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Abstract

Two series of systematic parameter experiments using a three dimensional
non-hydrostatic model are performed to investigate the effect of environmental
wind shear on the genesis and downward development of vortex induced by the
cooling associated with the evaporation of rain drops below stratiform cloud.
The first series of the experiments, referred to as “dry experiments”, the effect of
evaporation is represented as a localized cooling in a cylindrical region of various
radius and strength in the model. The variable parameters are magnitude of ver-
tical shear, radius and strength of the cooling. Total of 45 systematic parameter
experiments are performed. In the second series of the experiments, referred to
as “moist experiments”, the effect of evaporation is calculated explicitly with the
specified mid-tropospheric distribution of precipitation. The variable parameters
are magnitude of vertical shear, radius and strength of the stratiform rain. Total
of 27 systematic parameter experiments are performed.

In the dry experiments without vertical wind shear, a cyclonic vortex is devel-
oped by the stretching of planetary vorticity at the top of the cooling. The vortex
is elongated to the ground surface by downward advection. In weak shear exper-
iments, the vortex is slantingly elongated to the ground surface because sheared
wind advects the vortex horizontally. In strong shear experiments, the vortex
developed at the top of the cooling region is advected downward with large tilt.

Moreover, on the way to the ground, the vortex advected away from the cooing



region, and no further downward extension occurs thereafter. The results of the
parameter experiments show that the significance of vertical wind shear can be
scaled by a non-dimensional number ST which is defined by vertical wind shear,
cooling rate and radius of cooling region. When ST exceeds 3, it is shown that
the vortex cannot elongate to the ground.

In the moist experiments, temporal and spatial variations of cooling induced
by evaporation of stratiform precipitation are observed. The cooling is stronger at
the edge of the shower region than at the center in experiments without shear. In
the experiments with shear, the cooling at up-wind side is stronger and elongated
to lower levels than the cooling at down-wind side. The strong cooling region
descents with time as the air in the upper portion becomes mostly saturated.
In experiments with halved rain intensity, however, the cooling does not occur
in the levels near the ground surface. In spite of the existence of spatial and
temporal inhomogeneity of the cooling, general characteristics of the evolution of
vortex is qualitatively similar to that of the dry experiments. The results of the
moist experiments show that the vortex cannot reach the ground surface when
ST estimated using spatially and temporally averaged cooling rate in each case

exceeds 3, which is in fairly good agreement with that in the dry experiments.
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1 GENERAL INTRODUCTION 4

1 General introduction

1.1 Role of vertical wind shear during TC genesis

Tropical cyclones (TCs) are vortical storms with the radius of O(100-1000km)
which form on the tropical ocean. In each year, roughly 80 TCs are formed on
the globe (Emanuel 2003). For a variety of reasons, genesis has remained as one
of the least understood stages of the TC’s life-cycle. The most fundamental dif-
ficulty is the shortage of conventional observations over oceanic regions on which
TCs form (WMO 2006). On the other hand, the climatological large-scale con-
dition favorable for TC genesis has been well known as a combination of dynam-
ical and thermodynamic factors (Gray 1968). This includes warm ocean surface
temperature (> 26°C), potentially unstable moist-lapse rate that allows deep
convection, small vertical shear of the tropospheric horizontal wind, low-level cy-
clonic vorticity, moist mid-troposphere, and sufficiently large Coriolis parameter
(or large-scale absolute vorticity; Chang et al. 2003).

It is widely accepted that tropical cyclogenesis do not occur in region where
vertical wind shear is large. Widely accepted explanation for the fact is that
vortex is blown off by the vertical sheared environmental flow (e.g. Gray 1968;
McBride and Zehr 1981). If vertical wind shear has only detrimental effects for
tropical cyclogenesis, genesis may occur only in environment where vertical shear
is nearly zero. Indeed, Gray (1968) recognized that small vertical shear (i.e., <
10-15 m s~ between 200 hPa and 850 hPa) environment is favorable for genesis.

McBride and Zehr (1981) shows that vertical wind shear at incipient vortex center
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is nearly zero at the time of genesis.

On the other hand, Jones (1995, 2000a, b) found that the vortex has a mech-
anism to oppose the destructive effects of vertical shear. She argued that com-
bination of the flow associated with large-scale asymmetric PV anomaly at radii
larger than radius of maximum wind and the flow induced by vertical projection
of the tilted PV anomaly play a crucial role in counteracting the effect of vertical
shear. Reasor et al. (2004) found that, when inverse time scale of the advection
shearing apart the vortex is shorter than the frequency of precession induced by
vertically projected PV anomaly, the vortex can resist the destructive effect of
vertical shear and the vortex can be in the steady state with downshear-left tilt
after the damp of vortex Rossby waves.

Moreover, in recent years, some authors have suggested that small, but non
zero vertical shear is favorable for cyclogenesis. Bracken and Bosalt (2000) found
that mean shear between 900 hPa and 200 hPa was 10.5 m s~* and standard de-
viation of shear was 4.8 m s~! at the time of genesis in Atlantic region. Through
the diagnosis using the quasi geostrophic w equation, they pointed out that large
scale ascent conducive to genesis is presented in the vertically sheared environ-
mental flow region. Montgomery and Farrell (1993) argued that vertical shear
was required to couple the disturbances at lower and upper levels. Molinari et
al. (2004) who analyzed ignition stage of Hurricane Danny (1997) found that
convection in down shear side was active and that down shear vortex spin-up was
occurred.

The relationship between vertical wind shear and TC genesis has been also
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studied from the viewpoint of climate variation or climate change. For example,
Camargo et al. (2006) compare Emanuel and Nolan’s (2004) genesis potential
index which computed using monthly data obtained from the NCEP/NCAR re-
analysis with the same index which computed using data from three atmospheric
general circulation models (AGCMs) forced by observed SST. They found that
AGCMs can reproduce the ENSO response; genesis potential index anomalies ap-
pear in ENSO year, and that anomalies appearing in Atlantic and eastern North
Pacific result from intensity change of vertical wind shear in ENSO years. Latif
et al. (2007), who investigated the possible link between TCs activity in North
Atlantic region and global warming, show that TC activity in the North Atlantic
is modulated by vertical wind shear over the North Atlantic which is controlled
the temperature difference between the tropical North Atlantic and the tropical
Indian and Pacific Oceans. As discussed above, influence of vertical shear on

tropical cyclogenesis remains very much under debate.

1.2 Incipient vortex formation as a major issue in the
tropical cyclogenesis

Observations show that the TCs form in the presence of mesoscale convec-
tive systems (MCSs) in tropical disturbances, such as easterly waves (e.g., Gray
1968, 1998; Cotton and Anthes 1989; Raymond et al. 1998). Therefore cumulus
convection is believed to be an essential ingredient in the TC formation process.

Ooyama (1964) and Charney and Eliassen (1964) hypothesized that, in condi-

tionally unstable atmosphere, cumulus convection cooperates with the large scale
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vortex in a positive feedback process; this idea was later coined the conditional
instability of the second kind, or “CISK”. The CISK hypothesizes only convec-
tive available potential energy (CAPE) in the ambient atmosphere as a energy
reservoir of TC. However sea surface exchanges of heat and moisture plays im-
portant role in the stage of TC genesis. Indeed, Riehl (1954) estimated that
ambient CAPE contributes no more than 15 hPa pressure drop. In Ooyama’s
(1969) simulation, only a weak vortex occurred when sea surface flux turned
off. Rotunno and Emanuel (1987) demonstrated another feedback process, called
wind-induced surface heat exchange, or “WISHE” | that tropical storm can inten-
sify itself enhancing sea surface energy flux by vortical wind even in mostly no
CAPE atmosphere.

It is worth noting that, as some authors (e.g. Montgomery and Farrell 1993;
Hendricks et al. 2004) pointed out recently, neither the CISK nor WISHE theories
are appropriate descriptions of TC genesis process. Both of them assume that
low-level concentrate rotational system (i.e., incipient tropical cyclone) already
exists from the beginning; it is implicitly assumed that the transformation from
tropical disturbance to incipient tropical cyclone has been already finished. How
weak-amplitude tropical disturbances are transformed into a surface vortex of
sufficient strength that can then intensify via CISK or WISHE process remains

as a major unsolved problem in TC genesis.
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1.3 Bottom-up and top-down scenarios

Recently, increased satellite sensors, improved analysis techniques of remotely-
sensed data and increased power of computers have provided better representa-
tion of the TC formation process and have led to two primary scenarios for
organization of a precursor tropical disturbance into a surface vortex of sufficient
strength. One scenario is referred as “bottom-up” (Montgomery and Enagonio
1998; Hendricks et al. 2004; Montgomery et al. 2006) and another is referred as
“top-down” (Ritchie and Holland 1997; Bister and Emanuel 1997, hereafter BE).
In the bottom-up scenario, pre-existing low-level cyclonic vorticity is intensified
through convergence and stretching associated with deep cumulus convection. In
MCSs associated with easterly waves or extratropical troughs which penetrate
into tropics, small-scale cores of towering cumulonimbus convection, or hot tow-
ers, are frequently observed to exists (e.g., Zehr 1992; Gray 1998). Simpson et al.
(1998) put forth the idea that the hot towers were a positive influence to TC gen-
esis via subsidence warming around them and the associated surface pressure fall
through the hydrostatic balance. Montgomery and Enagonio (1998) and Moller
and Montgomery (2000) demonstrated that low-level vortex merger and axisym-
metrization of small-scale diabatically generated cyclonic potential vorticity (PV)
anomalies could intensify a large-scale vortex on realistic time scales. Hendricks
et al. (2004) analyzed a numerical simulation of Hurricane Diana (1984) using
3-km horizontal grid spacing. Hendricks et al. (2004) suggested that convective

plumes forming intense vertical vorticity in their cores are the preferred convective
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structures. The simulated plumes forming in a environment with rich cyclonic
vorticity acted to generate multiple small-scale [O(10-30 km)] intense cyclonic vor-
tex tubes. As demonstrated by Reasor et al. (2004), these tubes have coherent
structure since they have vortex-Rossby elasticity. Hendricks et al. (2004) coined
the term vortical hot towers (VHTS) to describe these tubes. In the pre-Diana
environment, the generation of VHT's led to multiple mergers/axisymmetrization
of the VHTSs and corresponding upscale vorticity cascade to the tropical storm
scale. Montgomery et al. (2006) performed idealized numerical simulations by
introducing mesoscale convective vortex (MCV) embryo into the model. They
suggested that while the each VHT has short lifetime nature, the aggregate of
VHTSs mimic a quasi-steady heating rate on the cyclone-scale circulation. For the
cyclone-scale system to be kept in thermal wind balance, a thermodynamically
direct toroidal circulation with a thin outflow at the tropopause and a thick in-
flow extending from surface to upper troposphere is generated. This circulation
converges cyclonic vorticity of initial MCV and convective scale positive vorticity
patches generated by VHTSs.

In the top-down scenario, a precursor tropical disturbance may one or more
MCSs with an accompanying MCV induced by evaporation of stratiform pre-
cipitation. Ritche and Holland (1997) reported that merger of MCSs within
the original disturbance results in a more intense MCV that may eventually ex-
tend downward to increase the cyclonic vorticity at low levels. BE hypothesized
that vertical vorticity of MCV was advected via mesoscale subsidence associated

with evaporation of stratiform precipitation based on observation of Hurricane
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Guillermo (1992) genesis and they demonstrated the theory by using axisymmet-

ric model.
1.4 The focus of this thesis

In this thesis, I investigate the effect of environmental wind shear on the
top-down scenario proposed by BE. In particular, genesis of MCV induced by
evaporation of stratiform precipitation and its touchdown to the ground surface
are focused. Among several senarios on the genesis of incipient vortex for TC, the
mechanism proposed by BE is cleanest in the sense that it requires only stratiform
precipitation and the earth’s rotation; other mechanisms can be activated only
if a number of preconditioning are finished. On the other hand, the mechanism
proposed by BE may have its own weakness. As was speculated by BE them-
selves, the downward development of the vortex tube may be strongly affected
by environmental vertical shear. If the effect of the shear is very destructive, it
can not work at all in the real atmosphere where some degree of vertical shear
exists everywhere.

Two series of systematic parameter experiments using a three dimensional
non-hydrostatic model are performed. One of the series of experiments is named
dry experiments. In these experiments, a localized cylindrical cooling region
representing the effect of evaporation of stratiform precipitation is introduced to
the model. Intensity of cooling, radius of cooling region, and magnitude of vertical
wind shear are varied. Another series is named moist experiments. In these

experiments, stratiform precipitation from “shower head” is imposed. The effect
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of the evaporation is calculated explicitly in the model. Intensity of precipitation,
radius of shower head, and magnitude of vertical wind shear are varied.

The outline of this article is as follows. The detail description of numerical
model appears in section 2. Specification and results of dry/moist experiments
are presented in sections 3 and 4, respectively. A summary and recommendation

for future work are presented in section 5.
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2 Numerical model

2.1 The dynamics formulation

The dynamics formulation presented in Klemp and Wilhelmson (1978) is
mainly employed. The equation of state of moist atmosphere is conventionally
written as follows

p = pR4T (14 0.61q,), (1)

where p is the pressure, p the density of moist air, R4 the gas constant for the dry
air, T the temperature and ¢, the mixing ratio of water vapor. For convenience,

non-dimensional pressure II (a.k.a. Exner function) is derived from (1) as follows

I= (;)RM | )

Here pg is the basic state pressure at the ground and 6, the virtual potential
temperature defined by

0, = (14 0.61q,). (3)

The potential temperature # is then simply written in the form
T
0=—.
IT

The momentum equations are derived from the Navier-Stokes equations with
the aid of Eq. (1). The results on an f-plane in the Cartesian coordinates (z, ¥,

z) can be expressed in tensor form as

du; —
2100
dt O

d(m — aDiv)

0 _
. = 0|5~ 1+06La ~ @) — ¢ — ¢ | —epnfui

+ D, + Fepomoe 4 Fife, (4)
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The u; (i=1, 2, 3) are the velocity u, v, w, respectively, 7 is the deviation of
pressure from the initial unperturbed state I, and ¢, and ¢, are the mixing ratios
of cloud drops and rainwater, respectively. The f is the Coriolis parameter. Bars
over individual variables refer to the initial undisturbed state which is a function

of z only. The operator % denotes the substantial derivative given by

a=25x10""*(s),

and the term aDiv is introduced as an artificial damping for acoustic wave to
keep numerical stability (Skamarock and Klemp 1992). Terms denoted by D,,,
Fppenge and ij ¢ represent the subgrid turbulent mixing (see subsection 2.3), the
friction in the sponge layer (see subsection 2.4) and the drag force on the surface
(see subsection 2.5), respectively.

The prognostic equations for 6, q,, q., and ¢, can all be written in the form

d
d(f = My + Dy + FP"° + F7¢ + Fjed, (5)

where My refers to microphysical terms described in subsection 2.2 and Dy to
turbulence terms defined in subsection 2.3. The term F;"" and quf ¢ refer to
Newtonian damping in the sponge layer (see subsection 2.4) and surface flux (see

subsection 2.5), respectively. In the dry experiments, all water substance term
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set to be zero and thermodynamic equation is modified in the form

d
= Do+ E + B+ (6)

where the C' represents cooling by the evaporation of stratiform precipitation,
whose detail will be described next section. The term F qfad refers to radiative

cooling defined by
(6 —9)

Tr

rad —
F¢ = —

, (7)

where 7, = 12 hours (after Rotunno and Emanuel 1987) which is only added to
0 equation in moist simulation.
The continuity equation for compressible atmosphere can be written in the

form

op 0 B
x ij@uj) =0. (8)

By taking substantial derivative of Eq. (1) and using Eq. (8) and thermodynamic

equation, the pressure equation is obtained in the form

o 2 0, —
a7 017570723755] (/)Qvuj) =[x, (9)

N or  Rgm du N 2 db,
o ¢, Ox; 0% dt

J

+ Dy, (10)

where ¢ is the speed of acoustic wave given by ¢? = cpR4l10,/c,. In the model,
fr is set to be zero. This specification causes negligible difference on the pressure

fields (Klemp and Wilhelmson 1978).

2.2 Formulation of cloud microphysics

The cloud microphysical processes represented by My in Eq. (5) are given by

dUS
Ma=7<§t +Er>, (11)
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_dqys

M, = E,., 12
qu dt + ( )
dqus
= — — A, —-C,, 13
dc dt ( )
M, _1o PVae)—E+ A +C (14)
qr — ﬁ@z p QT r T T

Here v = L/(c,II), L is the latent heat of vaporization, g, represents the satu-

dqus

o= refers to the rate of condensation or evaporation of

ration mixing ratio, and

cloud water g.. The terms A,, C, and E, represent the rates of autoconversion,
collection and evaporation of rain, respectively, and V' is the terminal velocity of

the rain water.

dqus

2= term are governed by

Condensation and evaporation represented by the

the thermodynamic equation

ﬁJr dqy
a7

= Dy +D,,. (15)

Tetens’ formula is employed to determine the saturation vapor pressure. The

formula is in the form

(16)

380 116 — 273
g —36 |-

Qus = —exp | 17.27T—=
p

In the moist experiments, significant pressure drops associated with developed
vortices are observed in the later time period. To express the evolution of hurri-
cane strength vortices accurately, the pressure p, which is replaced by basic state
pressure p in Klemp and Wilhelmson (1978), is employed in this study. Eqs.(15)
and (16) are sufficient to uniquely determine # and ¢, in a saturated region in

which supersaturation is not permitted. Summing the ¢, and g. equations results
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in

d
=Dy, + Dy + (B, = A, = C), (7

and thus ¢, = ¢, + q. is a conservative variable in the absence of rain processes
and turbulent mixing.

Autoconversion (A,) and accretion (C,) rates are determined using warm
rain parameterization (Kessler 1969), where C, is based on a Marshall-Palmer

distribution for ¢,. These rates are defined by
A = ki(ge — a), (18)

Cr = kQch0.875 (19)

where k; = 0.001 s7!, a = 0.001 kg kg™! and ky = 2.2 s7! (Soong and Ogura
1973). The evaporation of rain is calculated using a rate equation similar to that

described by Ogura and Takahashi (1971), i.e.,

o _ 100 (1= gu/9,)C(0.0017g,)***

r , 20
p 5.4 x10% 4+ 2.55 x 108/(Dqys) (20)

where C' is the ventilation factor given by
C = 1.6 + 124.9(pg, )*2*°. (21)

The first term on the RHS of Eq. (14) represents the vertical flux of rainwater.
The expression for the terminal fall velocity V is similar to that given by Soong
and Ogura (1973) but is adjusted for mean density variations as suggested by

Kessler (1969) and commented on by Beard (1977):

=

vzsaww%WBM(?), (22

where pg is the basic state density at the ground.
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2.3 Subgrid turbulence parameterization

Subgrid turbulence parameterization, the closure linking the resolved scales
and the unresolved subgrid-scale, is desired to make a simulation successfully.
In this study, 1.5 order turbulent kinetic energy (TKE) scheme and Smagorinsky
scheme are employed for moist and dry simulation, respectively. The Smagorinsky
scheme is a special case of the TKE scheme.

The general approach taken in TKE scheme is to close the subgrid transports
using mixing length theory on conservative variables. In unsaturated motion 6
and ¢, are conserved. In saturated motion ¢ = ¢, + ¢. is conserved ignoring
rain process, while Eq. (15) governs conservation in the thermodynamic process.
Based on these considerations, the expressions for Dy = Dy, D,,, D, and D,

can be approximated for both unsaturated and saturated motion as
0 /—— 0 0
Dy =—-— (uff) ~ 5 <Kh¢> : (23)

where K}, is an eddy mixing coefficient to be defined later. Here, primed variables
refer to deviations from the grid volume average and overbars denote an average
taken throughout the grid volume. Hereafter, unprimed variables represent grid
volume averages and thus their overbars are omitted to avoid confusion with those
used for the undisturbed initial state variables.

At first glance, it may not be evident that these expressions provide closure on
conservative quantities when the air is saturated. However, as discussed above,

the moist processes are governed by Egs. (15)-(17) and consequently, the closures
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denoted in Eq. (23) imply a closure for Eq. (15) given by

Dy + Dy, = aa (thz) thvfﬁ ;Z [ln (kh(ﬁZZ)] (24)
and for Eq. (17) by
D+ Dy = - (152, (25)
The subgrid momentum terms are given by
D,, = 8i] (u u ) (26)
where
%%:fm(§“+gﬁ+2%E (27)

Here K,, is the momentum eddy mixing coefficient and E is the subgrid-scale
kinetic energy given by
1—2

=) (28)

In deriving these expressions, motion on the subgrid scale is assumed to be in-
compressible which is a good approximation for motion at scales smaller than
the grid interval. The remaining mixing term D, is set to be zero since it has
virtually no influence on the solutions.

It now remains to determine F, K,, and K;. The turbulence energy F is

represented by a prognostic equation of the form

dE o' Ou; 0 0F 2
e / — wal * R — m 3 2
kL (9 +0.61¢), qc> upu; oz, + oz, (K 8x]> (C/VES,  (29)

where [ is the mixing length which is set to Az in this study and £ > 0 is enforced.

All the subgrid terms have been defined except for the vertical buoyancy flux
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in saturated motion. This term can be expressed as a function of the nearly
conservative variables 6, and ¢, and then closed using mixing length theory.
This is accomplished by relating the saturation mixing ratio and 6 through the

Clausius-Clapeyron equation which yields

cLig,
07
R,T0 (30)

P
Uqy =

where € = 0.622. Employing the definition of the 6., Eq. (30) becomes

el?q, !
CdeT2 '

T — (1 +

Coupling these expressions with Eq. (3) and closing on 6, and ¢ yields

0z 0z’

1 1 + 1.61eLq,
A:9{15%1' (33)

+ cpRyT?

o' a0, 0
w’ (0 + 0.61(]{} — qé) = —AKhi + f(hﬂ (32)

Once E is known, K,, can be determined on dimensional grounds using
Ky = CnE2l. (34)

Following Deardorff (1975), the coefficients are defined by C,, = C. = 0.2. K, is
then related to K, by a proportionality constant, i.e., K;, = 3K,,. The factor of
3 was used in Deardorff (1972).

To increase coding efficiency the subgrid-scale kinetic energy equation (29) is
actually written in terms of K,,. Using Eq. (34) and assuming that [ is constant,

Eq. (29) is rewritten in the form

dK,, CAP
dt 2K,

(35)

Bt 1(32}(31 PK2 aZKzn> C.K2
2

Ox? + Oy? * 022 ) 20,12
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B denotes the buoyancy term and its evaluation depends on whether or not the

air is saturated (¢. > 0). When ¢. = 0,

K;, 00
B=—-—g——
and when ¢, > 0
696 aQZ
B =—gAK K

where A represents the term defined in Eq. (33).

In Eq. (35), S represents the shear term and approximated by

— Ou;
S = —uu .
alﬂj

ou\’ ov\” ow\”
- Km{2 () + () *(az”
oxr Oy oxr 0Oz oy 0z '

Smagorinsky’s (1963) first order scheme usually defines K, as

Ky = Cil[max(|Def|> — N?/Pr,0)]2 (39)

where Cf is empirical constant and takes a value of 0.21 after Deardorff (1972), N
is Brunt Vaisélld frequency defined as B/ K}, P, is the turbulent Prandtl number
and is usually a constant having a value between 1/3 and 1, Def? is squared
magnitude of deformation defined as B/K,, — 2(Div)?. In dry simulation, K,

dKm

is obtained by setting “z» and diffusion and dissipation term in Eq. (35) to be

zero for re-usability of the code.
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2.4 Sponge layer

In order to absorb upward propagating wave disturbances and to eliminate
spurious wave reflection at the top boundary, an artificial damping is added in a
layer near the top boundary. The terms F*7°"9¢ in Eqgs. (4) and (5) is defined as

follow

FoPom9® = —Rp(2)(¢ — ), (40)

where Rp is the vertical profile of the inverse damping time scale and ¢ is u, v,

w, 0 or a water substance.

The profile of Rp has the form

0 for z < zp
fip = { L 222D for 2 > zp, (41)

TD 2T —Z2D
where zp is the height of the bottom of the damping layer and zy the height of

the model top boundary. 7p is the e-folding time scale of damping at z = zp.
2.5 Surface flux parameterization

The surface fluxes enter the model as the lower boundary conditions for the
momentum stresses (F*/¢ in Eqgs. (4) for u, v), turbulent heat flux (F*/¢ in Eq.
(5) for 6), and turbulent moisture flux (F*/¢ in Eq. (5) for ¢,) at the ground
surface.

The surface momentum fluxes are defined as

Ssjc __ 1 p(zzo)
R = CAz/2p(z = Az)2)

sJjc __ 1 ﬁ(zzo)
B = CAz/2p(z = Az/2)

CpV (u— 1), (42)

CpV, (43)
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where u and v are the horizontal velocity components evaluated at the lowest

grid level above the ground surface and
V=y/(u—1u)?+v2 (44)

is the wind speed at the same level. The reason for subtracting @ from u will
appear in section 4.2.2.
The drag coefficient Cp = 1.5 x 1073 is used.

The surface sensible heat flux is defined as

1 p(z=0)
Az/2p(z = Az/2)

Fple = CpV(0(z=0)—0(z = 0)), (45)

where 6(z = 0) is obtained by linear extrapolation. The moisture flux at the

surface is

e 1 p(z=0) N (s —
Fgf = _Az/Qp(z — AZ/2)CDV(QU(Z - O) - st('z - O))7 (46)

where ¢,(z = 0) is calculated by using extrapolated 6 and .

The procedure for obtaining a numerical solution of the finite-difference ana-
logues to the model equation is similar to Klemp and Wilhelmson (1978). The
horizontal advection terms are approximated with forth-order finite differences,
and the vertical advection terms are approximated with second-order finite dif-
ferences. For water substances and TKE, MPDCD scheme (Lafore et al. 1998) is
used to avoid negative values. In this study, horizontal domain size of 1500 km is
used in both directions, 2z of 15 km (dry simulation) or 30 km (moist simulation)
is used. The horizontal grid space Az = Ay = 10 km and the vertical grid space

Az =500 m are used. The starting level of sponge layer zp is set to be 12.5 km
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(dry simulation) or 25 km (moist simulation). For time integration, Klemp and
Wilhelmson’s (1978) time-splitting technique is employed. The large time step of

At = 30 s (dry simulation) or At = 10 s (moist simulation) is used.
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3 Dry experiments

3.1 Introduction

It is widely accepted that tropical cyclogenesis require a finite amplitude incip-
ient vortex near sea surface level which can initiate CISK (Ooyama 1964; Charney
and Eliassen 1964) or WISHE (Rotunno and Emanuel 1987). BE observed that
such an incipient vortex was formed through following steps: (1) development of
stratiform region in later stage of life cycle of tropical cloud cluster (Fig. 1a), (2)
atmosphere under stratiform cloud was cooled by evaporation of raindrops (Fig.
1b). (3) Mesoscale convective vortex (MCV) was developed at the middle level
of troposphere (Fig. 1c), (4) MCV elongated toward the ground and that the
vortex developed into Hurricane Guillermo (1991) (Figs. 1d and e). They, fur-
ther, speculated that aforementioned mechanism is fragile to vertical wind shear
by thought experiment.

A systematic parameter experiments using a three dimensional non-hydrostatic
model are performed to investigate the effect of environmental vertical wind shear
on the genesis and downward development of vortex induced by evaporational
cooling. In this section, to investigate the condition for vortex elongation toward
the ground surface and to reveal the mechanism which determine the condition of
vortex elongation, total of 45 systematic parameter experiments are performed.
The variable parameters are magnitude of vertical shear, radius and strength of
cooling.

The outline of this section is as follows. Subsection 3.2 explains detail of series
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of numerical experiments. Subsection 3.3 shows structure of vortices induced by
the cooling. The condition in successful elongation of mid-level vortices to the
ground is discussed and non-dimensional number S which indicates the amount
of influence of vertical shear is introduced in section 3.4. Subsection 3.5 shows

conclusion.
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3.2 Specification of the dry experiments
3.2.1 Initial profiles of temperature and wind

The temperature is set to be 300 K at the ground. The lapse rate for the
initial state of the model is set to be 6.5 K km™! up to 10 km height from the
ground. At layers higher than 10 km, temperature is set to be 235 K. Linearly

sheared westerly wind

_— {Um(z/H) (z < H)
U7.5 (ZZH)a

where H = 7.5 km is introduced into the model (Fig. 2). Uzs of 0, 3, 6 or 9
m s~ ! is used in each experiment. In the present model, meridional potential
temperature gradient balancing the prescribed vertical shear is not considered.
No significant differences are observed between the model run with and with-

out temperature advection term in the thermodynamic equation responsible for

temperature gradient balanced to shear.

3.2.2 Specification of eveporational cooling effect of stratiform pre-
cipitation

The term C' in Eq. (6) represents the effect of the cooling by evaporation
of raindrops from a stratiform cloud. In dry experiments, a localized cylindrical
region with 5 km height is cooled. The translation velocity of the stratiform cloud
is assumed to be same as the initial wind speed at 5 km height (Fig. 2). The
term C'is given as a function of distance from center of the cylindrical region r
and height z

C(r,z) = ————=Cy, (47)
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where p represents dry air density of the basic state and Cj is a parameter dis-

cussed later and

1 (r <rp)
R = { =8 (ro<r<mn)
0 (r1 <)
7 _ 1 (z < 5km)
1 0 (2> 5km).

The stratiform precipitation region observed by BE had radius of ~100 km (see
their rader images, Figs. 4a and 5a). I examine three cases 50, 100 or 200 km for
ro, and r; = rg + 40 km.

The cooling rate by evaporation under stratiform cloud varies widely (e.g.,
4.8-144 K day~!; Leary and Houze 1979). Hence some Cj should be examined.
BE employed 0.1425 g kg=! as fixed rain water mixing ratio in their numerical
experiments. The mixing ratio has 25 % larger value than that deduced from
their rader observation. Assuming that terminal velocity of raindrops is 5 m s™!,
this water mixing ratio corresponds to precipitation rate of 6.2 cm day~!. Houze
(1989, Fig. 23) shows that cooling rate in the stratiform precipitation region can
be estimated to be about (3 K day™')/(1.4 em day~!). Therefore the stratiform
precipitation region observed by BE results in the cooling rate of about 10 K
day~!. According to Johnson et al. (2002) who simulated tropical convection
system observed in TOGA COARE (Webster and Lukas 1992) by using a cloud
resolving model, the cooling rate under the melting layer of stratiform system is
5-10 K day~!. In this study, cooling rate Cj of 5, 10 or 20 K day~! is employed.

BE concluded that, for a significant incipient vortex to be formed, stratiform

precipitation should last longer than the positive potential vorticity (PV) anomaly
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dominates at the surface in the precipitation region. In their study, precipitation
duration time of 36 hours are required. In each of the experiment, for simplicity,
the cooling rate is assumed to be independent of time during whole integration
time (100 hours). One might claim that evaporational cooling does not last 100
hours in nature. As you can see in later section, however, in experiments with
realistic cooling rate (e.g., 10 K day™!), the vortex can extend to the ground in
less than 40 hours, which is nearly same time required precipitation duration time
by BE.

In summary, total number of 45 systematic parameter experiments are per-
formed in this study. The parameter variables are Cy, ro, and Uz 5. Hereafter, for
example, the experiment in which parameters Cy = 10 K day™!, o = 100 km,

and Ur5 = 3 m s ! are used is named as C10R100S3.
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3.3 Structure of vortex induced by cooling.

In this section, time evolution of the vortex is presented by mainly focusing
onto vorticity. To understand the evolution of the vortex, budget analyses are

performed. The vorticity tendency equation can be written as follows

oC_ 000 0o v owin_owow
o~ "ar oy Vo, UHOG T T ey e e T D

(48)
the first and the second terms on the RHS represent horizontal advection, the
third term represents vertical advection, the fourth term is the generation term
by stretching, and fifth and sixth terms are the generation rate by tilting of x-

component and y-component of vorticity vector, respectively. The last term of

RHS represents the effect of friction or diffusion.

3.3.1 No shear Experiments

Figure 3 shows the time evolution of the vorticity and its generation terms on
the vertical plane at y = 750 km, the center of cooling region, in the experiment
C10R100S0. As shown in Figs. 3a-c, at first, positive vorticity appears at the top
of the cooling, and it extends downward. The vorticity is produced at the top of
the cooling by stretching (Figs. 3d-f) and the vorticity produced at the top of
the cooling is advected downward (Figs. 3g-i).

Figure 4 shows time evolution of vorticity at z = 750 m in the experiment
C10R100S0. At first, negative vorticity surround the positive vorticity. The nega-
tive vorticity is produced at the edge of cooling region by the tilting of horizontal

component of the vorticity vector whose horizontal component directed to the
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center of the cooling region and accounted mostly by the increase of tangential
velocity with altitude inside the cooling region.

Lin cases of Cy = 5

Subsidence in the cooling region (not shown) is 1.5-2 cm s~
K day™!, 3-4 cm s™t in cases of Cy = 10 K day~! and 5-7 cm st in cases of Cy = 20
K day~!, supporting the common assumption for the tropical atmosphere that
cooling rate is proportionality relation to subsidence velocity. The temperature in
the cooling region decreases only 1-2 K except in lowest level in cases of Cy = 10
K day~!. This also suggests that the term C'in Eq. (6) is approximately balanced
to adiabatic heating in the cooling.

Elapsed time required for vortex to extend to the ground, defined here as the

! can be written at z =750 m,

time when a closed vorticity contour of 5x107° s~
are 18-24 hours in case of Cy = 20 K day~!, 35-43 hours in case of Cp = 10 K
day—!, 69-80 hours in case of Cy = 5 K day~!. These result show the elapsed time

before the vortex touchdown is approximately in inverse proportion to cooling

rate.

3.3.2 Experiments with vertical shear

Figure 5 shows evolution of vorticity at ¥y = 750 km for the experiments
C10R100S3, C10R100S6 and C10R100S9. As no shear cases, vorticity is produced
at the top of the cooling region and advected downward. The vortex tilt is larger
as the prescribed shear is larger. In particular, in the experiment C10R100S9
(lowest panel), vortex cannot reach the ground but blown off away from the

cooling region.
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Figure 6 shows time series of vorticity and wind vector relative to the trans-
lation velocity of the cooling at z = 750 m for the experiments C10R100S3,
C10R100S6 and C10R100S9. In contrasted to the no shear cases, negative vor-
ticity is mostly concentrated at the southern edge of cooling. In the experiments
with Uz of 3 and 6 m s! cases, the negative vorticity is winded by positive
vorticity with time. In the experiment C10R100S9, the positive vorticity maxi-
mum of 1 x 107% s7! is small in magnitude and lies outside of the cooling region.
The shape of positive vorticity distribution is largely elongated toward downshear
side!.

Figure 7 shows time mean (0-30 hours) vertical velocity and potential tem-
perature anomaly at altitude of 2250 m. The time mean downward velocity is
larger in the downshear side, and potential temperature in the downshear side
is warmer than opposite side. From hydrostatic relation, the asymmetry of the
thermal structure is consistent with the offset of the vorticity maximum or the
pressure minimum to the west in the lower altitude.

At 60 hour, azimuthal wave number 1 structures are dominant in potential
temperature and vertical velocity fields in the cooling region. The downshear
side is warmer and the upshear side is cooler (Fig. 8a). It is also observed that
an ascent exists in the southern side and a descent exists northern side of vortex

(Fig.8b). The vorticity maxima shifts to the downshear side in lower altitude

!Usually eastern side should be called as downshear side in westerly shear configuration.
However, in this article, western side is called as downshear side because the translate velocity
of cooling is assumed to be same as background flow speed at 5 km height. Therefore the parcels
start at the top of the cooling region, which posses positive vorticity, experience easterly shear
along with their downward motion.
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(Figs. 5 and 9).

The wave-number 1 structures of vortex are similar to the relationship among
vertical velocity, potential temperature deviation and the tilt of vortex observed
by Jones (1995). She interpreted the observed precession of the vortex as interac-
tion of lower and upper portion of vortex; upper (lower) vortex rotate anticlock-
wise around vortex center in mid-level due to upward (downward) projected lower
(upper) vortex. Figure 9 shows the time evolution of the vertical tilt of vorticity
maxima in the experiments C10R100S3, C10R100S6 and C10R100S9. In the dry
experiments with shear, no precession of vortices like those found in Jones (1995)
is observed. What is responsible for the difference between the results of Jones
(1995) and ours is that local penctration depth defined as (fipe(f + ¢))2L/N
(fioe = [ + 2vr/7, (: relative vorticity, vr: tangential velocity) (Hoskins et al.
1985) is much smaller than that in Jones (1995). In this study, local penetration
depthisonly 2.3 km (f =3x107°s !, L=100km, N> =10"%s72, ( =1x1074
s7! vp =10 m s7!, r = 50 km) but that of Jones’ is 14 km. Jones (1995) ini-
tialized her experiments by introducing a relatively strong upright vortex placed
in a vertically sheared flow environment. On the other hand, in the present ex-
periments, vortices are gradually built up with time in the sheared environment.
Moreover, vortices formed in the present model are not axisymmetric. This dif-
ference may be responsible for the weaker interaction between upper and lower

portion of vortex in the present study.
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3.3.3 Asymmetry of vorticity generation at the northern and southern
edges of the cooling region

Figure 10 shows time evolution of each term of vorticity equation calculated
for the experiment C10R100S6 at the southern edge of the cooling and z = 1250
m. We can observe that negative vorticity is continually produced from the
tilting of y-component of vorticity vector, most of which is composed of Z—Z. On
the other hand, Fig. 11 shows the same as Fig. 10 except for the northern edge
of the cooling region and 2=1750 m. In contrast to the southern edge, positive
vorticity is produced from the tilting of y-component vorticity. However this is
not persistent; after 23 hours, vorticity produced from the tilting of y-component
vorticity falls down to negative. At 30 hours, total tendency of vorticity changes
sign to negative.

Figure 12 shows vertical profile of zonal flow for the experiment C10R10056 at
the southern and northern edges and ¢ =20 hours. At the southern edge, westerly
shear is enhanced because the vortex descending from the top of the cooling has
stronger circulation in higher altitude. On the other hand, at the northern edge,
the flow accompanied by descending vortex weaken and even reverse the westerly
shear in the environmental flow. This explains the asymmetry of the vorticity
generations by tilting term at the northern and the southern edges of the cooling

region.
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3.4 Condition for vortex touchdown to the ground.

As noted in section 3.1, cyclonic vorticity on the ground surface are required
for TC genesis. In this section, condition for vortex touchdown to the ground is

discussed based on the results of the dry experiments.

3.4.1 Time evolution of vorticity near the ground surface level.

Figure 9 shows that the tilt of the vortex induced by cooling is larger when
the environmental shear is larger. In particular, in cases with U;5 = 9 m s7!,
the location of the vorticity maximum on z = 750 m surface is more than 100
km away from that on z = 1750 m, indicating that the vortex is blown off in the
lower level.

Figure 13 shows the time evolution of maximum values of vorticity on the
z = 750 m surface. Cases with U;5 =1 m s~! (Fig. 13b) are difficult to distin-
guish from the no shear cases. In cases with U;5 =3 m s~} (Fig. 13c) the effect
of the environmental shear becomes noticeable; in the experiment C5R50S3 little
increase of vorticity is observed. In the experiment C10R50S3, large decrease
in the maximum value of the vorticity is observed after the initial increase, al-
though the vorticity recovers afterwards. This behavior of vorticity maximum
value suggests that the existence of the vertical shear influences the vortex built-
up process by cooling. In cases of Uys = 6 m s™! (Fig. 13d), little increase in
vorticity is observed in the experiment C5R5086. In addition to case C10R50S6,

cases C10R100S6 and C20R50S6, are significantly affected by the shear; large

decreases in vorticity are observed after initial buildups. In cases of U;5 = 9
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m s~ ! (Fig. 13e), little increase in vorticity is observed in all cases of Cp = 5
K day~! (experiments C5R50S9, C5R100S9 and C5R200S9) and C10R50S9. In
experiment C10R100S9, vorticity decreases after the initial moderate increase.
Other cases exhibit large fluctuations of vorticity maximum value, but the vortex
seems to reach to the ground surface.

Table 3 summarizes whether the vortex extended to the ground or not. The
judgement for all dry experiments is performed based on the following criteria;
(1) the maximum value of vorticity on z=750 m surface reaches > 2 x 107* ™!

(Table 1), (2) vorticity is at least two times the value of the rate of the deformation

defined as follows

de formation = gu _0v 2_|_ %+@ ;
N ox Oy oy Ox )’

at the point of vorticity maximum (Figs. 14-18 and Table 2). The final judgement

is obtained from the logical multiplication (AND operation) of above results.
Figures 14 and 15 show the vorticity and ratio of deformation rate to vorticity
for experiments with no shear and 0 m shear at z=750 m. In all these experiments,
the shape of vorticity is nearly circular and the deformation rate at the point of
vorticity maximum is nearly zero. In cases of U;5 = 3 m s™! (Fig. 16), the
vortex in experiments with smaller or weaker cooling (C5R50S3, C5R100S3 and
C10R50S3) is distorted. In the cases of Urs = 6 m s~ (Fig. 17), the vorticity
in experiments with smaller or weaker cooling is elongated to down shear side.
In particular, in the experiments C5R50S6 and C10R50S6, the deformation rate

at the point of vorticity maximum exceeds our criterion value. In the cases of
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Urs = 9 m s (Fig. 18), the vortex is elongated to down shear side in all
experiments except for C20R200S9. In more than half experiments (C5R50S9,
C5R100S9, C10R5089, C10R100S9 and C20R50S9), the deformation rate at the
point of vorticity maximum exceeds our criterion value.

The Table 3 illustrate a general tendency that vortex cannot reach the ground
as vertical shear is larger. Comparing cases with the same wind shear, it is more
difficult for the vortex to touch down to the ground surface when the cooling

region is more localized and/or the cooling is less intense.

3.4.2 Condition of vortex touch down.

In this study, the vortex is generated by introducing a prescribed cylindrical
region having constant cooling rate. In the cooling region, downward motion is
driven and, consequently, vorticity and PV are produced by stretching of plane-
tary vorticity. The PV is advected downshear side by the background zonal flow
as it is advected downward by subsidence associated with the cooling. It is noted
that PV of the air parcel with a parcel is conserved in the cooled region because,
in this series of experiments, density weighted cooling rate is homogeneous (see
Holton (2004); Eq. (4.36)). So we can predict whether the vortex can touch down
to the ground or not by considering the trajectories of parcels which start from
the top of the cooling.

For simplicity, it is assumed that the parcel moves in the x-z plane on the
center of cooling region. The parcels which start at the top of the cooling are

advected horizontally by the background flow. Here, we define downward and
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horizontal displacement of a parcel which starts from the top of the cooling as
Ay and A, respectively (Fig. 19). The radius and the depth of the cooled region

are L and D, respectively. Horizontal displacement Ay at time ¢ is written by

! ¢ 1 A2
Ay = /u(z,t)dt /duAgdt /—wtdt 2du t2_,d£w7€
0

z 2dz  w?
1 du AE?
= 5w (t = A&/w), (49)

so that each parcel follows a parabolic path. Note that, for simplicity, it is
assumed that constant subsidence w exist not only in the cooling but also outside
of cooling; in reality, no subsidence exist outside of cooling.

When the parcel reaches to the ground, A — D, so that

1 du D?
A -
X = 2dz w (50)

Recalling that downward flow w exists only inside of cooling. If Ax < L at
t = D/w, more than half of parcels which start from top of the cooling can reach
to the ground. Conversely, if Ax > L at ¢ = D/w, more than half of parcels
which start from the cooling is blown away from the cooling.

The assumption that downward velocity in the cooled region is constant is,
of course, not perfectly valid. Fig. 7b illustrates , however, that amount of
cooling resulting in the potential temperature decrease is much smaller than to-
tal amount of introduced cooling, so that the cooling term mostly balances the

adiabat compression term in Eq. (6). Then, Eq. (6) can be approximated as

1 1 df
- 51
w Cdz (51)
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By substituting Eq. (51) into Eq. (50) and dividing the result by L, a nondimen-

sional number ST is obtained which is

1 du D? df

If ST > 1 more than half of the parcels start from the top of the cooling cannot
reach to the ground because the parcels are advected in the region w = 0 (outside
of cooling) on the way to the ground. If ST > 2 all of the parcels cannot reach
to the ground.

The values of ST calculated for all the dry experiments with shear are pre-
sented in Table 4. Comparing this table with Table 3, it is clear that ST < 3 is
the condition for vortex touch down. The value is larger than the value estimated
from the parcel consideration. This inconsistency is resolved by considering the

effect of tilting of background vertical wind shear as described below.

3.4.3 The effect of tilting induced vorticity

As shown in Fig. 6, a concentrated negative vorticity developed at the south-
ern edge of the cooling region in cases with environmental wind shear. Therefore
vertical wind shear near the cooling becomes weakened by the circulation around

negative vorticity. Now, we assume that zonal flow is given as

w(z,t) =U(2) + wport (2, 1) + U(2, 1), (53)

where @(z) is initially prescribed zonal wind relative to translated velocity of
cooling region, w,..+(2,t) represents zonal flow induced by the axially symmetric

component of vorticity and u(z,t) denotes the zonal flow induced by the non-
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symmetric component of vortex. Hereafter, we assume that only tilting of vertical
wind shear (y-component of vorticity vector) contribute to u(z,t).

In order to examine the magnitude of u quantitatively, as illustrated in Fig.
20, we define a rectangular loop C1 and C2 which encircles the southern and
northern edges of the cooling region, respectively. we also define loop C3 as
southern semicircle of cooling and C4 as northern semicircle. Positive vorticity
produced from the stretching is distributed mostly in the cooling. On the other
hand, negative vorticity produced from the tilting of the environmental vertical
shear is mainly distributed outside of cooling. Therefore the integral of vorticity
within C1 minus the integral of vorticity within C3 approximately equal to the
circulation induced by negative vorticity produced by tilting of vertical shear in
C1l. The circulation divided by the length of C1 is regarded as the averaged
tangential velocity uc; on C1 from the definition of circulation. Same as u¢q, we
can calculate ugo for C2. If both vorticity distributions inside and outside of the
cooling region are axisymmetric, uy;; = uct + uce should be exactly zero. As long
as the vortex can reach to the ground, vorticity distribution in the cooling is nearly
axisymmetric. Therefore wuy;; is mainly composed by asymmetric distribution of
vorticity outside of cooling region.

Figure 21b shows evolution of vertical distribution of wu;; for the experiment
C10R100S6. Figure 21a shows zonal flow realized in the model for the same case
averaged in the cooling region minus the prescribed initial vertical sheared flow
u. Comparison between Fig. 21a and Fig. 21b shows wu;; roughly explains the

magnitude and the nearly barotropic structure of v in the model. The Values of
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ugye for all the dry experiments with shear are presented in Fig. 22. The figure
suggests that u, is roughly proportional to vertical wind shear and the constant
of proportionality does not the radius and the strength of the cooling.

The proportional relationship can be interpreted as following. Assume that
uniform negative vorticity of (7 is formed from the tilting of vertical shear is
concentrated in area of rAGAr located at the southern edge of the cooling region
(Fig. 23). Circulation induced by the (7 is given by using cooling elapsed time
At as

C=(r xrAfAr = gwguAt X rAQAT. (54)

Yy oz

Appropriate length of At for each experiment can be scaled by the time required

for a parcel to reach the ground, so that At = D/w, then

w du D du
C= E@EAT x 1Al = d—DrA@ (55)

Divide Eq. (55) by length of closed loop C1 and C2 and one can calculate averaged
tangential velocity wu, along the loop. Equation (55) shows that C' (therefore
also uyy;) is proportional to vertical wind shear fTZ' Note that C' and wuy;; are
uniform on 2z and do not depend in the intensity or area of cooling region.

Now we examine how ST is modified by including u;; to initial vertical shear

flow. The uyy; can be written by using proportional coefficient A = DrA6/l¢

C du
Uiy = — = A—

lC dz

Displacement of a parcel which starts at the top of the cooling region in horizontal

direction is denoted Ay, in vertical direction is denoted A¢. Assuming constant
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subsidence w exists everywhere, horizontal displacement Ay at time 7' can be

written
T T (du du T du
1du

Recalling that T'= D /w,

LD P

Ay — -~
X 2dz w

which we divide by L, and we obtain the

1du 24N\ D?
ffz@_)
S 2dz D) wL’ (57)
or by using Eq. (51)
1du 2A\ D? df
I'EQ—>.
S 2dz D) CLdz (58)

Compare with Eq. (52), SI' = (1 - %) SI. Remember 24 = 27;?9 and l¢ is
several times of 2rAf, then SI' is about 50-80 % of ST value.

This fact suggests that vortex spin-up process by cooling in the vertically
sheared environment has a mechanism to resist to destructive effect of shear.
The value of ST’ becomes, however, larger as the shear becomes larger. Therefore
it is difficult for building up the vortex in very large vertical shear environment to
touch down . Compare Table 3 with Table 4, criteria of SI’ for vortex touchdown
is < 1.5 — 2. Hence we may conclude that we can predict whether vortex can

reach to the ground or not by referring the ST based on the parcel consideration

accounting the effect of tilting of environmental vertical shear.
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3.5 Discussion and conclusions

In this section, I have investigated the influence of vertical wind shear on
the incipient vortex formation mechanism observed by BE, cyclonic mid-level
vortex induced by evaporational cooling of stratiform precipitation extend to
ground surface, by using three dimensional non-hydrostatic dry model. In no
shear experiments, cyclonic vortex is formed at mid-level and anti-cyclonic vortex
is formed at ground surface at first. As the time goes on, the anticyclonic vortex is
weaken and the cyclonic vortex at mid-level extend into the ground as reported by
BE. The time that elapses before the vortex touch down is inversely proportional
to prescribed cooling rate. In cases with small shear, the vortex can extend to
the ground with a bit tilt. In cases with large vertical shear, however, the vortex
is blew off completely before it reaches the ground.

I have defined a non-dimensional number ST that represents the influence of
vertical wind shear on vortex touch down referring to the cooling rate and radius
of prescribed cooling by considering the parcel orbit in the cooling. The value of
ST above which the vortex is blown off is 3. which is larger than the intuitive
estimation (~1-2). I, therefore, have modified ST by investigating the results
of numerical experiments which show zonal flow in the cooling is influenced by
concentrated negative vorticity at the edge of the cooling which is generated
by the tilting of environmental vertical wind shear. Calculated values for all
numerical experiments show that the vortex is blown off before touchdown in

cases with ST’ > 1.5 — 2, which is within the range of the present parcel theory.
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For the cases in the real atmosphere, we can suppose a stratiform precipitation
region with radius of 100 km and cooling rate of 10K day ! (reduced precipitation
of 2 mm hour™!; House 1989). If the precipitation occurs in the environment
with vertical shear of 10 m s™! between the ground and z=7.5 km , SI=>5 with
no consideration of influence of wuy;; or SI” = 2.5 with consideration of influence
of uyy ((1 —2A/D) = 1/2 is assumed.) is estimated. These results indicate
that cooling induced incipient vortex formation does not occur with such large
vertical shear. It has been conventionally believed that tropical cyclogenesis does
not occur in the environment with large vertical shear because WISHE or CISK
can not work even if incipient vortex exists. The result suggests, however, at
least one route for incipient vortex formation is shut in such environment from
the beginning.

Whether the results can be applied to incipient vortex formation directly is
not clear due to the following reasons. First, I prescribed vertically uniform
cooling rate in 5 km tall cylindrical region supposing evaporational cooling of
stratiform precipitation. In reality, however, the cooling has considerable vertical
structure as shown by Leary and Houze (1979) and Houze (1989). Second, it is
likely that vertical structure of cooling may evolve in time. BE reported that
cooling induced stratiform precipitation creates an incipient vortex of tropical
cyclone and it is required that stratiform precipitation must last until sufficiently
broad area is moisten at ground to form the incipient vortex. These results by
BE suggest that vortex feeds back to cloud activity. Raymond and Jiang (1990)

found that circulation formed by positive PV anomaly at lower level in MCS



3 DRY EXPERIMENTS 44

and slope of isentropic surface induced by the PV anomaly can cause ascent
in upshear side and make MCS long-lived. Frank and Ritchie (1999) pointed
out secondary circulation is stronger in case the maximum vertical shear level
exists in lower level. This implies that vertical profile of background flow can
influence on the structure of vortex. Their moist calculation with vertical wind
shear shows azimuth wavenumber 1 structure in convection activity. Calculation
of Jones (2000b) with dry model shows static stability is reduced in vortex tilt
side. She argued that it is likely convection activity is concentrate on vortex tilt
side. In these studies, they introduce hurricane strength vortex into vertically
sheared environment. On the other hand, I do not introduce such vortices but
only cooling. In dry model, vortex is driven by cooling. In such situation, whether
the anomaly of convective activity is formed or not is intriguing theme. To attack
above problems, experiments by using three dimensional cloud resolving model

is desired.
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4 Moist experiments

4.1 Motivation for the moist experiments

In the dry experiments, neither the effect of “real” evaporation of raindrops
nor the effect of the circulation which maintains the mesoscale convective systems
(MCSs) are not considered. As is frequently noted in the literature regarding
genesis and intensification of TCs (e.g.,Gray 1998), there are many wrong ways to
the right answer. Thus, it is needed to evaluate the plausibility of the hypothesis
demonstrated in the previous section that the possibility of touchdown of rain
evaporation driven vortex can be evaluated by calculating S7, the shear index, in
the real atmosphere. As the first step of the evaluation, additional experiments by
using the model including the effect of evaporation of raindrops are performed.
In these experiments, stratiform precipitation from “shower head” is imposed.
The effect of the evaporation is caluculated explicitly in the model. Intensity of
precipitation, radius of shower head, and magnitude of vertical wind shear are
varied. It is worth noting that the cooling is not prescribed; temporal and spatial
variations of cooling are permitted in the model since the effect of evaporation is
calculated explicitly.

The outline of the moist experiments is as follows. The specifications of the
experiments are described in subsection 4.2. The structure of the cooling induced
by evaporation of raindrops and the structure of the vortex induced by the cooling
for the experiments with no shear (with shear) are illustrated in subsection 4.3 (in

subsection 4.4), respectively. The criterion of vortex touchdown and discussion
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of applicability of SI appear in subsection 4.5.
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4.2 Specification of moist experiments

The schematic view of the rain shower head and wind configuration is shown
in Fig. 25. In this series of the experiments, the “shower head” which provides
stratiform precipitation is introduced in the model following BE. Three kinds
of the shower intensity, three kinds of radius of the shower and three kinds of
magnitude of wind shear are employed. Total of 27 parameter experiments are

performed in the series of the moist experiments.

4.2.1 Specification of “rain shower”

BE observed that incipient vortex of Hurricane Guillermo (1993) was formed
as a by-product of stratiform precipitation with radius of ~ 100 km. They em-
ployed radius of 116 km “shower head” for their axisymmetric numerical ex-
periments. Following BE, the rainwater mixing ratio is set to 0.07125 g kg™*
(intensity halved hereafter HI), 0.1425 g kg™! (control, hereafter CI) or 0.285 g
kg™! (intensity doubled, hereafter DI) at 4.75 km altitude during first 36 hours
of the simulation. The radius of the rain shower R,.;, set to be 58 km (radius
halved, hereafter HR), 116 km (control, hereafter CR) or 232 km (radius doubled,
hereafter DR), outside of which the imposed flux of rainwater decreases linearly

to zero over a radial distance of 37.5 km.
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4.2.2 Initial wind profiles

In this study, linearly sheared environmental westerly wind is introduced in

the model. The initial wind profiles are

— Ushear/H(z —4.75 km) (2 < H) (59)
| Ushear/H(H —4.75 km) (2 > H),
where Ugpeqr 18 the magnitude of shear defined in the form
Ushear = U(z = 15km) — @(z = Okm), (60)

H = 15 km is the top level of the shear layer. Ugpeqr of 0, 20 or 40 m s !
is employed in the each experiment. Although Eq. (59) shows non-zero wind
exists on the ground surface, from Eqs. (44), (45) and (46), no momentum, no
moisture, and no sensitive heat flux by initial surface wind are permitted. This
experimental design will yield the same results as obtained from the experiments
employing the moving coordinate with the speed of cloud and no initial wind on

the ground surface configuration.

4.2.3 Vertical profiles of temperature and moisture

Many of the earlier studies (i.e., Rottuno and Emanuel, 1987; Montgomery
et al., 2006) which examine TCs by idealized simulation use the mean hurricane
season sounding in the West Indies area observed by Jordan (1958). This profile
is unstable to moist convection (Fig. 24; black lines). In moist experiments,
downdraft is induced by evaporational cooling in the “shower” region. The cooled
downdraft spread out from the shower region on the ground surface as gravity

current. The gravity current will uplift high-6, air near the surface and will
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trigger new deep convective clouds which will make the simulation results very
complex. To avoid such situation, the Jordan’s profile is stabilized by mixing
the atmosphere artificially. The modified profile is created in a similar way of
Rotunno and Emanuel (1987). A two dimensional version of the model with 1500
km horizontal domain size is prepared, setting f = 0. Then, a convective activity
is forced at the center of the model by forcing a convergence zone. Convection is
freely allowed, and the horizontal mean values of 8, 7, ¢, after 50 hours integration
are taken as the modified Jordan’s profile. The modified sounding is shown in
Fig. 24 (red lines); the stabilization is manifested by drying and warming of the
lower levels and moistening in middle and upper layers.

All experiments are named conventionally as OmCICR, which means the ex-
periment in which Ugpeqr of 0 m s™! (0m), the shower intensity of 0.1425 g kg™!

(CI), and the shower radius of 116 km (CR) are employed.
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4.3 Experiments with no shear
4.3.1 Structure of cooling and vertical velocity

In contrast with the prescribed cooling used for the dry experiments, the
intensity of the cooling is not homogeneous in horizontal and vertical directions.

Fig. 26 (Fig. 27) shows the time evolution of mixing ratio of rainwater and
relative humidity (cooling rate) in experiment OmCICR at y = 750 km. At 10
hours, few raindrops are observed below z=1500 m; most raindrops evaporate
above z=1500 m, and the air above z=1500 m is moistened. The cooling is
stronger at the higher level than the level near the surface. The vertical structure
of the cooling results from inhomogeneity of raindrops mixing ratio; much of the
raindrops evaporate at the higher level, so that few raindrops to evaporate exist
at the level near the ground surface. In lower levels, the air at the center of the
shower is more moistened than the air near the edge of the shower.

Corresponding to this moist structure, the raindrops near the center of the
shower (z = 750 km + 50 km) can reach lower levels than the raindrops at the
edge of the shower. The cooling is stronger at the edge of the rain shower than
at the center of the shower. The horizontal distribution of cooling results from
inhomogeneity of moisture field; the relative humidity is higher at the center of
the shower region where the evaporation of raindrops is suppressed.

The cooling intensity also varies with time. At 20 hours, the air at = 750 km
4 30 km is mostly saturated above z= 1000 m, and the raindrops can reach to the
ground surface. At the edge of the shower, however, only the air above z=4000 m

are nearly saturated, and the raindrops can reach to only z=2000 m. Raindrops
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can fall down to the surface and can evaporate in the levels near the surface
as the air above becomes almost saturated. The cooling extends downward to
the surface. On the other hand, the cooling in the layers above z= 3000 m is
weakened since the air is moistened.

Corresponding to the structure of cooling, the vertical velocity also have spa-
tial and temporal structure (Fig. 28). At 10 hours, stronger subsidence is ob-
served at the edge of shower, where the cooling is stronger than the center of the
shower. At 20 hours, as the air is moistened and the cooling is weakened, the
subsidence is weakened. In particular, quite small subsidence is observed at the
center of the shower.

The time evolution of potential temperature deviation is shown in Fig. 29.
Although the huge amount of cooling is supplied by the rain evaporation, the
potential temperature decrease of at most 2-3 K is observed. This is because
the cooling induced by evaporation of rain drops is mostly balanced by adiabatic
heating associated with the subsidence. This implies that the distribution of
evaporational cooling determines the distribution of subsidence. Of course this
balance is not perfect. For example, the temperature rising is observed in the
lower levels near the surface.

The cooling structure depends on the radius of the rain shower (Fig. 30); the
cooling extends small (large) area when the radius of the rain shower is small
(large). Moreover the weak cooling area near the center of the shower is small
(large) when the radius of the shower is small (large). The cooling structure also

depends on the intensity of the rain shower (Fig. 31); the cooling is strong (weak)
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when the intensity of the shower is doubled (halved). It should be noted that
few raindrops can reach the ground and little cooling is observed on the ground
surface until the rain shower stops (t= 36 hours).

Corresponding to the dependency of cooling structure on the radius and the
intensity of the rain shower(Figs. 32 and 33), the vertical velocity also depends on
the radius and the intensity of the shower; the subsidence extends small (large)
region when the radius of shower is small (large) and the magnitude of subsidence
is small (large) when the intensity of shower is small (large). It should be also
noted that little subsidence is observed when the intensity of shower is halved.

Figure 34 shows the time evolution of vertical structure of horizontal mean
of cooling in the shower region for all the no shear experiments. The cooling is
weakened (enhanced) in upper (lower) levels with time. It should be noted again
that, in half intensity shower cases, we can find little evaporational cooling in the
layers near surface because almost rain drops evaporate on the way to the ground

surface.

4.3.2 Structure of vortex driven by evaporational cooling

Figure 35 shows the time evolution of vorticity at y=750 km, at the center
of the shower, for the experiment OmCICR. As in the dry experiments, at first
(t=4 hours), positive vorticity appears at about z=4000 m, and it extends down-
ward. At t=12 hours, the vortex reach the ground surface. Similar to the dry
experiments, the vorticity is produced in the layers z=2000-4000 m and advected

downward (Fig. 36). In the shower region, subsidence of about 0.1 m s7! is
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observed. Therefore the vorticity produced at z= 4000m takes about 10 hours
to travel to the ground surface. It is consistent with Fig. 35; the vorticity takes
about 8 hours to reach the ground surface.

The vertical section of vorticity at t=12 hours for all the no shear experiments
are shown in Fig. 37. At this time. the cyclonic vorticity have already reached
the lowest level in the experiments with standard or doubled rain intensity. In
the experiments with halved rain intensity, the vorticity does not reach the lowest
model level until the end of integration, not only because the downward advection
does not occur in the layers near the ground but also because the negative vorticity
is produced by the shrink of vorticity below 2=2000 m. In the experiments with
doubled radius of shower, the vorticity is stronger at the edge of the shower region
than the center. These results from the structure of the subsidence; the vorticity
production by stretching and vertical advection occurs mainly at the edge of the
cooling since the subsidence exists mainly at the edge of the cooling region (Fig.

32).
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4.4 Experiments with shear
4.4.1 Structure of cooling and vertical velocity

Same as the no shear experiments, the cooling also has variations in space and
time. General feature of the structure of the cooling is similar to those of no shear
cases; the cooling is large (small) at the edge (center) of the shower. Figures 38
and 39 show the time evolution of rainwater mixing ratio and relative humidity
at y=750 km in the experiments 20mCICR and 40mCICR, respectively. At 20
hours, the air is a bit more moistened in up-wind side, and the raindrops in the
up-wind side can reach lower levels than down-wind side. At 40 hours, the air in
the down-wind side is also moistened, however the raindrops in the up-wind side
can reach lower levels than up-wind side.

The cooling is shown in Figs. 40 and 41 for the experiments 20mCICR and
40mCICR, respectively. Corresponding to the distribution of raindrops and mois-
ture, the cooling is stronger in the up-wind side than in the down-wind side, and
the cooling in the up-wind side is elongated to lower altitude downward than in
the down-wind side. The vertical velocity (Figs. 42 and 43) and the potential
temperature deviation (Figs. 44 and 45) are shown for 20mCICR and 40mCICR,
respectively. Corresponding to the cooling structure, the subsidence in the up-
wind side is elongated to the lower level than in the down-wind side, and the
negative deviation of potential temperature is observed in the lower layers in the
up-wind side. It is worth noting that the negative deviation of potential temper-
ature at the mid-level (2=2000-3000 m) is larger in the up-wind side than that in

the down-wind side. This feature is also observed in the dry experiments (Figs.
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7 and 8).

The time evolution of vertical structure of horizontal mean of the cooling in
the shower region has little dependency on the shear (Fig. 46); it depends mainly
on the intensity and radius of the shower as seen in Fig. 34. In other words,
the cooling has wavenumber 1 structure in the azimuth direction from the center
of the shower, superposed the wavenumber 0 structure observed in the no shear

experiments.

4.4.2 Structure of vortex driven by evaporational cooling

The time evolution of vorticity in the vertical section at y= 750 km is shown
for the experiments 20mCICR (Fig. 47) and 40mCICR (Fig. 48). As in the dry
experiments with shear, the vorticity extends downward with down shear tilt. At
12 hours, the trailing vorticity from the shower region is observed in the levels z=
2000-500 m in the experiment 40mCICR. This shows that the vertical sheared
environmental wind has blown off the vortex tube out of the shower region in the
lower levels.

Figure 49 shows the vorticity production by stretching for the experiments
20mCICR and 40mCICR. Same as the no shear experiments, the stretching occurs
in thick layers (z=1000-5000 m). Moreover, the stretching is more intense at the
up-wind side than at the down-wind side since the cooling (Figs. 40 and 41)
and the subsidence (Figs. 42 and 43) in the up-wind side are stronger. Figure
50 shows the vorticity production by the vertical advection for the experiments

20mCICR and 40mCICR. Compared to the down wind side, larger amount of
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vorticity convergence is observed; convergence extends to the ground since the
subsidence is stronger and extends more downward.

Figure 51 shows the horizontal distribution of the vorticity at z=250 m and
t=12 hours. A positive vorticity exists in the shower region. As in the dry
experiments, a negative vorticity exists at the southern edge of the shower in the
experiments with shear, which is produced by the tilting of the vertical sheared
wind. No positive vorticity is observed at the northern edge since the vertical
shear is weakened there (Fig. 52) as in the dry experiments with shear (Fig. 12).
In the experiment 20mCICR, the shape of the closed contour denoting vorticity
of 1.0 x 10~* s™! is nearly circular. However, in the experiment 40mCICR, the
contour denoting vorticity of 1.0x 107 s~ is elongated westward by the vertically

sheared environmental wind.
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4.5 Judgement of vortex touchdown
4.5.1 Methodology

General characteristics of the vortex induced by the evaporational cooling in
the moist experiments are common to the dry experiments; the vortex tends to be
difficult to make touchdown when the radius or the intensity of cooling is small or
the vertical shear is large. Therefore the ST defined for the dry experiments can
likely be applied to the moist experiments. The judgement of vortex touchdown
is performed based on following three criteria; (1) the maximum value of vorticity
on z = 250 m surface at 36 hours > 2 x 107* s7', (2) the vorticity maxima are
connected from the level of shower head to the lowest model level, (3) the vorticity
on z = 250 m is at least two times larger than the value of rate of deformation at
the point of vorticity maximum. This last criterion examines that the shape of
vorticity is near circular or not; the vorticity associated with shear line should be
rejected. The final judgement is obtained from the logical multiplication (AND

operation) of three criteria.

4.5.2 Results

In Table 6, maximum value of vorticity on z = 250 m surface is examined.
In almost all the experiments with intensity halved shower, the value of vorticity
observed at z = 250 m is smaller than the threshold. This is not only because the
bulk of raindrops evaporate on the way to the low levels therefore the vorticity
produced in upper levels cannot advected to the ground surface but also because

the negative vorticity is produced by vorticity shrinking in the layers near the
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ground. In the experiments with shear and halved rain, the vortices are too weak
except for the experiments with large shower.

Table 7 shows whether the vorticity tube is continuous or not. Upright vortices
are observed in all the experiments with no shear. In cases with vertical shear,
vortices in the experiments with smaller intensity of precipitation or with smaller
radius of shower head are blown off near the ground surface.

Table 8 shows the results of judgement based on the ratio of the deformation
rate to vorticity on the lowest model level surface at the vorticity maximum. In
cases with no shear, the shape of vortex is nearly circular (Fig. 53) and the value
of deformation rate is below our criterion. In cases with Ugpeqr of 20 m s (Fig.
54), the shape of the vortex in the experiments 20mHIHR, 20mHICR, 20mHIDR,
and 20mCIHR is heavily distorted and the value of deformation rate is larger than
our criterion. In cases with Uspeq0f 40 m s™1 (Fig. 55), the shape of the vortex
in all the experiments is heavily distorted. In only two experiments (40mDICR
and 40mDIDR), the value of deformation rate is below our criterion.

In cases with shear, the positive vorticity is significantly distorted in the ex-
periments with smaller radius of shower head or smaller intensity of shower. This
reflects that the vortex tubes are blown off in the low levels near the ground
surface.

The final results of judgement of vortex touchdown are summarized by taking
a AND operation of above three results (Table 9). It is more difficult to make
touchdown for the vortex which is produced in experiments with smaller radius

of shower, with smaller intensity of shower, or with larger vertical shear. This is
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consistent with the results of dry experiments; it is difficult to make touchdown
for the vortex in the experiments with smaller radius of cooling, with smaller
intensity of cooling, or larger vertical shear. In cases with the halved intensity of

rain, it is difficult to make touchdown for the vortex even if no shear exists.

4.5.3 Application of SI for the results of moist experiments

As mentioned above, the vorticity is mainly produced at z=2000-4000 m and
then advected downward. To calculate SI, we must obtain cooling rate below
the levels where the vorticity is produced.

Table 10 shows average cooling rates C for all the experiments calculated as

follows,
Ryqin 3750 m 36 hours

— 1
CEN Z Z C(r, z,t),

r=0 2z=0 t=0

where N is the total number of grid, C is the cooling rate, r = \/(at — ) — (Y — Ye),
x. = 750 km and y. = 750 km are the coordinates of shower center. The cooling
rates depend heavily on the rain intensity and the radius of rain shower, although
not depend on the magnitude of shear.

Now, we can calculate ST by using Table 10 and values of D = 3750 m and
48 — 3 K km™!. The values of SI for all experiments are summarized in Table
11. Comparing with Table 9, we can say that the vortices can make touchdown in
the experiments ST < 3 except for 40mCICR and 40mCIDR. This result is in the
fairly good agreement with the corresponding discussion of the dry experiments.
In the experiments 40mCICR and 40mCIDR, the vortex cannot make touchdown

in spite that SI < 3. This may result from inhomogeneous structure of cooling in
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temporal and spatial direction. This problem remains for future works.
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4.6 Summary and Conclusions

In this section, the influence of vertical wind shear on the incipient vortex for-
mation mechanism observed by BE, cyclonic mid-level vortex induced by evapo-
rational cooling of stratiform precipitation extend to the ground surface, has been
investigated by using three dimensional non-hydrostatic moist model. Temporal
and spatial variations of the cooling induced by the evaporation of stratiformed
rain are observed. In the no shear experiments, the cooling is stronger at the edge
of shower region than at the center. The strong cooling region descents with time
as the air in the upper portion becomes nearly saturated. In the experiments
with shear, the cooling at the up-wind side is stronger and elongated to the lower
levels than down-wind side. In the experiments with weak rain intensity, the
cooling does not reach to the levels near the ground surface. This behavior is
directly reflected in the structure of subsidence.

The cyclonic vortex is formed by stretching mainly in the layer z = 2000-
4000 m and advected downward. The vortex produced by stretching reaches the
ground surface within about 10 hours in the no shear experiments except for the
halved rain intensity cases. In the experiments with halved rain intensity, the
vortex does not reach the ground because no cooling (therefore no downward
advection) exists in the levels near the surface.

In the experiments with shear, the vortex extends with downshear tilt. In
particular, in the experiments with strong shear, the trailing vorticity is observed

to be advected out of the shower region. As in the no shear experiments, the
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vortex does not reach the ground surface in the experiments with halved rain
shower. Also as in the dry experiments, the negative vorticity is observed at the
southern edge of shower and is wound onto the main positive vortex with time.

The judgements about touchdown of vortex for all the experiments are per-
formed based on the value of vorticity maxima at the lowest level at the end time
of shower, the ratio of deformation rate to the vorticity near vorticity maxima
on the lowest level and the vertical continuity of vorticity maxima over all levels.
The judgements show that the vortex does not reach the ground surface in the
experiments with larger shear, weaker rain intensity and/or smaller radius of the
shower.

The values of SI are calculated for all the experiments with shear by using
temporally and spatially averaged cooling rate. Comparing the values of ST
with the results of the experiments, we can conclude that vortex can reach the
ground surface in ST < 3 cases. This result is in fairly good agreement with the
corresponding discussion of the dry experiments by using parcel method in the

previous section.
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5 Concluding remarks

In this thesis, two series of systematic parameter experiments using a three
dimensional non-hydrostatic model are performed to investigate the effect of en-
vironmental wind shear on the incipient vortex formation by the evaporation of
rain observed and suggested by BE. One is a series of the dry experiments which
examines the basic dynamics of vortex behavior created by the specified cool-
ing and another is a series of the moist experiments which examines the vortex
behavior in more realistic atmosphere.

General features of the time evolution of vortex in the dry experiments are
qualitatively similar to each other. In the experiments with no shear, the cyclonic
vorticity generated at the mid-troposphere by stretching and then the vorticity is
advected downward by the subsidence associated with the cooling and reaches the
ground surface. In the moist experiments with no shear, the vortex is produced by
stretching in thicker layers than in the dry experiments. In the moist experiments
with weak rain intensity, when the raindrops do not reach the lower levels, the
vorticity cannot make a touchdown due to little vertical advection of vorticity near
the ground. In the experiments with shear, the vortex develops to the ground
with down shear tilt. In the experiments with stronger shear, the vortex extends
downward with larger tilt and are blown off completely out of the cooling region
in the experiments, especially, with smaller radius of cooling (shower) and/or
smaller intensity of cooling (shower).

By considering trajectories of the parcels in the subsidence region, I intro-
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duced a non-dimensional number SI that presents the influence of environmental
vertical wind shear on the downward extension of the vortex referring to the
cooling rate and the radius of prescribed cooling. In both the dry and moist
experiments, the vortex is blown off when ST > 3. This value is larger than a
naive estimation (SI > 1-2) by parcel method. This difference is found to come
from the effect of the circulation induced by the negative vorticity at the southern
edge of the cooling (shower).

The present study establishes that ST can serve as a useful measure whether
the vortex can reach to the ground or not. To apply ST for forecasting of vortex
touchdown in MCSs, the cooling rate or the magnitude of subsidence must be es-
timated. Recent satellite sensors such as precipitation radar mounted on TRMM,
have provided three-dimensional structure of MCSs. With those informations, it
will be possible to estimate the cooling rate. Then it is now possible to evaluate
the ST as a criterion of TC genesis.

In this study, only the touchdown of MCVs in the vertically sheared envi-
ronment is considered. To understand the whole stages of TCs genesis in the
top-down scenario, the intensification from the touchdown vortex to TC is left
to be examined. In this stage, since cumulus convection may play crucial role,
the cloud-resolving (grid spacing < 2 km) calculation is required. The circula-
tion which maintains the stratiform precipitation associated with MCSs is also
outside of this study. Many studies (e.g., Raymond and Jiang 1990) showed
the existence of vertical wind shear makes MCSs long lived. BE suggested that

stratiform precipitation lasting enough to moisten the lower levels is necessary to
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TC formation. To understand the whole stages of TCs genesis in the top-down
scenario, numerical experiments which include all of effect mentioned above are

required. This is a subject for future study.
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Tables

| Uzs | Co | 50km | 100km | 200km |

5Kday ' | 3.5 3.4 2.0
Oms™t [10Kday ' | 7.9 9.8 8.8
20K day ' | 155 | 142 | 135

5Kday ! | 3.2 3.5 2.4
lms!' [10Kday '] 6.6 9.7 8.2
20 Kday T | 155 | 15.9 14.7

5Kday ' [ 1.7 3.3 2.4
3mst [I0K day ' | 6.3 7.1 8.8
20 Kday™ ' | 104 | 15.6 13.2

5Kday ' [ 0.7 1.8 2.1
6ms![10Kday ' | 3.1 6.1 12.3
20 Kday ' | 89 | 143 | 11.3
5Kday ' | 04 0.5 1.6
9ms ! [10K day ' | 1.3 4.3 6.2
20 Kday ' | 5.6 | 126 | 20.2

Table 1: Maximum values of vorticity at z=750 m (x10™* s71) for all the dry
experiments.
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| Uzs | G, | 50km | 100km | 200km |

5 K day~*
Oms™' [10 K day !
20 K day !

5 K day !
lms™ [10 K day !
20 K day ™!
5 K day™*
3ms™ [10 K day !
20 K day !

5 K day™!
6mst [ 10K day "
20 K day !
5 K day~!
9mst [ 10 K day !
20 K day !

x| x| x| O] x| x |O/O|O]|OOOI0|0O

O x| x| O|OIOIO0|O|OOOI0OO

OO|O]|O|OIOIOO|O|OOOI0OO

Table 2: The judgement for vortex touchdown based on the ratio of deformation
to vorticity at z=750 m for the dry experiments.

| Uzs | C, | 50km | 100km | 200km |

5 K day!
Ims™ [10K day”
20 K day !
5 K day~!
3ms™! [10 K day !
20 K day !
5 K day !
6ms! 10K day !
20 K day !
5 K day™*
9ms! [10 K day !
20 K day!

x| x| x| O] x| x |00 x || OO0
x O] x| OO x [|OO|O[OIOIO
OO x| OO0 IOO|O[OIOIO

Table 3: The final judgement of vortex touch down for the dry experiments.
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| Urs | Co | 50km | 100km | 200km |
5 K day ! 2 1 0.5
1ms 10 K day ! 1 0.5 0.25
20 K day~! 0.5 0.25 0.125
5 K day™! 6 3 1.5
3ms 10 K day ! 3 1.5 0.75
20 Kday ' | 1.5 0.75 0.375
5 K day™! 12 6 3
6ms 10 K day ! 6 3 1.5
20 K day ! 3 1.5 0.75
5 K day ! 18 9 4.5
9ms™ [10Kday '| 9 15 | 225
20 Kday ' | 4.5 2.25 1.125
Table 4: The values of ST for the dry experiments.
5 K day™* 0.8 0.7 0.35
lms 10 K day ! 0.4 0.2-0.35 0.175
20 K day ! 0.2 0.1 0.05-0.0875
5K day | | 2.4-3.6 1.8 0.9-1.2
3ms 10 K day ! 1.8 0.6-0.9 0.3-0.6
20 K day ! 0.6 | 0.15-0.45 | 0.075-0.225
5Kday ' | 7.2 | 3.64.2 1.82.1
6 ms 10 Kday ' | 3-3.6 1.5 0.75-0.9
20 K day~! | 1.2-1.5 | 0.6-0.75 | 0.225-0.375
5 K day ! 14.4 6-6.6 3-3.3
9ms' [10Kday ! | 426 | 243 1.05-1.25
20 K day~! | 1.5-2.1 | 0.75-1.05 | 0.375-0.525

Table 5: The values of SI’ for the dry experiments.
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‘ shear ‘ shower intensity ‘ HR‘ CR ‘ DR ‘

HI

Om s * CI 2.3 124.0]24.5
DI 76 | 4.2 [54.1
HI .

20 m st CI 2.2 |
DI 38.2
HI 5.3

40 m st CI 3.0 | 46 [ 9.3 |
DI 3.6 | 10.6 | 28.5

Table 6: The values of maximum vorticity (x10™* s71) on z = 250 m surface at
t = 36 hours for the moist experiments. The values < 2.0 x 10~* s~! are shaded.

‘ shear ‘ shower intensity ‘ HR ‘ CR ‘ DR ‘

HI 1010
Oms™? CI OO0
DI 1010
HI X X X
20 m s~ ! CI x O] O
DI OO0 0O
HI X X X
40 m s~ CI X | x | x
DI X O 1O

Table 7: The judgement of vortex touchdown based on the connection of vorticity
maxima for the moist experiments.

‘ shear ‘ shower intensity ‘ HR ‘ CR ‘ DR ‘

HI 1010
0m 5! CI 0100
DI 1010
HI X X X
20 m s~ ! CI x 1 O1T0O
DI 100
HI x | O] x
40 m s~ CI X | x | x
DI O]0O0] 0O

Table 8: The judgement of vortex touchdown based on the ratio of deformation
to vorticity at z = 250 m for the moist experiments.
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Tables
’ shear \ shower intensity \ HR \ CR \ DR ‘
HI X X X
0m s I 01010
DI O]0O0] 0O
HI X X X
20 m s~ ! CI x OO
DI 1010
HI X X X
40 m s7! CI X X X
DI x | OO

Table 9: The final judgement of vortex touchdown based on logical multiplication
of above three results for the moist experiments.

’ shear \ shower intensity\ HR \ CR \ DR ‘
HI 3.4 | 11.3 ] 14.9

Oms™! CI 8.3 | 24.0 | 274
DI 17.0 | 50.1 | 33.3

HI 3.3 | 11.0 | 15.0

20 m st CI 8.2 | 24.6 | 27.6
DI 17.4 | 50.1 | 32.8

HI 3.3 | 11.0 | 15.1

40 m s71 CI 8.0 | 25.0 | 27.8
DI 17.5 | 50.2 | 35.4

Table 10: The values of cooling rate (K day~!) averaged spatially (z = 250-3750
m below the rain shower) and temporally (0-36 hours) in the moist experiments.

’ shear \ shower intensity \ HR \ CR \ DR ‘
HI 147122 |08
20 m s ! CI 5.9 | 1.01] 04
DI 28 10504
HI 295144116
40 m s71 CI 122119 | 09
DI 56 | 1.0 | 0.7

Table 11: The values of ST for all the moist experiments with shear.
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Figure 1: Schematic view of TC genesis reported by BE. (a) Stratiform region
develops in later stage of life cycle of tropical cloud cluster. (b) Cooling driven by
evaporation of raindrops occurs below stratiform cloud. (c¢) The cooling drives in-
down-out circulation. The convergence (divergence) of planetary vorticity makes
cyclonic (anticyclonic) vortex just beneath the cloud (on the ground surface).
(d) The anticyclonic vortex on the ground is dissipated and the cyclonic vortex
is extended to the ground surface by downward advection. (d) After death of

stratiform precipitation, vortex can intensify to TC.
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Figure 2: Schematic view of the configuration of the cooling and the initial wind
in the dry experiments
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Figure 3: (Upper panels) The vorticity at y = 750 km for the experiment
C10R100S0 at (a) 15 h, (b) 30 h, and (c) 45 h. The contour interval is 1 x 10~*
s7!. (Mid-panels) The vorticity production by stretching at (d) 15 h, (e) 30 h,
and (f) 45 h. The contour interval is 1 x 107 s72. (bottom-panels) The vertical
advection at (g) 15 h, (h) 30 h, and (i) 45 h. The contour interval is 1 x 107
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anomaly at ¢ = 40 hours on z = 2250 m surface for the experiment C10R100S3.
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Figure 8: (a) vertical velocity and (b) potential temperature on z = 2250 m
surface at 60 hours for the experiment C10R100S3.
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Figure 9: Time series of the positions of vorticity maxima for the experiments
C10R100S3, C10R100S6 and C10R100S9. Each symbol 0: z =750 m, 1: z =1750
m, 2: z =2750 m, 3: z =3750 m, 4: z =4750 m represents vorticity maximum
on each level respectively.



Figures 88
1E-9 s "=2)
2 [ [ [ [ [
> | |
®

E 1L . ° o . |

O - @ @ |

Lt | ) 00@@@00015

®

= 0 *Sf_%i—*—tz}'" "lﬁ}fﬁ}\%ﬁﬁ + T

= 3 w U v
— L
i I

@)

g -1 CO0npn0n000000 © 000

> | |

72 7\ | [ L | [ TR | - \7

0 5 10 15 20 25 30

(hours)

time

Figure 10: Time evolution of all terms of vorticity equation for the experiment
C10R100S3 on z = 1250 m at the southern edge of the cooling (y = 620 km)

0-30 hours. solid line: total tendency, o :

m : tiltitng of x-component of vorticity, e :
advection, dotted line: stretching and broken line: residual.

tilting of y-component of vorticity,

horizontal advection, [ : vertical



Figures 89

1E-9 s "=2)

2 [ [ [ [ [
> | |
c 1k ]
@) I i
(- O i
o L
oo r L]
(- r %\#
S 0reATE
S ot
— L
i 3
o
T oL
O L
> |

iz I

0 5 10 15 20 25 30

(hours)

time

Figure 11: Same as Fig. 10. But at the northern edge of the cooling (y = 870
km).



Figures 90

5000 -

4000 -

5000

2000

/—coordinate

1000

X Velocity
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day™!, none: 5 K day~!. Line types denote radius of cooling; solid: 200 km,
broken: 100 km, dotted: 50 km. Three solid line segments in each panel denote
slope of 4 x 1074, 2 x 107 and 1 x 10™* (/72000 s~2), respectively for reference.
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Figure 15: The vorticity (contour, s~!) and ratio of deformation to the vorticity
(colored < 0.5) for the dry experiments with U;5 of 1 m s7*.
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Figure 16: The vorticity (contour, s™!) and ratio of deformation to the vorticity
(colored < 0.5) for the dry experiments with Uy 5 of 3 m s7*.
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Figure 17: The vorticity (contour, s™!) and ratio of deformation to the vorticity
(colored < 0.5) for the dry experiments with U5 of 6 m s~
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Figure 18: The vorticity (contour, s™!) and ratio of deformation to the vorticity
(colored < 0.5) for the dry experiments with Uy 5 of 9 m s~
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Figure 19: Schematic diagram of trajectory of parcels which start from the top
of the cooling for very large vertical shear. Therefore parcels cannot reach the
ground.
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Figure 20: Schematic diagram for calculating circulation.
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Figure 21: (a) Averaged value of zonal wind w minus @ (m s™1), (b) ucy + uce
(m s7') calculated from circulation, (c) difference value of (a) from (b) (m s™!)
for the experiment C10R100S6.
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Figure 22: Distribution of u; for all the dry experiments with shear.
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Figure 23: Schematic diagram of concentrated negative vorticity at the southern
edge of cooling.
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Figure 25: Schematic view of the configuration of @, “shower head” and initial
wind.

5000 5000

4000

4000

3000 3000

Z—coordinate
Z—coordinate

2000

1000 1000

0 — = = —— 1 M
52 56 60 64 68 72 76 80 84 88 92 96 52 56 60 64 68 72 76 80 84 88 92 96
(X1E4 m) (X1E4 m)
X—coordinate X—coordinate

Figure 26: Mixing ratio of rain water (contour; g kg™!) and relative humidity
(shade; x100%) for the experiment OmCICR at ¢ = 10 hours (left) and ¢ = 20
hours (right). The contour interval is 0.02 g kg™!.
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Figure 27: Mixing ratio of rain water (contour; g kg™!) and cooling rate (shade;
K day™!) for the experiment OmCICR at ¢ = 10 hours (left) and ¢ = 20 hours
(right). The contour interval is 0.02 g kg™ !.
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Figure 29: Potential temperature deviation for the experiment 0OmCICR at ¢t = 10
hours (left) and ¢ = 20 hours (right). The contour interval is 1 K.



Figures 106

(m) (m)
T T T T T T T T T T T T T T T T T T T T T 7] y=745000 m ™} y=745000 m
1 t=72000 s 1 t=72000 s
5000 - 5000
4000 |- - 4000 |-
) 4 o
- -
5] 5]
= =
= 3000 ® 3000
3 -20 3 -20
0 0
!\‘1 1 —40 y\‘1 —40
2000 |- - 2000
B -60 -60
4 -80 -80
1000 - 1000
-100 -100
I I I I I I I I I I I [ ~120 ~120
52 56 60 64 6B 72 76 B8O 84 88 92 96
(X1E4 m) )
X—coordinate X—coordinate

Figure 30: Mixing ratio of rainwater (contour; g kg™') and cooling rate (shade;
K day™!) at 20 hours for the experiments 0OmCIHR and OmCIDR. The contour
interval is 0.01 g kg™
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Figure 31: Mixing ratio of rainwater (contour; g kg™') and cooling rate (shade;
K day™') at 20 hours for experiments OmHICR (left) and 0OmDICR (right). The
contour intervals are 0.01 g kg™ (left) and 0.02 g kg™! (right).



Figures

(m)
6000

5000

4000

3000

2000

/—coordinate

1000

—coordinate

0.36
024
0.12
0
—0.12 ™
—0.24
~0.36

6 7 8 9

(x1E5 m)
X—coordinate

CONTOUR INTERVAL = 4.000E-02

107

(m)
6000
5000
4000 0.36
3000 0.24
0.12
2000 0
-0.12
1000 —0.24
0 —0.36
4 6 8 10
(X1TE5 m)

X—coordinate

CONTOUR INTERVAL = 4.000E-02

Figure 32: Vertical velocity at ¢ = 20 hours for the experiments OmCIHR (left)
and OmCIDR (right). The contour interval is 0.04 m s™'.
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Figure 34: Time evolution of cooling rate profiles (K day~!) averaged in the
shower region for the no shear experiments. rows: rain intensity, (1st raw) inten-
sity halved, (2st raw) standard intensity, (last raw) intensity doubled. column:
radius of shower, (1st colomn) radius halved, (2nd column) standard radius, (last
column) radius doubled.
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Figure 35: Time evolution of the vorticity at y=750 km at t=4 hours (left), 8
hours (middle), and 12 hours (right) for the experiments OmCICR.
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Figure 36: The vertical section of the vorticity production by stretching (left,
s7%) and by vertical advection at ¢ = 12 hours for the experiments 0OmCICR. The
contour interval is 1.5 x 1078 72,
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Figure 37: The vertical section of the vorticity at ¢ = 12 hours for the no shear
experiments. rows: rain intensity, (1st raw) intensity halved, (2st raw) standard
intensity, (last raw) intensity doubled. column: radius of shower, (1st colomn)
radius halved, (2nd column) standard radius, (last column) radius doubled. The
contour interval is 2.0 x 1074 s71.
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Figure 38: Mixing ratio of rainwater (contour; g kg™!) and relative humidity
(shade; x100%) for the experiment 20mCICR at ¢ = 10 hours (left) and ¢ = 20
hours (right). The contour interval is 0.01 g kg™!.
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Figure 39: Mixing ratio of rainwater (contour; g kg™!) and relative humidity
(shade; x100%) for the experiment 40mCICR at ¢ = 10 hours (left) and ¢ = 20
hours (right). The contour interval is 0.01 g kg*.
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Figure 40: Mixing ratio of rainwater (contour; g kg™!) and cooling rate (shade;
K day™!) for the experiment 20mCICR at ¢ = 10 hours (left) and ¢ = 20 hours
(right). The contour interval is 0.01 g kg™!.
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Figure 41: Mixing ratio of rainwater (contour; g kg™') and cooling rate (shade;
K day™!) for the experiment 40mCICR at ¢ = 10 hours (left) and ¢ = 20 hours
(right). The contour interval is 0.01 g kg*.
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Figure 42: The vertical velocity for the experiment 20mCICR at t =
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Figure 43: The vertical velocity for the experiment 40mCICR at ¢ = 10 hours
(left) and ¢ = 20 hours (right). The contour interval is 0.04 m s™'.
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Figure 44: Potential temperature deviation for the experiment 20mCICR at ¢ =
10 hours (left) and ¢ = 20 hours (right). The contour interval is 1 K.
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Figure 45: Potential temperature deviation for the experiment 40mCICR at ¢t =
10 hours (left) and ¢ = 20 hours (right). The contour interval is 1 K.
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Figure 46: Time evolution of cooling rate profiles (K day™!) averaged in the
shower region for the experiments OmCICR (left), 20mCICR (middle), and

40mCICR (right).
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Figure 47: Time evolution of the vorticity at y= 750 km at t= 4 hours (left), 8

hours (middle), and 12 hours (right) for the exper

iments 20mCICR.
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Figure 48: Time evolution of the vorticity at y=

750 km at t= 4 hours (left), 8

hours (middle), and 12 hours (right) for the experiments 40mCICR.
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Figure 49: The vertical section of the vorticity production by stretching at ¢t =
12 hours for experiments 20mCICR (left), and 40mCICR (right). The contour
interval is 1.5 x 1078 572,
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Figure 50: The vertical section of the vorticity production by vertical advection
at t = 12 hours for the experiments 20mCICR (left) and 40mCICR (right). The
contour interval is 1.5 x 1078 72,
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Figure 51: The vertical section of the vorticity at ¢t = 12 hours for the experiments
OmCICR (light), 20mCICR (middle), and 40mCICR (right). The contour interval
is 1.0 x 1074 71,
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Figure 52: Vertical profiles of the westerly wind for the experiment 40mCICR at
the northern edge (=750 km and y=850 km; blue) and sourthern edge (=750
km and y=650 km; red) of the shower region at t= 10 hours. The black line
shows the initial shear.
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Figure 53: The vorticity (contour, s™') and ratio of deformation to vorticity
(colored < 0.5) for the experiments with no shear.
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Figure 54: The vorticity (contour, s™') and ratio of deformation to vorticity

(colored < 0.5) for the experiments with shear of 20 m s™*.
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Figure 55: The vorticity (contour, s™') and ratio of deformation to vorticity

(colored < 0.5) for the experiments with shear of 40 m s™*.



