tropical cyclones is defined as the maximum sustained
wind (MSW) increase of at least 30 kt (15.4 m/s) in a 24-h period. The results of the SPE analysis of
solar wind plasma parameters keyed to a given maximum Rl are shown. The maps show the “best
tracks” of tropical cyclones and the altltude adjusted corrected geomagnetic (AACGM) Iatltudes [3]
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Solar wind coupling to the magnetosphere-
ionosphere-atmosphere (MIA) system generates
atmospheric gravity waves (AGWs) that impact
troposphere and may provide a lift of unstable
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standard deviation o,, of the IMF B, and N"l’"’_ West ¥ air to release instabilities in the troposphere and
proton density n, are used in the Atlant@ . Pacific to initiate/trigger convection to form cloud and
Hurricanes s | Typhoons

precipitation bands [20,21,22].

superposed-epoch (SPE) analysis keyed to
times of rapid intensification of tropical

cyclones [3]. 2017/09/08
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6 and geostrophic momentum Mg in the x-z
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Humcane Katia (2017) Images extracted
from the animation using the GOES-16 Clean
Window (10.3 um) Channel show a series of four
convective bursts with period of ~30 min.

= Solar wind Alfvén waves or pressure

: pulses modulate ionospheric convection,
w Which is a source of gravity waves.

™ Ray tracing of gravity wave energy using
lispersion relation by Hines (1960) [23]

AGWS/TIDS: (top) source region of AGWs/TiDs: lonospheric currents detected as
fluictuations of the X-comp magnetic field. (middle) Mean differential TEC (dTEC); (bottom)
Keogram of dTEC showing meridional propagation of TIDs for European sector. MSTIDs with a
period of ~30 min propagated equatorward from the source region (dashed line) [19].

Airborne radar
reflectivity (black
line) averaged
 within the white

circle that
included CBs in
the hurricane Ivan
eyewall.
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g are the ratio of specific heats, speed of sound,
and acceleration due to gravity,

k,and k, are the components of the wave vector k.

Brunt-Vaisala (buoyancy) frequency w, i defined as
wg?=(y-1)g?/ C+(g/ C) (dC*/ d2)

Ray tracmg OfAGWS‘
Ray paths for gravity waves
with period (a) 40 min (b) 20
min and (c) 60 min in the
MSIS90 model atmosphere.
The neutral temperature Ty
height profiles for each ray are
superposed. Ty for the first
down leg path is shown in red
dotted line. [3]
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Modeling vortex waves
in a tropical cyclone. The waves are
forced by oscillation at the eye-wall
(red circle in the center). Waves are
absorbed at the critical layer (radius)
with the phase shift and decreasing of
the amplitude. The stream function
positive values are coded in red-
orange color. The orange arcs (spiral
sleeves) beyond the critical radius
represent the outward propagating
spiral bands of the hurricane [18].

Hurricane Ivan (2004):
NOAA/HRD WP-3D lower-fuselage
radar reflectivity single sweep
showing a convective burst and
secondary eyewall on Sept. 9, 2004.
(http://www.aoml.noaa.gov/hrd/Sto
rm_pages/ivan2004/radar.html).
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Convective bursts and Rl of TCs The spe
analysis of (a) solar wind plasma parameters and (b) SLP and
Rl keyed to the maximum intensification (R = 20+ kt) of
tropical cyclones associated with CBs. The occurrence
distributions of major HSSs/CIRs (light blue) and ICMEs
(orange) are shown [3].

NOAA/HRD WP-3D lower-fuselage
radar reflectivity obtained on
September 13. One of a series of
convective bursts (CBs) in the eyewall
of hurricane Ivan is shown.

‘Thermospheric gravity waves: Observations
and interpretation using the transfer function
model [5].
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Conclusions Rapid intensifications of tropical cyclones tend to follow arrivals of high-speed solar wind from coronal holes
or coronal mass ejections. Solar wind coupling to the magnetosphere-ionosphere-atmosphere generates atmospheric gravity
waves in the lower thermosphere at high latitudes that can reach troposphere. It is suggested that they can trigger/release
instabilities, moist symmetric instability in particular, and initiate convection bursts leading to outward-propagating spiral rain EI ]
bands that have been described as vortex Rossby waves and play a role in the intensification of tropical cyclones. Adurde = ke Priod =700
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Rapid intensification of typhoons
Nock-Ten, Muifa*, Mertok

JU| 24 - Aug 24 2011  vEAR: 2011 MONTH: 7 TC MSW (ki) & RI (kt/24h) 1
: 100
JTWC best track data -
_ DD[B—5U‘
[Wpi0 O wWRYT N e Ry T e g
Hock—Ten Muifa Mertolk Hanmadal
&O0 - V (km/s) - =50
l |B] {x20 nT) [ Ds
np (x20 em )1 [ (0T)
T (x20 nT) 5o
BOD Frmermngiis s onmrme T P M g R =
. ' L—50
L— 100
400 - -
_ } | OMNI solar wind |
200 - | l | . data }J -
NN /N | | SN Bt et
0 ""‘*f.\'& AR G/l Ty e “-'*-Jn Bt wu"& P"*- ' m—MﬂW hn-";.r.w "‘W’-
24 23 26 27 2B 29 30 31 1 2 190 11 12 1% 14 19 16 17 18 19 20 21 22 23
I}r—Augusi 201
. IC|VI Es

- ;‘D2991 | EGU2020-1436 Characteristics of the Concentric Eyewall Structure of

. Super Typhoon Muifa during Its Formation and Replacement Processes I



https://meetingorganizer.copernicus.org/EGU2020/EGU2020-1436.html

Rapid intensification of typhoons
Banyan, Hato*,

Aug 7—-5ep 6, 2017 vear 2007 monTH: B TC MSW (ki) & RI (ki/24h) o
JTWC best track data E -
% Eo1 R
e o A o -_5|:|-
* h B + L - iﬂ
RO = — 50
| st
()
] =
BOD o -t e T : i e LT D\ T TR e g
1 ! ! . - 50
100
400 OMNI solar i
] wind data ! ; I
i ! || | L
200 - .".. |l f' A M i 1 _
bt DLt LS WS SRR A
O _fd g s il v-‘b'l "'h ""f' qm it 'V’" i H T '. Bl "““"-n-ﬂ"l '”‘.u.,-A. ittt *‘\.a""\ i ».;v """" "’"l" S I'Mr"\rw 'u"“""'ll ""'w"‘ "‘H-“ ""W iy
8 85 10 11 12 13 14 15 16 l? 18 189 20 M0 22 23 24 25 26 27 28 29 %3 31 1 2 X 4 5 B
- | AuguleEb&r 2017

&j *D2996 | EGU2020-3788 Sensitivity of precipitation and structure of Typhoon

.‘ Hato to bulk and explicit spectral bin microphysics schemes I




Rapid intensification of typhoons
Tembin®*, Balayen,

800 V {km/s)
Eol
) olayen IB| (x20 nTJ | Dst
ne (x20 cm ) - (nT)
l l e, (x20 nT) P o0
800 - | I T R . e N . - . £ S
] "’ 50
1 =100
4 1
400 I =

f OMNII solar
jft wind data

|
4

;'é i L‘\ o '*- l' :
o LIRSt i S gl

200

18, 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5
- Aul;@ Eember 2012
\Qm R

v
‘, *D3003 | EGU2020-12173 Effect of SST gradient caused by Typhoon-Generated

I‘ Cold Wake on the Subsequent Typhoon Tembin in models of varying resolutions I

& 7 &8 9 10 11 12 13 14 153 18 17



https://meetingorganizer.copernicus.org/EGU2020/EGU2020-12173.html

Rapid intensification of typhoons
Manghut*, Trami,

Sep 6 - Oct 5&32\18 YEAR: 2018 MONTH: 9 TC MSW (ki) & RI (ki/24h)
L L 1 L L i Lrpd L L 1 L L L 1 L L 1 L L L 1 1 L Q <> L 1 [ 15{]
i " JTWC best ' S |
&Q >, O(} 100
] e “o, track data 5 '

| s
8007 ¥ (km/s)
|B| (x20 nT) [ Dst
1 " éxiﬂ em ) )
].gm (20 1) | o
800 oo e s g et b L N o
: i ‘ | :-mu
400 J\{#\Mh ‘II .’I L
1] J[ OMNI solar wind :l I’t\‘: | J v i-fﬁ
200] | | data ! '.,l l, AN Nk

ﬁ ! L i
M '|r|'J “ .'.l. i } h I U_

i J‘- ..,f .'r # &# Lot ‘ i A i..,.l ) I [
0 "ﬁ..aU-h L '-'_._.)' : 'P’ 'J"""""M"‘ .,.s\..J 1""v""%r»“m:''4I'i._,..--...Jt-nq.,-..,a"""‘if“"ﬂ !.‘\.4.\.--1.\\#' il MJMML%“*‘L,JJM"' m!\.-

S?E91EI1I12131415151?18192{1‘21EEEEZ4ZSEEETEBZQSD12345

- Sepl e qhet=elfabidr
\q‘" ~ —

} -
&, *D3020 | EGU2020-13044 Satellite Microwave TC Warm-core Retrieval for a 4D-Var Vortex

. Initialization Using a Nonhydrostatic Axisymmetric Model ... (typhoon Manghut discussed)



https://meetingorganizer.copernicus.org/EGU2020/EGU2020-13044.html

