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Figure 3 Cutaway view of the structure of a tropical cyclone. The top of the storm is based on a satellite photograph of the cloud structure
of Hurricane Fran of 1996. The right-hand cut shows the vertical component of velocity, from a numerical simulation of a hurricane using the
model of Emanuel (1995a); maximum values (yellow) are approximately 8 ms−1. The left-hand cut shows the magnitude of the tangential
wind component measured in Hurricane Inez of 1966 by aircraft flying at levels indicated by the black dashed lines; from Hawkins &
Imbembo (1976). Maximum values are approximately 50 ms−1.

Annu. Rev. Earth Planet. Sci. 2003.31:75-104. Downloaded from arjournals.annualreviews.org
by University of Utah - Marriot Library on 09/12/06. For personal use only.



1
A
pr2003

19:35
A
R

A
R182-02-CO

LO
R.tex

A
R182-02-CO

LO
R.SG

M
LaTeX

2e(2002/01/18)
P1:G

D
L

Figure 4 Cross-section of a variety of quantities from a simple numerical model of a tropical cyclone (Emanuel 1995a). The right-hand
panel shows a measure of the total specific entropy content of the air (shading), with blue colors denoting relatively small values and red
colors showing larger values. The black contours show surfaces of constant absolute angular momentum per unit mass, about the axis of the
storm, with values increasing outward. The arrows give an indication of the air motion in this plane. In the left-hand panel, the shading shows
the temperature perturbation from the distant environment at the same altitude, with blue colors showing values near zero and red showing
high values. The lavender contours near the bottom show the inward radial velocity, whereas the red contours closer to the top show outward
radial velocity.
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The only distinction between cloud water and rain
water is the terminal velocity, V . For ql ≤ 1 g/kg,
V = 0, while for ql > 1 g/kg, V = 7 m/s.



• As in a slab-symmetric 2D model, the assumption of 
axisymmetry allows no direct calculation of turbulent 
motions, to the extent that real turbulence is 3D.  

• In an axisymmetric (or 2D) model, all turbulent 
motion is parameterized, so that higher resolution in a 
model so constrained does not tell anything more 
about turbulent motions, it only gives more detail 
about the simulated flow that is axisymmetric.

• The representation of turbulence is essentially the 
same as described in the turbulence closure model 
presented on Day17, but in cylindrical coordinates.

Turbulence



Radiation

“Radiative cooling” is crudely represented by New-
tonian cooling,

R = −θ − θ̄

τR
,

which relaxes the temperature toward the initial
state rather than toward a state of radiative equi-
librium. This is an expedient which allows the
environment to remain similar to the mean hurri-
cane environment.





Boundary Conditions

• To damp gravity waves before they can reflect from 
the upper boundary (a rigid lid), use a ``sponge” layer 
in the upper part of the domain.

• To allow gravity waves produced by cumulus 
convection in the outer regions of the vortex to 
propogate radially out of the domain, use a radiation 
b.c. like that used for mountain wave simulations.





Initial Conditions

• Neutral to the model’s convection

• Specify the vortex tangential velocity:

• Adjust temperature field so that it is 
in thermal wind balance.















The Carnot Cycle
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The potential for tropical cyclone formation from a pre-existing disturbance is
further explored with high-resolution simulations of cyclogenesis in idealized,
tropical environments. These idealized environments are generated from
simulations of radiative-convective equilibrium with fixed sea-surface temperatures
(SSTs), imposed mean surface winds, and an imposed profile of vertical wind shear.
The propensity for tropical cyclogenesis in these environments is measured in
two ways: first, in the period of time required for a weak, mid-level circulation
to transition to a developing tropical cyclone; and second, from the value of
an incubation parameter that incorporates environmental measures of mid-level
saturation deficit and thermodynamic disequilibrium between the atmosphere and
ocean. Conditions of tropospheric warming can be produced from increased SSTs or
from increased mean surface winds; in either case, the time to genesis increases with
atmospheric warming. As these parameters are varied, the incubation parameter is
found to be highly correlated with changes in the time to genesis.

The high resolution (3 km) of these simulations permits analysis of changes in
tropical cyclogenesis under warming conditions at the vortex scale. For increasing
SST, increased mid-level saturation deficits (dryness) are the primary reason for
slowing or preventing genesis. For environments with increased surface wind, it is the
decreased thermodynamic disequilibrium between the atmosphere and ocean that
delays or prevents development. An additional effect in both cases is a decoupling of
the low-level and mid-level vortices, primarily as a result of increased advecting flow
at the altitude of the mid-level vortex, which is linked to the height of the freezing
level. Copyright c! 2010 Royal Meteorological Society
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1. Introduction

1.1. Background

Each year, approximately 80 tropical cyclones (TCs) form
over the world’s oceans. Determination of how TC frequency

and location will fluctuate with climate change is important
as a large fraction of the world’s population and resources
are located in regions susceptible to the high winds,
heavy precipitation, storm surge, and inland flooding
associated with TCs. The influence of climate change on
TC activity is not simple to understand due to the range

Copyright c! 2010 Royal Meteorological Society



• Weather Research and Forecast (WRF)

• Grid spacing 3 km.

• 6-class microphysics.

• Interactive radiation.

Methodology



Tropical Cyclogenesis in Variable Climates 1957

0 10 20 30 40 50 60 70 80 90

!100

!50

0

50

100

150

Time (Days)

F
lu

xe
s 

(W
m

!2
)

RCE – CIRH(dashed) SEF(solid)

!150

SEF–um1
CIRH–um1
SEF–um3
CIRH–um3
SEF–um5
CIRH–um5
SEF–um7
CIRH–um7

Figure 1. Horizontal mean of column-integrated radiative heating (CIRH,
dashed) and surface enthalpy fluxes (SEF, solid). All units are W m!2.

cold pool expansion, is replaced by quasi-organized con-
vection forced by the asymmetric, down-wind expansion
of the cold pools (not shown). Not surprisingly, the larger
the magnitude of um, the larger the surface fluxes, leading
to more rapid boundary-layer destabilization and recovery
times and hence the more rapid onset of RCE."

For weak surface winds (1 m s!1), organization of
convection is minimal, a result in sharp contrast to
the simulations without shear in N07 as shown in
Figure 2. Without shear, there is partial aggregation, with
organization into moist and dry patches, as described
by Bretherton et al. (2005) and N07. Aggregation refers
to a radiative-convective-moisture feedback where moist
convective regions experience enhanced vertical motion
and dry patches are susceptible to additional subsidence.
This additional secondary circulation is believed to arise as
an imbalance of the differential radiational cooling where
there is decreased cooling in columns with significant
cloud and moisture in comparison to the dry patches.
The only partial aggregation seen here may be due to
the inability to generate secondary circulations within the
small domain, consistent with the findings of Bretherton
et al. (2005). When shear is included in the simulation,
aggregation does not occur for any value of um, as the
shear is effective in spreading out the convectively generated
moisture anomalies, eliminating any radiative-convective
feedback and leaving the domain homogenized with respect
to water vapour path.

The thermodynamic soundings produced for variable SST
at um = 5 m s!1 and variable um at SST=30.0 #C are shown
in Figure 3(a, b, c) and 3(d, e, f) respectively. For variable
SST, the relative humidity profiles are nearly constant as
SST increases, with only small variations occurring above
4 km. Conversely, above the boundary layer there is a
large increase in the saturation deficit with its value nearly
doubling between SST=27.5 #C and SST=32.5 #C in the
mid-troposphere around 3 km. For variable um, both the
relative humidity and the saturation deficit show some
variation above the boundary layer, but that variation is
small compared to that seen in the boundary layer itself,

"The boundary layer hereafter will refer to the sub-cloud layer.
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Figure 2. Aggregation in RCE as seen in the column in the vertically
integrated water vapour content for SST=27.5 #C and um = 1: (a) without
shear, 4 km resolution, and (b) with 850–200 hPa shear of 5 m s!1, 3 km
resolution.

where the value of saturation deficit is reduced by a third
between um = 1 m s!1 and um = 7 m s!1. Note that there is
warming throughout the depth of the troposphere for both
increasing SST and um (Figure 3(c, f)).

Table I gives the values of CAPE, potential intensity, and
!m, as given by (2), for various values of SST and um. The
mid-tropospheric entropy smid, was evaluated at 600 hPa
for the calculation of !m in (2). For any value of mean
surface wind, a 2.5 #C increase in SST yields a fractional
increase in both potential intensity and !m that decreases
with increasing SST. At fixed SST, changes in !m and Vpot
are inversely related and nonlinear, with a diminishing
fractional change for increasing um. These relationships can
be seen clearly in Figure 4. RCE states for variable shear
were also computed, but the changes in thermodynamic
properties discussed here are insignificant for changes in
shear compared to the changes induced by varying SST and
mean surface wind.

As mentioned in the introduction, larger values of
!m result from increases to either SST or mean surface
wind speed, which are associated with an increasing
‘time to genesis’. Therefore, !m will hereafter be referred
to as an incubation index. While increasing the SST

Copyright c$ 2010 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136: 1954–1971 (2010)

um is mean surface wind speed



• Run to RCE on small domain (150 km x 
150 km).

• Use RCE state with a 10 m/s, mid-level, 
cold-core vortex on a1200 km x 1200 km 
doubly cyclic domain.

• Simulate tropical cyclogenesis.

Methodology



Tropical Cyclogenesis in Variable Climates 1963

!300 !200 !100 0 100 200 300

!300

!200

!100

0

100

200

300

(a) (b)

(c) (d)

x (km)

y 
(k

m
)

Water Vapor Path (mm) and 4.9 km geopotential– Day 1.5

 

 

40

45

50

55

60

65

70

!300 !200 !100 0 100 200 300

!300

!200

!100

0

100

200

300

x (km)

y 
(k

m
)

Water Vapor Path (mm) and 4.9 km geopotential– Day 2.5

 

 

40

45

50

55

60

65

70

!300 !200 !100 0 100 200 300

!300

!200

!100

0

100

200

300

x (km)

y 
(k

m
)

Water Vapor Path (mm) and 4.9 km geopotential– Day 3

 

 

40

45

50

55

60

65

70

!300 !200 !100 0 100 200 300

!300

!200

!100

0

100

200

300

x (km)

y 
(k

m
)

Water Vapor Path (mm) and 4.9 km geopotential– Day 4

 

 

40

45

50

55

60

65

70

Figure 8. Experiment CONTROL: water vapour path (mm, shading), surface wind (vectors), and ! at 550 hPa (contours decreasing inwards: 4.875,
4.870, 4.865, 4.860, 4.850, 4.835 km) for (a) 1.5 days, (b) 2.5 days, (c) 3 days, and (d) 4 days. The 700 km! 700 km region shown is less than that of the
entire model domain, and is centred on the surface vortex.

Finally, a significant feature of Figure 11 is the higher-
altitude development of the mid-level MCV in experiment
WARM, and to a lesser extent in WIND, compared with
experiment CONTROL. This observation, as shown by the
increasing altitude of the freezing level (dashed contours
of Figure 11), is a consequence of the warmer troposphere
of simulations WIND and WARM and plays a role in the
coupling (or lack thereof) between surface and developing
mid-level vortices.

The results presented here appear to be robust in
an ensemble sense. N07, using the same methodology
applied in this study to three cases with different random
perturbations to the initial low-level temperature field,
showed that there was no variation in either the genesis
or the rapid intensification stages, suggesting the various
stages of evolution are controlled by the initial vortex
and the RCE state. N08 provided results similar to that
of experiment WARM, with the formation of destructive
convective downdraughts that inhibit intensification, using
a coarser resolution and a different random distribution of
low-level temperature perturbations. Finally, the pressure
traces of Figure 6 show a systematic variation with the
variations of either SST or mean surface wind.

To summarize the development for simulation CON-
TROL, it is the sustained convergence between the primary
circulation and the low-level outflow boundary beneath the
MCV on the down-shear-left flank of the surface vortex, a
region of little saturation deficit, that results in persistent,
organized, deep convection that warms the troposphere
and leads to mid-level height falls and eventually a vertically
stacked vortex. Such an evolution is reminiscent of the
down-shear development previously identified by Molinari
et al. (2004).

4.3.2. Thermodynamic perspective

We now return to the incubation parameter "m to explore
the thermodynamic nature of the simulations. The two
terms that compose the incubation parameter are intimately
related to moist (saturated) static energy and its budget.
Specifically, the surface fluxes and the time rate of change
of the column-integrated saturation deficit (CISD) are two
terms in the column-integrated saturation static energy
budget.

Figure 12 displays the CISD (Figure 12(a)), here
normalized by the mass per unit area, or

!
# dz, and the

surface enthalpy fluxes as a function of zonal direction

Copyright c" 2010 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136: 1954–1971 (2010)
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Figure 6. Surface pressure (hPa) traces for the initial vortex simulations
with SST = (a) 27.5 !C, (b) 30.0 !C, (c) 32.5 !C. The time to genesis proxies
are pmax (!), pqtmax (+), !ediff ( ).

4.2. Theory

As proposed by Kleinschmidt (1951) and Riehl (1954),
latent and sensible heat fluxes from the sea surface are
crucial to TC genesis and intensification. Decades of
numerical simulations have verified the fundamental role
of surface fluxes (Ooyama, 1969; Rotunno and Emanuel,
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Figure 7. !e perturbation with min(d!e/dr) given by the solid black contour.
The two dashed contours show the locations at which the time to genesis
proxy !ediff is calculated. See text for additional details.

1987; Nguyen et al., 2008). While several theories have
been developed to explain tropical cyclogenesis, all rely
on air–sea fluxes. The vortical hot tower (VHT) route of
intensification (Hendricks et al., 2004) requires the heat and
moisture from surface fluxes to maintain the buoyant VHTs
(Nguyen et al., 2008). Likewise, the WISHE feedback relies
on the positive feedback between the increasing cyclonic
winds of a deepening TC and the boundary-layer entropy
gradients via increases in boundary-layer entropy by surface
fluxes.

One impact of warming the troposphere, either through
increased surface fluxes or increased SST in RCE, is the shift
of the sounding toward a warmer moist adiabat. As the
troposphere warms, the dry static stability increases due to
the increasing influence of water vapour on latent heating.
Such a change in static stability may have a significant
impact on the mass flux and the resiliency of the vortex to
shear (Jones, 1995; Smith et al., 2000; Reasor et al., 2004).
It should be noted that the most significant divergence
among moist adiabats occurs in the upper troposphere
(Figure 3(c, f)), so a change in the coupling of the low-
and mid-level vortex by change in stability may not be
significant.

4.3. Simulation results

Due to the relatively high resolution used in this study
relative to GCMs, it is possible to examine exactly how
the simulated systems evolve at the cloud-resolving scale
(i.e. the physical processes related to tropical cyclogenesis)
and to relate contrasting cases with their environments.
For the sake of brevity, only three of the cases presented
in Figure 6 will be discussed: one developing and two
non-developing cases. The developing case is characterized
by SST=30 !C and um = 5 m s"1 (CONTROL). The non-
developing cases are for a higher mean surface wind,
SST=30 !C and um = 7 m s"1 (WIND) and a higher SST,
SST=32.5 !C and um = 5 m s"1 (WARM). Based on the
previous discussion of the incubation index "m, we learned
that a large saturation deficit is characteristic of the
warmer SST RCE states while decreased thermodynamic
disequilibrium is indicative of the large mean surface wind

Copyright c# 2010 Royal Meteorological Society Q. J. R. Meteorol. Soc. 136: 1954–1971 (2010)
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4.2. Theory

As proposed by Kleinschmidt (1951) and Riehl (1954),
latent and sensible heat fluxes from the sea surface are
crucial to TC genesis and intensification. Decades of
numerical simulations have verified the fundamental role
of surface fluxes (Ooyama, 1969; Rotunno and Emanuel,
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1987; Nguyen et al., 2008). While several theories have
been developed to explain tropical cyclogenesis, all rely
on air–sea fluxes. The vortical hot tower (VHT) route of
intensification (Hendricks et al., 2004) requires the heat and
moisture from surface fluxes to maintain the buoyant VHTs
(Nguyen et al., 2008). Likewise, the WISHE feedback relies
on the positive feedback between the increasing cyclonic
winds of a deepening TC and the boundary-layer entropy
gradients via increases in boundary-layer entropy by surface
fluxes.

One impact of warming the troposphere, either through
increased surface fluxes or increased SST in RCE, is the shift
of the sounding toward a warmer moist adiabat. As the
troposphere warms, the dry static stability increases due to
the increasing influence of water vapour on latent heating.
Such a change in static stability may have a significant
impact on the mass flux and the resiliency of the vortex to
shear (Jones, 1995; Smith et al., 2000; Reasor et al., 2004).
It should be noted that the most significant divergence
among moist adiabats occurs in the upper troposphere
(Figure 3(c, f)), so a change in the coupling of the low-
and mid-level vortex by change in stability may not be
significant.

4.3. Simulation results

Due to the relatively high resolution used in this study
relative to GCMs, it is possible to examine exactly how
the simulated systems evolve at the cloud-resolving scale
(i.e. the physical processes related to tropical cyclogenesis)
and to relate contrasting cases with their environments.
For the sake of brevity, only three of the cases presented
in Figure 6 will be discussed: one developing and two
non-developing cases. The developing case is characterized
by SST=30 !C and um = 5 m s"1 (CONTROL). The non-
developing cases are for a higher mean surface wind,
SST=30 !C and um = 7 m s"1 (WIND) and a higher SST,
SST=32.5 !C and um = 5 m s"1 (WARM). Based on the
previous discussion of the incubation index "m, we learned
that a large saturation deficit is characteristic of the
warmer SST RCE states while decreased thermodynamic
disequilibrium is indicative of the large mean surface wind
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