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Thermodynamics of tropical cyclogenesis in the northwest Pacific

D. J. Raymond,1 S. L. Sessions,! and C. Lopez Carrillo’
Received 11 January 2011; revised 18 May 2011; accepted 13 June 2011; published 16 September 2011.

[1] This paper presents analyses of five tropical disturbances of various types, derived
from observations made over the northwest Pacific in August and September of 2008.
Various dynamic and thermodynamic products were derived from dropsonde and airborne
Doppler radar data, with the goal of increasing our understanding of tropical cyclogenesis.
From these analyses we draw the following tentative conclusions: The formation of a
strong midlevel circulation, with its associated cold core at low levels and warm core aloft,
greatly aids the spin-up of a tropical cyclone by changing the vertical mass flux profile of
deep convection from top heavy to bottom heavy. This has two effects: (1) the
enhancement at low levels of the convergence of mass and hence vorticity, thus aiding the
spin-up of a warm-core vortex and (2) the suppression of the lateral export of moist
entropy by deep convective inflows and outflows from the core of the developing system.
This allows the relative humidity to build up, resulting in more intense convection and
further development. Our results also suggest that strong horizontal strain rate at middle
levels, as measured by a form of the Okubo-Weiss parameter, is detrimental to tropical
cyclogenesis. Not only can such flow tear apart the midlevel vortex, it can also import
air with low moist entropy. In our small sample, the Okubo-Weiss parameter was the best

indicator of the potential for development. Vertical shear appeared to play a less

important role in the systems we investigated.
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1. Introduction

[2] Almost 60 years ago Shigetaka Syono wrote, “In the
present paper it is attempted to obtain dynamically the crite-
rion of the formation of tropical cyclones. There exist two
theories, i.e., one is a thermal theory and the other is a
dynamical one. In the writer’s opinion, the two standpoints
should be combined. In fact, in the present theory, the thermal
instability and dynamical instability are equally important
factors” [Syono, 1953, p. 180].

[3] Though Syono’s theories about tropical cyclogenesis
have been superseded, the point that cyclone formation
requires consideration of both dynamics and thermodynam-
ics is as true today as it was in 1953. This paper provides the
thermodynamic counterpart to our largely dynamical study
of the genesis of Typhoon Nuri (2008) [Raymond and Lopez
Carrillo, 2011, hereinafter RL2011]. The formation of this
storm was analyzed using Doppler radar and dropsonde
observations. The dropsondes, many of which were deployed
from an elevation of =10 km, are the key to the present study.

[4] In spite of decades of earlier observations of mature
tropical cyclones, the first projects devoted primarily to the
study of tropical cyclone formation date from the early
1990s. The Tropical Experiment in Mexico (TEXMEX,
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1991) documented the formation of four tropical cyclones in
the tropical east Pacific. One of the most important con-
clusions arising from this effort is that the development of a
warm core cyclone is preceded by the formation of a larger
cold-core disturbance at low to middle levels, a result fore-
seen by Yanai [1961, 1968] using conventional meteorolog-
ical data. Bister and Emanuel [1997] hypothesized that the
cold core forms an environment favorable for the develop-
ment of the subsequent warm core. Raymond et al. [1998]
showed that circulations in developing cyclones were indeed
strongest at midlevels in their early stages in TEXMEX.

[5] The Tropical Cyclone Motion program in the north-
west Pacific (TCM-90, TCM-92, TCM-93) along with a
study of the formation of south Pacific Tropical Cyclone
Oliver (1993) yielded significant information on the role of
mesoscale convective systems (MCSs) in tropical cyclogen-
esis [Harr and Elsberry, 1996; Harr et al., 1996a, 1996b;
Ritchie and Holland, 1997; Simpson et al., 1997]. In these
papers the importance of the interaction of midlevel meso-
scale convective vortices and the downward development of
a surface circulation were emphasized, though the mecha-
nism by which downward development takes place was not
convincingly specified.

[6] In the Atlantic basin, studies of the formation of
Hurricane Diana (1984) off the Florida coast [Bosart and
Bartlo, 1991] led to the concept of the “vortical hot tower”
(VHT) [Hendricks et al., 2004; Montgomery et al., 2006]
as the building block out of which the central cores of
tropical cyclones are formed. VHTs are strong convective
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systems which further concentrate vorticity in the already
vorticity-rich environment of a tropical disturbance or
depression. These fossil vorticity signatures are thought to
merge subsequently, forming the nascent tropical storm
core. The strong convective system observed in the devel-
opment of Atlantic Hurricane Ophelia (2005) [Houze et al.,
2009] appeared to be an example of a VHT. The dividing
line between VHTs and ordinary deep convection remains
somewhat indistinct at this point.

[7] The TPARC/TCS-08 project (THORPEX Pacific Asian
Regional Campaign/Tropical Cyclone Structure experiment
2008) studied the formation, structure change, and midlati-
tude transition of northwest Pacific typhoons [Elsberry and
Harr, 2008]. RL2011 described the facilities available in
this project and presented a detailed study of the vorticity
budget of developing Typhoon Nuri (2008).

[8] Montgomery et al. [2010] demonstrated that Nuri
formed out of a tropical easterly wave which originated in
the central Pacific over a week before its intensification into
a tropical cyclone. Following the ideas of Dunkerton et al.
[2009], Montgomery et al. [2010] further showed that the
core of Nuri developed near the intersection of the wave axis
and a critical latitude defined as that latitude where the low-
level environmental easterly wind speed matches the west-
ward propagation speed of the wave. This intersection defines
the center of a “pouch,” or a region of closed circulation in
the frame of reference moving with the wave, which is
protected from the intrusion of dry air from the surrounding
environment. The intensification of the wave into Typhoon
Nuri began as the wave moved into a region of weakening
environmental shear, resulting in a deeper protected pouch.
Intensification also coincided with the movement of the wave
over warmer sea surface temperatures (SSTs) (RL2011).

[9] Nuri was observed using airborne Doppler radar and
dropsondes on four successive days. During these four
observational periods it was categorized successively as a
tropical wave, a tropical depression, a tropical storm, and a
typhoon. An unusually complete picture of tropical cyclo-
genesis was thus obtained.

[10] As a tropical wave, Nuri exhibited an absolute cir-
culation around the core region nearly constant with height
up to about 3 km, decreasing above this level. Thus, unlike
the early stage systems observed in TEXMEX and the TCM
programs, no midlevel circulation maximum was found at
this stage in Nuri. This is consistent with the picture of west
Pacific waves developed by Reed and Recker [1971]. The
vertical mass flux profile appeared to have a maximum
vertical mass flux near an elevation of 10 km. The maxi-
mum vertical gradient in the mass flux was in the range
4-8 km, which implies from mass continuity a maximum in
mass convergence in this layer. On the following day when
Nuri became a tropical depression, the circulation in this
layer had increased greatly, resulting in a midlevel circula-
tion maximum near 5 km.

[11] As a tropical depression, the vertical mass flux profile
changed markedly, with a maximum vertical mass flux at an
elevation of 5 km and strongly increasing mass flux with
height below this level. This was apparently responsible for
the observed spin-up at low levels, which was concentrated
in the central core region, resulting in the formation of a
tropical storm on the third day. Further intense spin-up of
the central region accompanied by a weaker circulation
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increase over a larger area resulted in the formation of a
typhoon on the fourth day.

[12] Observations from TEXMEX and the various TCM
projects suggest that a strong midlevel circulation is ubiq-
uitous in the early stages of tropical cyclone formation. As
noted above, such a circulation appeared not to exist initially
in the tropical wave stage of Nuri, but developed as Nuri
intensified to a tropical depression. The cloud-resolving
model calculations of Nolan [2007] indicate that a devel-
oping tropical cyclone forms a midlevel vortex before pro-
ducing a low-level warm core, even when the simulation is
initiated with a low-level circulation. These results all suggest
that the formation of a robust midlevel circulation is a nec-
essary phase of tropical cyclogenesis. This is generally called
the “top-down” hypothesis of tropical cyclone formation.

[13] How the formation of a midlevel circulation facil-
itates the development of a circulation at low levels has
hitherto not been determined in detail. However, it is clear
from the laws of fluid dynamics that vorticity cannot be
“transported downward” from middle to low levels as many
papers say or imply. More precisely, the tendency of the
vertical component of absolute vorticity . at any level can
be written as the horizontal divergence of a horizontal flux
of vertical vorticity Z at that level [Haynes and Mclntyre,
1987; RL2011]:

.
F=-Vi L (1)

This horizontal flux is given by
Z=vil.— v+ k xF, (2)

where v, is the horizontal velocity, ¢, is the horizontal part
of the absolute vorticity, v, is the vertical velocity appro-
priate to the coordinate system being used, k is a vertical
unit vector, and F is the horizontal force per unit mass due to
the turbulent momentum flux divergence or to an external
source. These equations are exact in pressure or isentropic
coordinates. In geometric coordinates they are approxi-
mately correct in most situations, the small error being the
omission of the vertical baroclinic generation term (see
RL2011).

[14] Since 0(./0¢t at some level depends directly only on
quantities at the same vertical level, there can be no direct
transport of vertical vorticity from middle levels to low
levels. However, there is an indirect effect via the second
term on the right in (2), —¢;v.. This component of the hori-
zontal flux of vertical vorticity is equal to minus the vertical
flux of horizontal vorticity, and is related to the tilting of
vortex lines that occurs when this flux is horizontally inho-
mogeneous. One could imagine, for instance, the downward
eddy flux of horizontal vorticity from a midlevel vortex to
low levels. This flux could cause a localized acceleration of
the flow at low levels. However, if this acceleration is limited
to a finite horizontal area A4, it cannot change the circulation
around A. This is easily verified by horizontally integrating
(1) over 4 and applying Stokes’ theorem, resulting in the
tendency equation for the absolute circulation I' around 4:

dr’
E = - f VnCzdl + % Cnvzdl + %Ftdl (3)
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The line integrals proceed counterclockwise around the
periphery of 4. The quantities v, and (, are the outward
normal components of the horizontal wind and vorticity at
the boundary of 4 and F, is the tangential component in the
counterclockwise direction of F on this boundary. If the
vertical flux of horizontal vorticity is zero on the boundary of
A, then the second term on the right side of (3) vanishes and
its contribution to the circulation tendency around 4 is zero.
In other words, a bounded region of nonzero —¢,v. produces
only a vertical vorticity dipole or a superposition of dipoles
within this region. Similar considerations apply to the flux
related to the force term k x F if F, is zero on the boundary of 4.

[15] If the direct downward transport of vertical vorticity
to low levels cannot occur, then how can a midlevel vortex
spin up a low-level circulation? Equation (3) indicates that
the only way the low-level spin-up can occur is via the con-
vergence of the horizontal advective flux of vertical vorticity
v;(.. This convergence almost certainly has to result from
convection which exhibits a rapid increase in vertical mass
flux with height at low levels. As noted above, the spin-up of
Typhoon Nuri at low elevations was associated with con-
vection of this type. The hypothesis that low-level spin-up
results primarily from low-level vorticity convergence (as
opposed to the downward transport of vertical vorticity) is
sometimes called the “bottom-up hypothesis.” The ques-
tion then becomes how a midlevel vortex can promote
convection exhibiting strong low-level, as opposed to mid-
level, convergence.

[16] The cloud-resolving model work of Raymond and
Sessions [2007] provides a possible solution to this riddle.
In that work, convection occurring in an environment char-
acteristic of the undisturbed tropics (more precisely, an
environment close to radiative-convective equilibrium)
exhibits a maximum vertical mass flux high in the tropo-
sphere, near 9-10 km. Convection in a moister environment
with an unaltered temperature profile produces more rain-
fall, but does not change the elevation of maximum vertical
mass flux. However convection in an environment in which
the lower troposphere is =1 K cooler and the upper tropo-
sphere =1 K warmer than the undisturbed environment
produces more rainfall and also has a maximum vertical mass
flux near 5 km elevation. This change in the elevation of the
maximum vertical mass flux is comparable to that which
occurred between the tropical wave and tropical depression
stages of Nuri.

[17] This paper explores a “unified hypothesis” which
incorporates elements from both the top-down and bottom-
up hypotheses. In a narrow sense there can be no dispute
about the bottom-up hypothesis; as shown above, the laws
of geophysical fluid dynamics preclude the downward
transport of vertical vorticity in a way that increases the cir-
culation around the system of interest at low levels. The only
way this can happen is by the low-level convergence of
vertical vorticity. However, this does not rule out the possi-
bility that a midlevel vortex might alter the thermodynamic
environment of convection in a manner that promotes strong
low-level convergence and the corresponding spin-up of a
cyclonic circulation at low levels.

[18] Bister and Emanuel [1997] proposed that the cold
core in a developing cyclone promotes the formation of an
embedded warm core. They assumed that the cold core arises
from the cooling effects of stratiform precipitation. However,
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a cold core at lower levels is dynamically associated with the
existence of a midlevel vortex; this may be understood either
via the thermal wind relation or more compactly, from
potential vorticity inversion [Davis, 1992; Raymond, 1992].
A cold core supported by balanced dynamics is more likely
to last long enough to produce an embedded warm core
circulation than is one associated solely with evaporative
cooling. Such a cold core requires a midlevel vortex with
sufficient lateral size for its Rossby penetration depth to
extend to the surface.

[19] Dry air has long been thought to inhibit the strong
convection associated with tropical cyclogenesis. This dry
air can be imported by environmental horizontal or vertical
shear, or it can be drawn into the system by the convection
itself. Shear can also tear apart the fledgling cyclone vortex.
Dunkerton et al. [2009] quantify the effect of horizontal
shear with the Okubo-Weiss parameter, a measure of the
relative importance of the rotational and strain components
of the horizontal wind.

[20] The convective import of dry air is governed by the
normalized gross moist stability, which is the ratio of the
lateral export of moist entropy to the lateral import of water
vapor [Raymond et al., 2009]. The drying effect of con-
vection is minimized for small (or negative) values of the
normalized gross moist stability. The factors controlling this
parameter are therefore important for tropical cyclogenesis.

[21] In this paper we investigate the hypothesis that
dynamically balanced midlevel vortices are instrumental to
tropical cyclogenesis. Section 2 develops the theoretical
background for our thermodynamic analysis of tropical
cyclogenesis. Section 3 covers data sources and analysis
methods. The cases we studied are described in section 4
and results from areal averaging are introduced in section 5.
Implications of our results are discussed and conclusions are
presented in section 6.

2. Theory

[22] Raymond et al. [2007] presented a theory for the
development of tropical depressions. This theory is based on
the idea that the low-level spin-up tendency due to vorticity
convergence must exceed the spin-down tendency due to
surface friction for a cyclone to spin up. The vorticity con-
vergence is related to the vertical mass flux of convection and
the corresponding convective rainfall rate. The rainfall rate is
in turn controlled by the tropospheric humidity, or more
precisely, the saturation fraction (or column relative humid-
ity), which is the precipitable water divided by the saturated
precipitable water. In this model, the time tendency of the
saturation fraction thus becomes central to the evolution of
a tropical disturbance; only if it increases with time will the
disturbance intensify according to this theory. The time
tendency of the saturation fraction is most easily approached
through the budget of moist entropy.

[23] The theory as originally developed did not incorporate
the results of Raymond and Sessions [2007], i.e., the possi-
bility that changes to the temperature profile could have a
profound effect on the vertical mass flux profile and therefore
the efficiency with which convection drives low-level vor-
ticity convergence. We incorporate these ideas here.

[24] We consider the budgets of moisture and moist
entropy inside a vertical cylinder of horizontal area 4 with
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base at the surface and top at elevation 4. Indicating vertical
integration and horizontal averaging over this test volume
by square brackets and just horizontal averaging by an
overbar, the integrated budgets of total cloud water mixing
ratio » and specific moist entropy s are

dlpr]
dt

+ [V - (pvar)] + pvarl,= —R 4+ F (4)

dps]
dt

+ [V - (pvas)] + 03], = [pG) + Fes + Fraa,  (5)

where p is the density, v, is the horizontal wind, v, is the
vertical wind, and V,, is the horizontal divergence. The
quantity R is the surface rainfall rate, F,; is the surface
evaporation rate, G is the specific irreversible generation of
entropy, F,, is the surface entropy flux due to latent and
sensible heat transfer, and F,,, is the vertically integrated
radiative source of entropy. The third terms on the left sides
of (4) and (5) represent upward fluxes out of the top of the
test volume at z = A. If & is high enough, these terms vanish.
They are introduced here to accommodate observations
which do not extend to a high enough level to justify the
neglect of these upward fluxes.

[25] A form of the specific moist entropy which takes
freezing into account [Ldpez Carrillo and Raymond, 2005]
is used here:

= (de +nCp +rCr+ r,-C,-) In(T/Tg) — Ry In(pa/pr)
— R, In(p,/prp) + (Lrry — Lpr;)/ Tr (6)

where the absolute temperature is 7, the mixing ratios for
water vapor, liquid, and ice are r,, r;, and r;, and p, and p,
are the partial pressures of dry air and water vapor. The
constant C,; = 1005 J K ™' kg ™! is the specific heat of dry
air at constant pressure, C,,, = 1850 J K ' kg is the specific
heat of water vapor at constant pressure, C; = 4218 J K™
kg ' is the specific heat of liquid water, C; = 1959 J K'
kg ! is the approximate value of the specific heat of ice
(assumed constant), Tz = 273.15 K is the freezing point of
water, R;=287.05 J K ' kg ' is the gas constant for dry air,
R,=461.5TK ' kg ' is the gas constant for water vapor,
pr = 1000 hPa is a reference pressure, prp = 6.1078 hPa is
the triple point pressure for water, and Lz = 2.5008 x 10° J
kg ' and L = 3.337 x 10° J kg ' are the latent heats of
condensation and freezing at the freezing point. If ; = 0 (as
we assume here), (6) reduces to the entropy equation of
Emanuel [1994, p. 120] if the relative humidity times the
saturation vapor pressure is substituted for p,. The only
difference enters for the saturated case above the freezing
level, for which ice saturation is assumed in computing the
saturation values of p, and r,. This results in a smaller value
of saturated moist entropy than produced by the liquid-only
equation. This difference is significant when computing
parcel instabilities above the freezing level.

[26] The saturated moist entropy s* is obtained by setting
r;=r;=01n (6) and replacing the vapor mixing ratio »,, with
its saturated value, r*. Since s* = s* (7, p), it is a surrogate
variable for temperature at a given pressure level. The
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relationship between s* and T perturbations at fixed pressure

is given by
Os*
* — [
bs* = (8T) 6T, 7)
P
with
Os* 1 L2
— ) | Cp +-2L r*)
(aT)p T ( 7T RTZ
/374064 Tkg ! K2, (8)

where #* is given in units of g kg~ '. The quantity (Os*/0T),
varies from approximately 20 J kg~' K2 near the surface
over warm tropical oceans to near 4 J kg ' K in the upper
troposphere.

[27] The normalized gross moist stability v as discussed
by Raymond et al. [2009] is proportional to the ratio of the
lateral export of entropy and moisture from a test volume.
A minor generalization to this definition takes into account
possible vertical transports out of the top of the test volume
at z = h as well:

D)o

where we take L = Lz + Lr. The square brackets and the
overbar have the same meaning as in (4) and (5).

[28] Bulk flux equations are useful for obtaining approx-
imate estimates of the surface fluxes of moisture F,, and
moist entropy F,:

Frs - psCDUebl(rsﬂ; - rs) (10)

Fos = psCDUebl(S.;‘s‘ - S.Y)a (1 1)
where a single subscripted s indicates a value just above
the surface, a subscripted ss with a superscripted asterisk
indicates a saturated value at the sea surface temperature and
pressure, Cp = 1073 is the surface exchange coefficient, and
Uyp; = (U3 + W) is an effective boundary layer wind in
which Uy, is the actual, Earth-relative surface wind speed,
and W,,~3 ms ' is a gustiness correction [Miller et al.,
1992]. For consistency with the results of RL2011, the
exchange coefficient used in this paper for momentum is
also used here for thermodynamic fluxes:

Cp = (14 0.028Uy) x 1073. (12)

[29] The radiative part of the entropy source is

rh
pCp (dT>
Fraa = / dz,
Jo T dt rad

where T is the absolute temperature, C,, is the specific heat
of air at constant pressure, and (d7/dt),,, is the net radiative
heating rate as a function of height.

[30] The test volume is generally considered to move
with the disturbance of interest. The velocity v, is therefore
considered to be disturbance relative. The irreversible
entropy source G (the most important component of which

(13)
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is diffusion of moisture according to Pauluis and Held
[2002]) is ignored here, which introduces an error. In prin-
ciple, the entropy could be replaced by the moist static
energy, but this variable is only approximately conserved
by moist adiabatic processes, introducing a corresponding
error, so there is no clearly favored choice of conserved
thermodynamic variable. Lopez Carrillo and Raymond [2005]
found that these errors are small and often of opposite sign
for the moist entropy and the moist static energy and in
many circumstances the results do not depend on which is
used.

[31] Equation (4) is useful for estimating the rainfall rate if
the time tendency term is ignored. This assumption should
be at least approximately valid if the area 4 is large enough
to encompass many convective elements in different phases
of their life cycle. If this assumption is valid, then the
rainfall rate can be estimated as

R=Fy — [V (pvar)] — i, (14)

The time tendency of the volume-integrated moist entropy
can be written as

d[ps]
dt

= Fes ‘I’Frad - [Vh . (PVhS)] - mlh

:Fes ‘I‘Frad_’YL(ﬁ_Frs)/TR, (15)
where (9) and (14) have been invoked and where irrevers-
ible generation of entropy is ignored. Thus, increasing sur-
face entropy fluxes and decreasing radiative losses increase
the vertically integrated moist entropy, while increased net
rainfall R — F,, decreases the moist entropy as long as the
normalized gross moist stability v > 0. Small or negative
values of 7 thus favor increases in the integrated moist
entropy for positive net rainfall.

[32] The saturation fraction, which equals the precipitable
water W divided by the saturated precipitable water W,
plays an important role in determining the precipitation rate
according to recent results. Since the specific moist entropy
is given approximately by the equation s = s, + Lr,/Ty where
sq is the specific dry entropy, L is the latent heat of con-
densation, r, is the water vapor mixing ratio, and Ty is a
constant reference temperature, the saturation fraction can
be approximated as

h h
S=W/Ws~ /0 p(s *Sd)dZ/O p(s* — s4)dz. (16)

[33] On the basis of a series of cloud-resolving model
calculations as well as observational results, Rafymond et al.
[2007] proposed that the rainfall rate R (mm d ) over warm
tropical oceans is related to the saturation fraction of the
troposphere S by the equation

Se— Sk

R=R
RSC_S7

5 <S5, (17)

with an assumed radiative-convective equilibrium rainfall
rate Rz =4 mm d ', a saturation fraction corresponding to
radiative-convective equilibrium Sz = 0.81, and a critical
saturation fraction S, = 0.87.
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[34] An alternative relationship between rainfall rate
and saturation fraction was obtained from satellite passive
microwave observations of rainfall and precipitable water by
Bretherton et al. [2004]. In our terminology their result is

R = exp[A(S — B)], (18)
where 4 = 11.4, B=0.522, and R is in mm d .

[35] Though the saturation fraction appears to explain the
largest part of the variability in the rainfall, other factors
may be important as well, e.g., the surface wind speed [Back
and Bretherton, 2005] and the tropospheric temperature
profile [Raymond and Sessions, 2007]. Dropsonde observa-
tions in developing tropical storms provide a further oppor-
tunity to test these results by comparing the rainfall predicted
by (14) and (17).

[36] Another piece of the puzzle of tropical cyclogenesis
is to obtain a relation between vorticity convergence and
rainfall rate. Equation (14) shows that there is a strong
relationship between rainfall and moisture convergence. As
Raymond et al. [2007] point out, moisture convergence is
tightly coupled to low-level mass convergence since water
vapor is concentrated in the lower troposphere. Similarly,
vorticity convergence is related to mass convergence. Thus,
there should be a relationship between moisture conver-
gence and low-level vorticity convergence. We hypothesize
that the boundary layer vorticity convergence =V, - (v, ) s
scaled by the average boundary layer vorticity (. is pro-
portional to the moisture convergence —[V, - (pv,7)] scaled
by the average precipitable water W over the analyzed region,

_ V- (VhCz)b/ - _C [Vh . (PVhV)}
C W

(19)

where C is the dimensionless constant of proportionality.
The vorticity scaling comes from the fact that the vorticity
tendency scales as the product of the mass convergence and
the vorticity. Similarly, the moisture convergence is likely
to scale with the product of the mass convergence and the
precipitable water.

[37] Vertical shear of the horizontal wind and horizontal
flow deformation are two processes which can lead to dry
environmental air penetrating the core of a precyclone dis-
turbance [Dunkerton et al., 2009; Montgomery et al., 2010;
RL2011]. Both of these processes disrupt the closed circu-
lation which is thought to promote the increase in humidity
and rainfall which we hypothesize to be needed for spin-up.
A measure of the effect of horizontal flow deformation is the
Okubo-Weiss parameter [ Dunkerton et al., 2009; Montgomery
et al., 2010], which is defined by them as

0=¢ o —o3, (20)

where

ov  Ou dv  Ou ou Ov

Cr:aiﬁ_y g1 —a*a—y Uz—a*@

(1)

with (u, v) being the horizontal wind. This is in the form of
the square of the relative vorticity minus the squares of two
components of the strain rate. Large positive values indicate
the dominance of rotation over strain and are associated with
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closed circulations. Such circulations are inhibited by small
or negative values of O. The Okubo-Weiss parameter is thus
another indicator of the potential for cyclone intensification.

[38] We further define a normalized Okubo-Weiss param-
eter as follows:

2 2
N = m. (22)
G+oi+o3
This parameter equals 1 when the flow is completely rota-
tional, —1 when it is completely strained, and zero for uni-
directional shear flow. The advantage over the traditional
Okubo-Weiss parameter is that it evaluates the relative
magnitudes of the rotational and strain components of the
flow irrespective of their absolute values. For purposes of
evaluating the tendency of strain to disrupt a rotational flow,
the normalized Okubo-Weiss parameter would appear to be
more informative than the traditional version.

[39] Horizontal and vertical averaging is done over O and
N. More precisely, we average (,, o, and o, and then
calculate O and \V. This is done to emphasize robust, system-
wide characteristics rather than small-scale fluctuations.

3. Data and Methods

[40] The data used in this paper were obtained during the
TPARC/TCS-08 project in August and September of 2008.
See RL2011 for a description of this project, including the
facilities used and their locations.

[41] Dropsondes were launched from both WC-130J air-
craft flying near an elevation of 10 km and the NRL P-3
aircraft flying mostly in the elevation range 2—4 km. The P-3
also carried the ELDORA X-band Doppler radar. The WC-
130J aircraft deployed dropsondes on a regular grid with
dimensions of order 5° and dropsonde spacing near 1°. The
P-3 sought out convection in a survey mode, covering as much
area as possible in the region observed by the WC-1301.

[42] Dropsondes were subjected to quality control by the
Earth Observing Laboratory (EOL) of the National Center
for Atmospheric Research. We subsequently inspected each
sonde and discarded those with large (generally exceeding
100 hPa) data gaps, missing winds, or other flaws. No further
corrections were made. The remaining quality controlled
sondes were then linearly interpolated to a 25 m height grid.
Analyzed fields were temperature, mixing ratio, pressure,
height, and two derived fields, the specific moist entropy and
the saturated specific moist entropy. The geopotential height
field derived from the hydrostatic equation applied to the
pressure, temperature, and humidity fields was used for the
height. The EOL analysis adjusted the height so that it was
either zero at the surface or equal to the aircraft altitude at
launch, depending on whether the sonde transmitted data all
the way to the surface.

[43] Data were interpolated to a three-dimensional grid as
part of a 3D-VAR wind analysis. Dropsonde horizontal
winds and Doppler radar radial velocities were used in the
analysis. Mass continuity was strictly enforced by the use of
a strong penalty function in the 3D-VAR scheme and sub-
jectively adjusted smoothing parameters in the horizontal
and vertical were used to eliminate variance on scales
unsupported by the spacing of dropsondes. The analysis was
performed in a reference frame moving with the disturbance
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of interest to minimize errors introduced by the differing
times of dropsonde launches and radar observations. The
reference time is the time at which the position of the dis-
turbance in the Earth frame coincides with its position in the
comoving frame. Details of the data analysis scheme are
presented by RL2011.

[44] The 3D-VAR analyses were made on the dropsonde
thermodynamic data for the same grid using a technique
similar to that used for the wind calculations. A weighted
average of all data points within a volume of influence
associated with each grid point g was computed:

Fo= S wlath) [ 3wl
k k

where F(k) are the data values and the weighting factor is
defined w(k) = d;;> with dj being the distance between the
grid point and the kth data point. A longitude-latitude-height
grid was used with grid spacings (A X, A¢, Az). The domain
of influence for a particular grid point (\, ¢, z) is the rect-
angular volume defined by (A = A\, ¢ + A¢, z £ Az). The
grid cell dimensions of AX = A¢ =0.125° and Az =625 m
match the wind analysis grid.

[45] The same conjugate gradient software used by RL2011
was employed to minimize the global target function

(23)

T(F) =Y [(F=Fo) + PA(F) + Po(F)]  (24)

G

by varying F, the gridded field, where F'— F, is the difference
between the gridded value of a variable F and the weighted
average of the observations for that variable defined in (23).
If no data existed at a particular grid point, the term (¥ — F, g)2
for that grid point was omitted from the sum G over all the
grid points.

[46] The terms Py(F) and Py(F) are centered smoothing
operators in the longitudinal and latitudinal directions:

Py(F) = Y[F(A = AXN) + F(A + AX) — 2F(\)]? (25)

Py(F) = Y[F(¢ — Ap) + F(¢+ Ap) —2F(9).  (26)
The smoothing weight was set to ¥ = 0.1 in our case. On the
lateral boundaries the same filter was used, but with off-
center differencing toward the interior of the grid. No
smoothing was done in the vertical direction.

[47] In order to reduce artifacts in the analysis which occur
if a sounding begins or ends within the gridded region, all
variables had mean profiles subtracted before the global fit.
These mean profiles were calculated as averages over all of
the soundings used in the analysis for a particular mission,
including soundings from both the WC-130J and P-3 air-
craft. After the analysis the mean profiles were added back
in. Similar artifacts due to dropsondes moving from one
latitude-longitude grid box to another under the influence of
horizontal winds were eliminated by using the drop-averaged
longitude and latitude for each sonde in the analysis, thus
confining the data from each sonde to a single column in the
analyzed grid. Given typical winds and size of the analyzed
area, this introduced only small errors. In order to match the
wind analysis, sonde locations were corrected to the same
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Figure 1. TCS030. (a) Plot of saturation fraction S and system-relative winds averaged over the height
interval 3—5 km. Red dots show the locations of WC-130J dropsondes, and green dots show sondes from
the P-3. (b) Absolute Vorticity in the 35 km layer. Gray scale insets show reflectivity exceeding 25 dBz
at 5 km. The analyzed area is enclosed by the red polygon. (c) Horizontally averaged proﬁles of specific
moist entropy (left curve) and saturated specific moist entropy (right curve). Averaging is weighted by
area (km?) over reglons inside the red polygon Figure 1b. (d) Wind hodograph averaged over the area
inside the red polygon in Figure 1b. The black dot indicates zero velocity in the storm-relative frame.
The large red dots are labeled with altitude in kilometers.

reference time used in that analysis, with the same assumed
system propagation velocity.

[48] After the thermodynamic analysis was done, it was
merged with the wind analysis. The combined analysis was
then masked to remove points outside the region covered by
the dropsondes. Data above 10 km were also eliminated
since dropsonde data did not exist above this altitude.
Finally a variety of auxiliary variables were computed.

[49] Further subjective masking was then done to limit cal-
culations to regions with high saturation fractions and signif-
icant positive vorticity in the 3—5 km layer. These analysis
regions are indicated by the red polygons in Figures 1b—7b.

[s0] Surface thermodynamic fluxes were obtained using
Reynolds SSTs [Reynolds and Marsico, 1993]. Though these
SST estimates are not as good as others of higher spatial and
temporal resolution, they are considerably better than cli-
matology, are readily available, and should be adequate for
estimating surface fluxes.

4. Case Studies

[5s1] Seven missions, consisting of simultaneous flights of
the NRL P-3 and a WC-130J aircraft, were flown from

Guam on five different systems, as detailed in Table 1. The
precursor to Typhoon Nuri was observed on two successive
days, with missions labeled Nuril and Nuri2. Two missions
were also flown on TCS-025, labeled TCS-025-1 and TCS-
025-2. The precursor to Typhoon Hagupit was observed
on 2 days, but only the second of these missions, labeled
Hagupit2, is used here, as the first mission lacked suitable
dropsonde data. The remaining cases, TCS-030 and TCS037,
were observed just once.

[52] The propagation velocities listed in Table 1 are gen-
erally based on vorticity patterns from the National Centers
for Environmental Prediction final analysis (FNL). These
velocities tend to jump around during the early stages of a
disturbance. They also may differ from the wave propaga-
tion speed. Montgomery et al. [2010] obtain a westward
wave propagation speed for Nuril close to 7 m s ' on the
basis of a different type of analysis, or about 2 m s™' faster
than assumed in RL2011. We use the faster propagation
speed of Montgomery et al. [2010] for the analysis of Nuril
in this paper, as overall this value seems to be more con-
sistent with the observed wave motion as opposed to the
motion of vorticity elements.
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Figure 2. As in Figure 1 except for the Nuril mission. TCS030 thermodynamic soundings are shown in

black for purposes of comparison.

[s3] Of the five systems studied, Nuri and possibly
TCS037 were caught in the act of intensifying. TCS037
appeared from satellite imagery to become a small, unnamed
tropical storm near northern Japan a few days after our
observations. Our measurements on pre-Typhoon Hagupit
occurred nearly a week before this system began to amplify
and no signs of intensification were evident in our analysis.
TCS025 and TCS030 did not intensify into tropical cyclones,
though TCS025 showed signs of doing so. TCS030 was a
weak, low-latitude tropical wave which serves as a baseline
with nearly undisturbed tropical conditions.

[54] Regions analyzed are indicated by the red polygons
in Figures 1b—7b. High saturation fraction, the existence of
significant positive vorticity, and system-wide organization
of the circulation (if such organization exists) were used in a
subjective manner to define these regions. Selection of the
region analyzed is a weak point of control volume studies
such as this. As more case studies are obtained, it may
be possible to develop more objective criteria for region
selection.

[55] We now describe the individual characteristics of each
case in more detail.

4.1. TCS030

[s6] As a weak tropical wave showing no tendency to
intensify, TCS030 is the closest we have to a “null” case.
Ultimately it made landfall in the Philippines. As the mis-
sion plot Figure 1 shows, the saturation fraction did not
exceed S = 0.85 in this system and mostly took on much

smaller values. The system-relative midlevel wind (average
over the height range 3—5 km) showed no organized circu-
lation and the vorticity pattern was scattered with mainly
small scale organization. The wind shear in TCS030 was
from the northeast. The most extensive convection occurred
in the northwestern part of the observed region. The sub-
region selected for further analysis (indicated by the red
polygon in Figure 1b) excludes the southern and eastern
parts of the area spanned by WC-130J dropsondes, as this
area was poorly observed both by dropsondes and Doppler
radar. TCS030 provides a useful null case relative to the
other cases examined, all of which showed some organiza-
tion and potential for intensification. The thermodynamic
sounding (expressed in terms of profiles of moist entropy
and saturated moist entropy) is compared with soundings in
other cases.

4.2. Nuri

[57] Two missions into developing Typhoon Nuri (Nuril
and Nuri2) captured the transition of this disturbance from a
tropical wave to a tropical depression. Nuri subsequently
developed into a typhoon, as described by Montgomery et al.
[2010] and RL2011.

[s8] The mission plot for Nuril (Figure 2) shows that the
area of high saturation fraction in Nuril was somewhat
larger than that in TCS030, with higher maximum values.
The average moist entropy and saturated entropy profiles
shown in Figure 2c indicate that this increase in saturation
fraction resulted from a combination of decreased moist
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Figure 3. As in Figure 2

entropy and saturated moist entropy at low to middle levels
and increased moist entropy at upper levels.

[59] The wind shear for Nuril was from the north—
northeast, with most of the shear occurring below 5 km.
During the Nuril mission we noted visually that the system
had a structure somewhat resembling a westward moving
squall line, with new convection developing on the west side
and dissipating into stratiform cloudiness on the east side.
The system as a whole appeared to be moving faster to the
west than the component convective cells, which is con-
sistent with the relative eastward movement through the
system of evolving cells. The reflectivity pattern and the
vorticity structure seen in Figure 2b are consistent with this
picture; high reflectivities occur mostly to the west and the
horizontal scale of vorticity perturbations increases to the east.

[60] Nuril exhibited a cyclonic circulation at midlevels, as
Figure 2a shows. An even stronger surface circulation also
existed (not shown; see RL2011) with a circulation center
displaced about 3° to the west—northwest of the midlevel
circulation. The observed region was well centered on the
Nuril circulation and virtually all of this region, as indicated
by the red polygon in Figure 2b, was used for the analysis.

[61] Figure 3 shows the mission plot for Nuri2. Several
things are immediately evident. Saturation fraction values
are much higher in Nuri2 than in Nuril, with some values
exceeding 0.95 The midlevel circulation is stronger than
Nuril and more symmetric, with the maximum saturation
fraction occurring at the center of the circulation at this
level. The vorticity values are larger on the average than for
Nuril and the midlevel vorticity pattern is better organized,

except Nuri2 mission.

though still not concentrated in the center of the circulation.
The mean soundings show that saturated moist entropy
continued to decrease in the lower troposphere and increase
in the upper troposphere. Furthermore, the moist entropy
increased significantly above 1.5 km. In short, Nuri intensi-
fied significantly.

[62] The wind shear shifted to easterly in Nuri2, but had
about the same magnitude as in Nuril. Little shear occurred
above 5 km. The low level center was still not aligned with
the midlevel center, but was located about 2° to the north
(see RL2011). The convective system near (140.2°E, 15.4°N)
was isolated, but it was quite large and highly rotational
according to a high-resolution analysis not shown here, and
may be an example of a vortical hot tower.

[63] The area selected for further analysis of Nuri2 omits
the western periphery of the disturbance. This region, though
still quite moist, was dominated by downdrafts and lacked
significant positive vorticity. This may be a dynamical effect
associated with the shear and the associated storm-relative
flow at low levels.

4.3. TCS037

[64] TCS037 developed on the northeast side of a tropical
upper tropospheric trough (TUTT). The TUTT cell may have
provided some background vorticity, but was extremely dry
in its core. The mission plot (Figure 4) shows the extreme
north—south gradient in saturation fraction on the south side
of the disturbance-related circulation.

[65s] Figure 4 also shows a strong cold anomaly below
3 km elevation, as indicated by the low values of saturated
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Figure 4. As in Figure 2 except TCS037 mission.

moist entropy relative to TCS030. The moist entropy is also
somewhat decreased below this level. Above 3 km the
sounding is almost identical to that of TCS030 in spite of the
higher latitude and the =2 K cooler SST.

[66] Wind shear was southerly in this system and appar-
ently weaker and more distributed in the vertical than for
Nuri. The wind profile must be interpreted with caution, as
the observed area was not centered on the midlevel circu-
lation center. Cancellation via averaging of the axially
symmetric part of the system-related flow thus did not occur,
resulting in strong contamination of the environmental wind
profile by system winds.

[67] The midlevel vorticity was quite well organized, with
a circulation intermediate in strength between Nuril and
Nuri2, but significant convection was limited to the northwest
corner of the observed region. Though substantial vorticity
occurred in the southern part of the observed domain, this
region was considered to be convectively inactive because
of the low humidity. The midlevel circulation was also less
organized on the east side of the observed area. The ana-
lyzed region is therefore confined to the north of 24.5°N and
to the west of 154.6°E.

4.4. TCS025

[68] TCS025 was observed on two successive days to the
northeast of Guam. Though initially promising, it remained
disorganized as it moved slowly to the northeast and it did
not intensify into a tropical storm.

[69] Figures 5 and 6 show the mission plots for TCS025-1
and TCS025-2. Peak values of saturation fraction exceeded

0.9 on both days and saturated moist entropy soundings
were significantly cooler than TCS030 in the lower tropo-
sphere and warmer in the upper troposphere. However, the
saturated moist entropy anomaly decreased in magnitude
from the first day to the second. The midlevel vorticity
anomaly became less intense and more widespread from
TCS025-1 to TCS025-2 and the overall midlevel circulation
increased somewhat. Significant convection occurred away
from the circulation center on both days.

[70] The wind shear was from the northeast on both days
and was slightly stronger on the first day (TCS025-1). On
the second day (TCS025-2) the shear was variable in
direction at low levels. As with TCS037, the midlevel cir-
culation center was located at or near the edge of the
observed area on both days, so the wind profiles must be
interpreted with caution. The southern part of TCS025-1
contained higher humidities and vorticities, so the analysis
region was restricted to south of 20° N. For TCS025-2
nearly the entire observed area was included in the analysis,
excluding only a small part with drier air on the southeast side.

4.5. Hagupit

[71] The precursor disturbance to typhoon Hagupit was
observed on two successive days. However, high-level
dropsondes were available only on the second day’s mission,
so we limit our discussion to that mission, which we denote
Hagupit2. This disturbance was weak and disorganized
during our observations and remained that way for several
days afterward. It finally intensified into a tropical storm
roughly 6 days after our observations ended.
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Figure 5. As in Figure 2 except TCS025-1 mission. The enclosed white area in the vorticity plot

indicates vorticity values exceeding 0.4 ks’

[72] Figure 7 shows the mission plot for Hagupit2. Higher
saturation fractions are confined to the southeast corner of
the observed area and there is a hint of a weak closed cir-
culation center just outside of this area to the southeast.
However, the circulation is far from axially symmetric. The
saturated moist entropy perturbations in the mean sounding
are weak relative to TCS030 and the moist entropy profile is
drier than TCS030 above 1 km. Hagupit2 exhibited shear
from the northeast in the lower half of the troposphere with
little shear above the middle troposphere. Overall, pre-
Hagupit was quite weak at the stage at which we observed
it, closer to TCS030 in character than to the other observed
disturbances. However, high humidities associated with
significant convection and stratiform cloudiness existed in
the southeast quadrant of the observed area. The analyzed
region was confined to this quadrant, as illustrated in
Figure 7.

5. Area Averaged Results

[73] We now present analyses of area-averaged results for
our five cases. These results are summarized in Figures 811
and in Table 2. Horizontal averaging was done over regions
enclosed by the red polygons in Figures 1b—7b. The low-
level vorticity and vorticity tendency in Table 2 are averages
over the height range 0—1 km while the midlevel vorticity,
vorticity tendency, and normalized Okubo-Weiss parameter
are averaged over 3—5 km. The saturation fraction, nor-
malized gross moist stability, and column entropy tendency

are computed over the height range 0-9.375 km. The wind
shear is the magnitude of the difference between the vector
winds in the 0—1 km and 3-5 km layers. The rainfall rates
are estimated from the moisture equation (14) with the time
tendency of moisture omitted. This can be a significant
source of error and is probably why the rainfall estimate for
TCS030 is slightly negative.

5.1.

[74] In this section we consider the vorticity dynamics of
the five tropical disturbances discussed above. Figure 8 shows
the absolute vorticity and vertical mass flux profiles for the
seven missions, averaged over the regions outlined in red in
Figures 1b—7b. The vertical mass flux is defined as the
density times the vertical velocity:

Vorticity Dynamics

M = pv.. (27)

[75] The two disturbances for which we have multiple
missions, Nuri and TCS025, form an interesting contrast. The
mean vorticity in Nuri increased at all levels between the
missions, most dramatically near 5 km. As noted by RL2011,
the mean vorticity in Nuril was nearly constant up to about
3 km and decreased above this level. The vorticity at the
surface in Nuri2 increased only slightly over that of Nuril.
However the mean vorticity at 5 km nearly doubled over the
24 h separating the two missions.

[76] Examination of the vertical mass flux profiles of Nuril
and Nuri2 in Figure 8 gives a hint as to why the biggest
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Figure 6. As in Figure 2 except TCS025-2 mission.

vorticity increase occurred at midlevels. The mass flux
profile in Nuril is top heavy, with the greatest increase in
mean mass flux with height occurring in the middle tropo-
sphere. By mass continuity, the strongest lateral inflows
therefore occurred in the middle troposphere. To the extent
that mass convergence is related to vorticity convergence,
this implies spin-up via the vorticity convergence term of
the vorticity equation (1). This result is confirmed by Figure 9,
which shows the horizontally averaged vertical profiles of
vorticity tendency for Nuri and the other observed cases.

[77] With the development of a stronger midlevel circu-
lation, the cold core at low levels was significantly enhanced
in Nuri2 compared to Nuril, as indicated by the change in
the vertical profile of saturated moist entropy between the
two cases in Figures 2 and 3. This enhancement of the cold
core was associated with a dramatic change in the vertical
mass flux profile between Nuril and Nuri2. Figure 8 shows
that the level of maximum vertical mass flux decreased in
elevation from roughly 10 km to about 5 km. As a result of
this, the vorticity tendency due to convergence in Nuri2
developed a strong low-level maximum, far exceeding the
spin-down tendency due to friction, as noted by RL2011.

[78] TCS025 underwent a somewhat similar evolution to
Nuri during the two days over which we observed it. As
Figure 8 shows, this system developed a similar midlevel
vorticity maximum on the second mission into this system
(TCS025-2), compared to the vorticity profile observed on
the first mission (TCS025-1). However, the enhancement of
the overall vorticity pattern was weaker than in Nuri and the
mean vorticity at the surface actually decreased.

[79] The vertical profile of mass flux in TCS025-1 shows
a top-heavy profile which is consistent with the vorticity
tendency profile due to convergence for this mission shown
in Figure 9. The vertical mass flux profile in TCS025-2 is
much more bottom heavy than in TCS025-1. TCS025-2
exhibited a maximum in the convergence component of the
vorticity tendency at the surface, as seen in Figure 9. How-
ever, the enhancement of the overall vorticity pattern was
weaker than in Nuri, and the mean vorticity at the surface
actually decreased.

[so] Overall, Nuri and TCS025 showed significant simi-
larities in their paths of development. However, Nuri was
stronger and better organized and developed into a typhoon,
whereas TCS025 did not intensify.

[81] We now examine three other cases, TCS037, Hagupit,
and TCS030. TCS037 exhibited a strong midlevel circulation
on the day we examined it, with only slightly weaker vorticity
near the surface. It had a significant cold core at low levels
according to the mean sounding shown in Figure 4, and the
mass flux profile for TCS037 in Figure 8 is comparable
below 5 km to that seen in Nuri2. However, the net vorticity
tendency for TCS037 shown in Figure 9 is slightly negative
at the surface.

[s2] Hagupit, which become a typhoon approximately a
week after we observed it, was in a very early stage of
development. Little or no cold core at low levels was evi-
dent in Figure 7, and the vertical mass flux profile shown in
Figure 8 was very top heavy, with a maximum mass flux
near 9 km. The vorticity profile had maximum vorticity at
the surface. Not surprisingly, the maximum vorticity ten-
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Figure 7. As in Figure 2 except Hagupit2 mission.

dency seen in Figure 9 for Hagupit2 occurs in the middle to
upper troposphere, suggesting that Hagupit was beginning
to form a midlevel vortex.

[83] TCS030 had a very weak vorticity profile with a
maximum at the surface. The vertical mass flux profile was
also very weak and top heavy. The vorticity tendency profile
was also quite weak (not shown; see RL2011). As noted
above, this system showed no tendency to develop.

[84] Reed and Recker [1971] showed that west Pacific
tropical waves exhibit maximum vorticity at low levels,
unlike African easterly waves, which tend to have a promi-
nent vorticity maximum near 700 hPa [Jenkins and Cho,
1991]. Our observations confirm this result for nondevelop-
ing disturbances and those in an early stage of development,
e.g., TCS030, Nuril, and Hagupit2. On the other hand, dis-

turbances which are intensifying or have previously intensi-
fied to a certain degree, such as Nuri2, TCS025-2, and
TCS037, tend to have strong vorticity near 500 hPa, or even a
maximum in the vorticity profile at this level. Our results
suggest that this midlevel vorticity maximum and the asso-
ciated cold core at low levels result in a more bottom-heavy
vertical mass flux profile than would otherwise occur. A
bottom-heavy profile is associated via mass continuity with
strong inflow at low levels, which can lead to the subsequent
spin-up of a low-level, warm-core vortex. The production of
a midlevel vortex is similarly associated with a top-heavy
vertical mass flux profile with strong midlevel inflow. Thus,
in this picture the initial impetus for tropical cyclogenesis
in the northwestern Pacific ocean is a strong episode of
convection with a top-heavy mass flux profile, which results

Table 1. Disturbances Studied in Seven Aircraft Missions With High-Altitude Dropsondes®

Mission Date Reference Time (h) Location Propagation Velocity (m s~ ') Comment
Nuril 15 Aug 25.8 147°E, 14°N (=7.0, 0.0) intensifying TW
Nuri2 16 Aug 23.9 140°E, 15°N (8.7, 0.0) intensifying TD
TCS025-1 27 Aug 0 152°E, 19°N (2.4, 2.6) strong TW
TCS025-2 28 Aug 0 154°E, 21°N (24, 2.6) strong TW
TCS030 1 Sep 21.1 143°E, 12°N (-6.3, 0.6) weak TW
TCS037 7 Sep 24 154°E, 26°N (-5.7,3.2) strong TW
Hagupit2 14 Sep 23.6 148°E, 16°N (2.3, 1.1) weak TW

“The UTC date signifies the start of the mission. In all cases the missions spanned UTC midnight and continued on the following day. The reference time
indicates time relative to 00:00 UTC on the indicated date to which data locations are adjusted, given the assumed propagation velocity. The approximate
location at the reference time and propagation velocity of the systems studied are given. TW indicates a tropical wave or similar disturbance, and TD
indicates a tropical depression.
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Figure 8. Vertical profiles of (left) absolute vorticity and
(right) vertical mass flux area averaged over the analysis
regions indicated by the red polygons in Figures 1-7.
(top) Nuril, Nuri2, TCS037, and TCS030 and (bottom)
TCS025-1, TCS025-2, and Hagupit2. (TCS030 is included
in Figure 8 (bottom) for comparison purposes.)

Nuril

RAYMOND ET AL.: THERMODYNAMICS OF CYCLOGENESIS

D18101

in the development of a cold-core, midlevel vortex. This is
then followed by the development of convection with a
bottom-heavy mass flux profile, resulting in the spin-up of a
low-level, warm-core vortex.

5.2. Thermodynamics of Rain

[ss] Figure 10a shows a scatterplot of the average rainfall
rate versus saturation fraction for the systems presented in
Table 2. As expected from previous results [Raymond and
Sessions, 2007], there is a correlation between these two
quantities. However, the correlation is imperfect. This is
likely due to the stochastic nature of convection, which is
known to result in episodic convective bursts and lulls, and
thus adding noise to any deterministic relationship between
precipitation and other variables [Xu et al., 1992].

[s6] The blue line in this plot represents the relationship
(17) between rain and saturation fraction hypothesized by
Raymond et al. [2007]. This is not a particularly good fit
to the data, with the asymptote to large rainfall occurring for
too large a value of saturation fraction. The green line
represents the fit to satellite microwave data calculated by
Bretherton et al. [2004]. The precipitation increases too
slowly with saturation fraction in this curve.

[87] Raymond and Sessions [2007] found a correlation
between stabilization of the tropospheric temperature profile
and an increase in the precipitation rate. The modified profile
consists of a warm anomaly in the upper troposphere and a
cool anomaly in the lower troposphere. We quantify the
tropospheric stability by an “instability index,” defined as
the difference between the average saturated moist entropy
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Figure 9. Mean profiles of total vorticity tendency (red lines) and its individual components (blue line,
vorticity convergence; green line, tilting; magenta line, friction) for all missions except TCS030.
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Figure 10. Scatterplots of (a) saturation fraction versus
rainfall rate, (b) instability index versus rainfall rate, (c) sur-
face moist entropy flux versus rainfall rate, and (d) instabil-
ity index versus saturation fraction for the seven missions.
The blue and green lines in Figure 10a represent fits to mod-
eling results or data presented by Raymond et al. [2007] (see
(17)) and Bretherton et al. [2004], respectively. Data come
from Table 2.

in two layers, the lower being 1-3 km, the upper being
5-7 km:

As* = i — sip,. (28)
Larger As* corresponds to greater instability, but only if the
environment is saturated. More importantly, larger values of
As* promote larger negative buoyancies in downdrafts
driven by the evaporation of rain, and thus favor stronger
downdrafts. The saturated moist entropy, a function only of
the temperature and pressure, is used instead of the tem-
perature itself since moist static instability is directly pro-
portional to the vertical gradient of saturated moist entropy
in a saturated environment. Values of As* can be converted
to temperature perturbations using (8).

[s8] As Figures 2—7 indicate, all disturbances with the
exception of Hagupit2 show a cooler lower troposphere than
the null case TCS030. The upper troposphere is warmer in
all cases except Hagupit2 and TCS037. These anomalies
correspond to smaller values of As*. Figure 10b shows that
As* is weakly anticorrelated with rainfall rate. However, as
Figure 10d shows, the saturation fraction and the instability
index are themselves strongly anticorrelated, so it is impos-
sible to separate the effects of saturation fraction and insta-
bility index on rainfall rate using this data set.

[s9] Rainfall has been shown to correlate with surface
total heat (or moist entropy) flux in a number of contexts
over tropical oceans [Raymond, 1995; Raymond et al., 2003;
Maloney and Sobel, 2004; Sobel et al., 2009]. Figure 10c
shows almost no correlation between rain and surface moist
entropy flux in these cases.
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[90] Correlation does not imply causality, and one might
reasonably hypothesize that the correlation between rainfall
and saturation fraction occurs because heavy rainfall itself
causes high saturation fraction and low instability index.
However, the evidence leans toward the alternate interpre-
tation that rainfall is a result of these factors rather than a
cause. In particular, if the normalized gross moist stability is
positive, which is the usual case, then convective precipi-
tation tends to reduce rather than increase the precipitable
water, and hence the saturation fraction, as (15) demon-
strates. Sherwood [1999] showed that lower tropospheric
moistening actually leads enhanced precipitation in the western
tropical Pacific, suggesting that the former caused the latter.
Cloud resolving model simulations also suggest that the
convective precipitation rate is highly sensitive to the satu-
ration fraction of the environment in which convection is
embedded [Raymond and Zeng, 2005].

[01] The transient convective response to convection is
an “onion sounding” [Zipser, 1977] which exhibits lower
temperatures in a thin layer near the surface, but a warmer,
drier environment through most of the lower troposphere,
corresponding to a larger instability index. (This does not
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Figure 11. Scatterplots of (a) instability index versus mid-
level vorticity, (b) rainfall rate versus midlevel vorticity,
(c) scaled low-level vorticity convergence versus scaled
moisture convergence (see text) and a least squares fit to
the data, (d) low-level vorticity tendency versus midlevel
vorticity, (e) integrated entropy tendency versus normalized
Okubo-Weiss parameter, and (f) midlevel vorticity versus
normalized Okubo-Weiss for the seven missions. Data come
from Table 2.
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Table 2. Quantities Averaged Over the Domain in Which the Saturation Fraction Exceeds 0.75 for the Flights N1, N2, T25-1, T25-2,
T30, T37, and H2?

Variable N1 N2 T25-1 T25-2 T30 T37 H2
Fu K 'm?2s™h 0.76 0.73 0.70 0.81 0.42 0.54 0.46
F,, (mmd ") 6.9 6.3 6.0 7.1 3.9 438 4.0
R(mmd™") 15 53 2 49 -6 60 30
S 0.81 0.88 0.85 0.86 0.78 0.82 0.82
7y 0.37 -0.01 -2.35 0.14 -0.63 0.01 0.64
Apsyor K 'm2sh 0.02 0.40 —0.48 -0.17 -0.58 0.11 -1.74
As* (T K ' kg™ 17 11 10 11 27 15 27
Ciow (ks 0.072 0.093 0.080 0.072 0.043 0.115 0.065
Cmia (ks 0.074 0.133 0.086 0.087 0.039 0.129 0.058
3Cion/0t (ks d7h -0.001 0.138 0.032 0.045 -0.014 0.046 0.011
O pmidlot (ks ' dH 0.045 0.037 0.116 0.002 -0.004 0.061
N 0.99 0.85 0.67 0.57 0.52 0.95 0.48
Vvl (ms™") 6.1 6.2 52 4.0 5.1 3.4 5.7
SST (°C) 29.7 29.9 29.5 293 30.2 28.2 29.2

*The domains are indicated by red polygons in Figures 1-7. The flights are as follows: N1, Nuril; N2, Nuri2; T25-1, TCS025-1; T25-2, TCS025-2;
T30, TCS030; T37, TCS037; H2, Hagupit2. The variables are as follows: F,,, surface entropy flux; F,, surface evaporation rate; R, rainfall rate; S,
saturation fraction; v, normalized gross moist stability; J[ps]/ot, vertically integrated moist entropy tendency; As*, 1-3 km minus 5-7 km saturated moist
entropy; Cjow, 0—1 km absolute vorticity; (s 3—5 km absolute vorticity; 8¢y, /0, 0—1 km vorticity tendency; 0C,,;4/0t, 3—5 km vorticity tendency; N,

normalized Okubo-Weiss parameter in 3—5 km layer; IVvl, shear between 0—1 km and 3-5 km; SST, mean sea surface temperature.

mean greater actual instability, because the typical onion
sounding is far from being saturated.) However, in the
longer term, the temperature profile tends to revert to that
profile favored by balanced dynamics as manifested in the
thermal wind equation, as we now discuss.

5.3. Rainfall and Vorticity

[92] The thermal wind equation (or potential vorticity
inversion) predicts that a midlevel vortex should be asso-
ciated with a warm anomaly above the vortex and a cool
anomaly below it. The vertical extent of these anomalies
scales with the Rossby penetration depth associated with
the vortex. Thus, there should be a strong anticorrelation
between the instability index As* and the midlevel vorticity
for a sufficiently robust vortex. Figure 1la confirms the
existence of this anticorrelation. Since rainfall rate and insta-
bility index are themselves anticorrelated, we also expect a
correlation between rainfall rate and midlevel vorticity, a
result which is verified in Figure 11b.

[93] Raymond et al. [2007] hypothesized that strong cor-
relations should exist between rainfall, low-level conver-
gence, and the tendency of a cyclone to spin up. This is
discussed in section 2. The correlation between rainfall and
low-level mass convergence follows from the moisture
budget equation (14) since the mixing ratio is highest at low
levels and drops off rapidly with height. This makes mass
convergence at low levels the most effective form for con-
verging moisture. Low-level mass convergence also pro-
motes low-level vorticity convergence, which is the key to
developing the low-level warm core of a cyclone. The low-
level vorticity tendency is indeed correlated with the mois-
ture convergence as shown in Figure 1lc. The scaling of
these two quantities is defined in (19) and a least squares fit
yields the constant of proportionality to be C = 1.05.

[94] Finally, Figure 11d shows a correlation between
midlevel vorticity and the low-level vorticity tendency,
as would be expected from the relationships between mid-
level vorticity, instability index, rainfall rate, and vorticity
convergence.

[95s] To summarize, the above chain of logic shows how a
sufficiently large and strong midlevel vortex can cause a
low-level vortex to spin up. This spin-up does not occur via
the direct downward extension of the midlevel vortex to the
surface in this picture; rather, it is a consequence of the
response of the convection to the balanced, low-level cold
core dynamically associated with the midlevel vortex. This
cold core results in convection with a bottom-heavy mass
flux profile, which is very efficient at producing rainfall and
which generates the strong, low-level vorticity convergence
needed for the spin-up of a low-level, warm core vortex.
The evidence we present is highly suggestive that this
process occurs in developing tropical cyclones.

5.4. Entropy Tendencies and the Gross Moist Stability

[96] The low-level vorticity tendency indicates how the
circulation is developing at the time of the observation.
However, the column-integrated entropy tendency is closely
related to the time tendency of saturation fraction and hence
future rainfall, and as such is a potentially strong predictor
of near-future development. As (15) shows, the entropy
tendency is equal to the sum of three contributions, the partial
tendencies due to upward surface and tropopause entropy
fluxes and the tendency due to the lateral entropy flux out of
the volume of interest. The last contribution equals minus
the normalized gross moist stability ~ times the net rainfall
rate. In the absence of vertical entropy flux divergences,
negative v is thus needed to realize a positive entropy ten-
dency. However, if the surface flux exceeds the tropopause
flux, a positive entropy tendency can occur if vy is positive
but small.

[97] Concentration of the lateral inflow at low levels
where the environmental moist entropy is large favors
negative, or at least smaller positive values of 7 (assuming
positive net rainfall), and hence a positive column entropy
tendency. This concentration of the inflow at low levels is
associated with bottom-heavy convective mass flux profiles,
which is precisely the situation in which a positive low-level
vorticity tendency occurs. Thus, bottom-heavy convective
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mass flux profiles would appear to play a dual role in
tropical cyclogenesis by encouraging current spin-up and by
facilitating the high-humidity conditions favorable to future
spin-up.

[98] Nuril, Nuri2, and TCS037 exhibited positive column
entropy tendencies according to Table 2; tendencies were
negative for all other cases. Of these missions Nuri2 and
TCS037 had near-zero normalized gross moist stability
according to our calculations. Nuri intensified into a major
typhoon shortly after the Nuri2 mission and TCS037 most
likely developed into a small tropical storm a few days after
we observed it. None of our other cases developed into
a tropical cyclone except Hagupit. However, Hagupit’s
intensification occurred nearly a week after our observa-
tions. Thus, the column entropy tendency appears to have
some skill in predicting intensification of a tropical distur-
bance and cyclogenesis in a day or two following the
observation.

[99] Deep convection over tropical oceans has a signifi-
cant diurnal cycle, with a convective maximum in the early
morning [Yang and Slingo, 2001]. All of our observations
took place during the day, close to the minimum in the
diurnal cycle. It is likely that column entropy tendency
exhibits a related diurnal cycle, possibly biasing our results
toward more negative values than the true diurnal mean,
which averaged over the missions should be close to zero,
given the variety of different scenarios.

5.5. Okubo-Weiss Parameter, Vertical Shear,
and Entropy Tendency

[100] The difference between intensifying and non-
intensifying systems stands out in the midlevel, normalized
Okubo-Weiss parameter N as well as in the entropy ten-
dency. The values of A/ exceeded 0.8 for Nuril, Nuri2, and
TCS037 and were less than 0.7 for all nonintensifying
disturbances.

[101] Figure 1le shows a strong correlation between the
column entropy tendency and N. Since N involves the
midlevel vorticity, one might expect a correlation to exist
between the midlevel vorticity and V. Figure 111 shows that
this correlation exists, but is not strong. The correlation
between entropy tendency and midlevel vorticity (not shown)
is actually weaker than between entropy tendency and N,
suggesting that a positive entropy tendency is more closely
related to weak horizontal strain rate at middle levels than
to the existence of a midlevel vortex. This correlation is
perhaps not unexpected, as the pattern of strain rate in the
flow implied by low N is likely to import dry air into the
core of a prospective tropical cyclone.

[102] The lower tropospheric vertical shear ranged from
34ms ' to62ms ' according to Table 2. The small
variance in these rather small shear values is unlikely to
explain much about the observed variations in the strength
and intensification rate of the systems studied, suggesting
that vertical shear values in this range have little effect on
tropical cyclogenesis.

6. Discussion and Conclusions

[103] Seven points representing five disturbances in each
of the scatterplots of Figures 10 and 11 constitute a very
small sample. For this reason and because the relationships
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between the variables are generally expected to be non-
linear, linear regression analyses on these plots generally
have not been done. The visible trends in these plots are
thus considered to be suggestive, not definitive. Nevertheless
they paint an interesting picture, which we now summarize.

[104] The key point is that the environment provided by a
strong and laterally extensive midlevel vortex appears to be
favorable for the development of convection with a bottom-
heavy mass flux profile. This aids in the spin-up of a
tropical cyclone in two ways: (1) The strong mass inflow at
low levels implied by such a mass flux profile results in the
intense vorticity convergence which is needed to spin up the
low-level, warm-core vortex associated with cyclogenesis.
(2) The bottom-heavy mass flux profile also tends to pro-
duce weaker vertically integrated lateral export of moist
entropy, or even lateral import in extreme cases. This favors
a positive tendency of column-integrated moist static energy,
which in turn tends to increase the saturation fraction in the
column. The negative temperature anomaly below the
midlevel vortex also acts to increase the saturation fraction.
The net result of this higher relative humidity is stronger
precipitation, which is associated with increased vertical
mass fluxes and enhanced low-level inflow. The increase in
saturation fraction is thus key to tropical cyclogenesis in this
picture. It is probably no accident that the mission exhibiting
the most rapid intensification, Nuri2, also had the highest
values of saturation fraction.

[105] Small lateral export of moist entropy is not the only
condition needed to allow the column-integrated entropy to
increase. Vertical and horizontal shear of the ambient flow
can also bring low-entropy air into the core of the system. In
the cases studied, the vertical shear did not correlate with
suppression of intensification; the most sheared system,
Nuri, actually exhibited the most rapid intensification.
However, strong horizontal shear (or strain), as character-
ized by low values of the normalized midlevel Okubo-
Weiss parameter, is correlated with a failure to spin up in the
cases studied here. This failure even occurred in TCS025-2,
which exhibited a bottom-heavy mass flux profile and posi-
tive vorticity tendencies at both low and middle levels during
the period in which it was observed. The most reliable
external parameter for indicating spin-up in our small sample
is thus the normalized midlevel Okubo-Weiss parameter.

[106] Our results are related to the ideas of Yanai [1961,
1968] and Bister and Emanuel [1997], who made the con-
nection between a lower tropospheric cold core and subse-
quent warm core formation. They are supported by the
observational studies of tropical cyclone development from
ensembles of midlevel mesoscale convective vortices cited
in section | as well as the numerical model results of Nolan
[2007]. However, the mechanism of development presented
here is somewhat different (or at least more detailed) than
discussed in those papers. Our results leave no doubt that the
spin-up at low levels results primarily from the horizontal
convergence of vertical vorticity at those levels and not from
tilting or some putative downward transport of vertical
vorticity from above.

[107] We tentatively identify the convection occurring in
the moister and more stable environment produced by a
midlevel vortex with the VHTSs of Hendricks et al. [2004]
and Montgomery et al. [2006]. Hendricks et al. [2004]
and Montgomery et al. [2006] emphasize the role of VHTs
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in concentrating vorticity into localized swirls, which then
interact and combine to form the nascent tropical cyclone
vortex. This vorticity concentration is central to the cyclo-
genesis mechanism in their view. If this correspondence is
borne out, then our results would appear to provide some
insight as to how VHTs differ from ordinary tropical con-
vection. In particular, we postulate that VHTSs exhibit bottom-
heavy vertical mass flux profiles. These profiles result in
strong concentration of vorticity at low levels; they also result
in the suppression of the lateral export of moist entropy by
convection.

[108] Whether strong ambient vorticity has a significant
effect on VHTs beyond providing fuel for intense vortex
stretching is still uncertain. Our results suggest that the
modified thermodynamic environment produced by a mid-
level circulation is sufficient to explain dramatic changes in
convective mass flux profiles, but additional effects due
to the vortical environment in which they are embedded
(perhaps associated with the rotational suppression of
entrainment in an environment with small Rossby radius)
currently cannot be ruled out.
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