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Hurricanes I
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Motivation

Darwin after Cyclone Tracy, 25/12/1974

http://www.austehc.unimelb.edu.au/fam/images/BXHM0344.jpg
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Definition

I A tropical cyclone is a storm system with a closed circulation

around a center of low pressure, driven by heat energy released

as moist air drawn in over warm ocean waters rises and

condenses.

I The name underscores their origin in the tropics and their

cyclonic nature. They are distinguished from extratropical

storms by the heat mechanism that fuels them.

I Tropical cyclones encompass tropical depressions, tropical

storms, hurricanes, and typhoons.

Name “hurricane” probably after the evil god of winds “Huracan”

or “Jurakan” in the Mayan civilization

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 3 / 39
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Huracan

left: likeness of the god Huracan (Cuban ceramic vase),

right: Universal symbol of the TC

Emanuel, 2005
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Structure

Mature Tropical Cyclone (TC):

I horizontal quasi–symmetric (primary) circulation

I superimposed thermally-direct vertical–radial (secondary)

circulation

Schematic overview:

I “eye”

I eyewalls

I spiral bands → rain bands
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Precipitation patterns

CHAPTER 1. OBSERVATIONS OF TROPICAL CYCLONES 14

Figure 1.9: Schematic of the secondary circulation and precipitation distribution
for a tropical cyclone similar to Hurricane Gilbert at the time in Fig. 1.6. (From
Willoughby 1988)

(Black 1993), contrary to some claims that eyewalls are vertical (e.g. Shea and Gray
1973).

Outside the eye, latent heat release above the 0◦C isotherm drives mesoscale
updrafts. Below the 0◦C isotherm, condensate loading and cooling due to melting of
frozen hydrometeors drive mesoscale downdrafts. The mesoscale vertical velocities
are typically tens of centimeters per second.

The secondary circulation controls the distribution of hydrometeors and radar
reflectivity. Ascent is concentrated in convective updraft cores, which typically cover
10% of the area in the vortex core and more than half of the eyewall. The vertical
velocity in the strongest 10% of the updraft cores averages 3-5 m s−1. Except for
”supercell storms”8 sometimes observed in tropical storms (Gentry et al. 1970; Black
1983), convective cells with updrafts > 20 m s−1 appear to be rare. Much of the
condensate falls out of the outwardly sloping updrafts, so that the rain shafts are
outside and below the region of ascent. The eyewall accounts for 25%-50% of the
rainfall in the vortex core, but perhaps only 10% of the rainfall in the vortex as a
whole. In the rain shafts, precipitation loading and, to a lesser extent, evaporation
force convective downdrafts of a few meters per second. Any condensate that remains
in the updrafts is distributed horizontally in the upper troposphere by the outflow.
It forms the central dense overcast that usually covers the tropical cyclone’s core,
and much of it ultimately falls as snow to the melting level where it forms the radar
brightband. Nearly all the updrafts glaciate by -5◦C because of ice multiplication
and entrainment of frozen hydrometeors (Black and Hallett 1986).

8A supercell storm is one which has a single intense rotating updraft.

CHAPTER 1. OBSERVATIONS OF TROPICAL CYCLONES 18

detected these bands, which are typically 5-50 km wide and 100-300 km long. Nev-
ertheless, many aspects of their formation, dynamics, and interaction with the sym-
metric vortex are still unresolved. The precipitation-free lanes between bands tend
to be somewhat wider than the bands. As the tropical cyclone becomes more intense,
the inward ends of the bands approach the center less steeply and then approximate
arcs of circles.

Figure 1.12: Typical banded radar reflectivity pattern in a Northern Hemisphere
tropical cyclone with 50-60 m s−1 maximum wind in a sheared environmental flow
(From Willoughby 1988)

A dynamical distinction exists between convective bands that spiral outward from
the center and convective rings that encircle the center. Because the bands often join
a ring or appear to wrap around the centre (Dvorak 1984), this distinction is often
difficult to make in radar or satellite images.

Although precipitation in some bands is largely from stratiform clouds, conden-
sation in most bands tends to be concentrated in convective cells rather than spread
over wide mesoscale areas. Convective elements form near the inner, upwind edges of
the bands, move through the bands, and dissipate on the outward, downwind edges.
As the cells cross the band, they also move inward along the band. The dissipating
elements feed an extensive anvil and generate widespread stratiform precipitation
through horizontal advection of convective debris.

Some key observational studies of spiral bands are summarized by Willoughby

Willoughby, 1988
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Wind and temperature distribution

CHAPTER 1. OBSERVATIONS OF TROPICAL CYCLONES 13

above the frictional boundary layer. Below 500 mb, it has little vertical shear, but in
the upper troposphere, it becomes weaker and less symmetric, and the radial outflow
is a large fraction of the swirling motion. Near the tropopause beyond 200 km radius,
the vortex turns anticyclonic because of angular momentum loss to the sea on the
inflow leg of the secondary circulation (Riehl 1963).

Figure 1.8: Vertical cross-sections of (a) azimuthal wind (kt), and (b) temperature
anomaly (K) in Hurricane Hilda of 1964 (From Hawkins and Rubsam 1968)

Figure 1.9 illustrates a schematic secondary circulation in a tropical cyclone such
as Gilbert. This circulation is forced by an intense frictional destruction of angular
momentum at the surface (section 2.8), by strong latent heat release in the inner
eyewall clouds (section 2.5), weaker heating in the outer eyewall clouds, and extensive
but weak cooling caused by frozen precipitation melting along the radar bright band7,
and similarly extensive and weak heating due to condensation and freezing in the
anvil above the bright band.

The low-level inflow in the heating-induced thermally direct gyres in Fig. 1.9 is
distinct from the frictional inflow - see Fig. 1.10 below. The swirling wind in the
friction layer is generally a little weaker than that just above. Thus, only the heating-
induced inflow can supply an excess of angular momentum beyond that required to
balance frictional loss. Observations show that the eyewall updrafts slope outward
along constant angular momentum surfaces (Jorgensen 1984a,b; Marks and Houze
1987). The updraft slope from the vertical is the ratio of the vertical shear to the
vertical component of the vorticity (Palmén 1956) and has typical values of 30o-60o

7The bright band is a layer seen in vertical radar scans through cloud and coincides with the
melting layer just below the 0oC isotherm. Melting ice particles have enhanced reflectivity.

Vertical cross–sections of azimutal wind and temperature,

Hawkins and Rubsam, 1968
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Strength, intensity and size

Definitions:

I intensity: cyclone core → maximum wind speed, minimum

pressure

I strength: outer circulation → spatial–averaged wind speed

over an anulus 100 < r < 250 km

I size: averaged radius of gale force winds (≥ 17 m s−1) or of

the outer closed isobar

Remark: observations show that

I size and strength are correlated

I neither size nor strength is correlated to intensity

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 8 / 39
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Asymmetries

I inner–core region of intense TC is nearly axisymmetric

I the core is surrounded by a less symmetric outer vortex that

merges into the synoptic environment

The asymmetries have significantly impact on storm motion

For TCs originating in the monsoon trough the asymmetric flow is

often accompagnied with a band of convection that joins the TC

with the trough

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 9 / 39
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Formation

Distinction:

I core formation: existence of a (warm) core region that can be

identified and classified as TC (i.e. mean maximal wind speed

> 17.5m s−1)

I Intensification: further development of the maximum

windspeed

In the following: TC formation = transition from cloud cluster stage

to TC stage with mean maximal wind speed exceeding 17.5m s−1

Changes in wind speed of the outer vortex are referred to as outer

structure change/strength change/size change

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 10 / 39
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Necessary conditions for TC formation

after Grey (1995) six factors for TC formation:

1. large values of low–level relative vorticity

2. location at least few degrees polewards of the equator

(significant contribution of Coriolis force)

3. weak vertical shear of horizontal winds

4. Sea surface temperature (SST) larger than 26◦C, deep

thermocline (> 50 m)

5. conditional instability through a deep atmospheric layer

6. large values of relative humidity in the lower and mid

troposphere

factors 1-3: (horizontal) dynamics

factors 4-6: thermodynamics

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 11 / 39
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Large scale conditions for TC formation

1. TCs form from preexisting disturbances containing abundant

deep convection

2. Preexisting disturbances must aquire a warm core thermal

structure throughout the troposphere

3. Formation is preceed by an increase of lower troposphere

relative vorticity over a horizontal scale of ∼ 1000− 2000 km

4. Large scale environment with low wind shear

5. Early indicator for formation: Appearence of curved banding

features of the deep convection in the incipient disturbance

6. Inner core may originate as a midlevel mesovortex that has

formed in association with a preexisting area of altostratus

(e.g. in the stratiform precipitation region of a MCS)

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 12 / 39
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Questions to be answered:

I Wind circulations and pressure in a TC?

I Why is the pressure minimum in the center?

I Why has a TC a warm core (i.e. an eye)?

I Why does the eye increase with height?

I What is the dynamics of the eye?

I Why are rainbands asymmetric?

I How does a TC move (and why)?

I How are TC’s simulated and forecasted?

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 13 / 39
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Equations

Momentum equations, continuity equation and thermodynamic

equation in cylindrial polar coordinates (r , ϑ, z) on an f–plane:

∂u

∂t
+ u

∂u

∂r
+

v

r

∂u

∂ϑ
+ w

∂u

∂z
− v2

r
− fv = −1

ρ

∂p

∂r
(1)

∂v

∂t
+ u

∂v

∂r
+

v

r

∂v

∂ϑ
+ w

∂v

∂z
− uv

r
+ fu = − 1

rρ

∂p

∂ϑ
(2)

∂w

∂t
+ u

∂w

∂r
+

v

r

∂w

∂ϑ
+ w

∂w

∂z
= −1

ρ

∂p

∂z
− g (3)

1

r

∂ρru

∂r
+

1

r

∂ρv

∂ϑ
+

∂ρrw

∂z
= 0 (4)

∂θ

∂t
+ u

∂θ

∂r
+

v

r

∂θ

∂ϑ
+ w

∂θ

∂z
=

.
θ (5)
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Equations

Exner–function

π ≡
(

p

po

)R/cp

, T = πθ (6)

Hydrostatic approximation:

∂p

∂z
= −ρg

ideal
gas⇔ d log π

dz
=

g

cpT
(7)

Absolute angular momentum M:

M ≡ rv +
1

2
fr2 (8)

Equation for evolution of M

∂M

∂t
+ u

∂M

∂r
+

v

r

∂M

∂ϑ
+ w

∂M

∂z
= −1

ρ

∂p

∂ϑ
(9)

For an axisymmetric flow without friction: −1
ρ

∂p
∂ϑ = 0
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Primary circulation

CHAPTER 2. DYNAMICS OF MATURE TROPICAL CYCLONES 32

show that the absolute angular momentum per unit volume,

Mv = ρ

(
rv +

1

2
fr2

)
,

satisfies the equation:

∂Mv

∂t
+

1

r

∂(ruMv)

∂r
+

1

r

∂(vMv)

∂λ
+

∂(wMv)

∂z
= −∂p

∂λ
.

2.3 The primary circulation

Important aspects of the basic structure of a mature tropical cyclone can be deduced
from two simple equations that express an exact balance of forces in the vertical
and radial directions. These equations enable one to develop a simple theory for the
primary circulation.

Figure 2.1: Schematic diagram illustrating the gradient wind force balance in the
primary circulation of a tropical cyclone.

Let us assume that the flow is steady (∂/∂t ≡ 0) and let us ignore the secondary
circulation, i.e. we assume that the radial velocity is identically zero (see Fig. 2.1).
Then Eq. (2.1) reduces to the gradient wind equation:

v2

r
+ fv =

1

ρ

∂p

∂r
. (2.10)

The force balance expressed by this equation is called gradient wind balance.
Willoughby (1990) has shown that, in the free atmosphere, the azimuthal-mean tan-
gential circulation of tropical cyclones is in gradient balance to a good approximation.

Smith, 2006, pers. comm.
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Primary circulation

Steady flow ∂
∂t = 0, axisymmetric ∂

∂ϑ = 0, no secondary circulation

u = 0, hydrostatic balance ∂p
∂z = −gρ

this leads to gradient wind balance

v2

r︸︷︷︸
centrifugal

+ fv︸︷︷︸
Coriolis

=
1

ρ

∂p

∂r
(10)

Thermal wind balance using C ≡ v2

r + fv :

g
∂log ρ

∂r
+ C

∂log ρ

∂z
= −∂C

∂z
(11)

Linear partial differential equation (PDE)
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Linear PDEs - method of characteristics
Consider linear PDE

a(x , y)
∂u

∂x
+ b(x , y)

∂u

∂y
= c(x , y) (12)

Find (3D) paths c(s) = (x(s), y(s), z(s)) along which the PDE

degenerates to a system of ordinary differential equations (ODEs):

dx

ds
= a(x(s), y(s)) (13)

dy

ds
= b(x(s), y(s)) (14)

dz

ds
= c(x(s), y(s)) (15)

This set of equations is known as characteristic equations, the path

usually is called characteristics or charaacteristic path/line

I Maybe this system of ODEs can be solved

I Qualitative insights can be derived from the characteristics
Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 18 / 39
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Linear PDEs
Example: advection equation

a
∂u

∂x
+

∂u

∂t
= 0 (16)

u = u(x(s), y(s)) along path with parameter

du

ds
=

∂u

∂x

dx

ds
+

∂u

∂t

dt

ds
(17)

with dx
ds = a and dt

ds = 1, this results into the original PDE

du

ds
= a

∂u

∂x
+

∂u

∂t
= 0 ⇒ u(s) = u0 = f (x0) (18)

Characteristic equations:

dx

ds
= a ⇒ x(s) = a · s + x0,

dt

ds
= 1 ⇒ t(s) = s + t0 (19)

dx

dt
=

dx
ds
dt
ds

= a ⇒ x(t) = a · t + x0 (20)
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Primary circulation

For the linear PDE and the function f = log(ρ)

g
∂log ρ

∂r
+ C

∂log ρ

∂z
= −∂C

∂z
⇒ g

∂f

∂r
+ C

∂f

∂z
= −∂C

∂z
(21)

we use the method of characteristics with r = r(s), z = z(s):

df

ds
=

∂f

∂r

dr

ds
+

∂f

∂z

dz

ds
= −∂C

∂z
(22)

this leads to

dr

ds
= g ;

dz

ds
= C ⇒ dz

dr
=

dz
ds
dr
ds

=
C

g
(23)

for the characteristic path/line
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Primary circulation

For a small displacement along isobaric surfaces:

∂p

∂r
dr +

∂p

∂z
dz = 0 (24)

using the hydrostatic balance equation and the gradient wind

balance equation we can derive:

dz

dr
=

C

g
along the isobars (25)

i.e. characteristic paths = isobars

From this equation we can estimate the height of the isobars:

H(p) =

∫ rp

0

C (r)

g
dr (26)
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Primary circulation

The density variation (along this equation, i.e. along isobars) can

be derived as

d log ρ = − 1

g

∂C

∂z
dr = − 1

g

(
2v

r
+ f

)
∂v

∂z
dr (27)

Interpretations of this result:

1. For a barotropic vortex: ∂v
∂z = 0, hence ρ is constant along

isobars

2. For a cyclonic vortex on the Northern hemisphere (v > 0) with

tangential wind speed that decays with height (∂v
∂z < 0) the

density decreases with decreasing radius along isobars. Thus,

virtual and potential temperature Tv , θ increase, i.e. the core

of the vortex must be warm (i.e. ∂Tv
∂r < 0)

Prediction of thermal wind equation is consistent with observations.
Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 22 / 39
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Warm core of a TC/eye dynamics

Assuming primary circulation is in gradient wind balance,

integrating eq. 10 along r leads to∫ p(r=∞,z)

p(r=0,z)
dp = p(r = ∞, z)− p(r = 0, z) =

∫ ∞

0
ρC dr (28)

and using the environmental pressure pe(z) = p(r = ∞, z) one

derives

p(z) = pe(z)−
∫ ∞

0
ρC dr (29)

and the equation for the pressure perturbation:

p∗ = p − pe = −
∫ ro

0
ρCdr (30)
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Warm core of a TC/eye dynamics

Derivative of equation for pressure perturbation in z–direction is

then:

dw

dt
= −1

ρ

∂p∗

∂z
=

1

ρ

∂

∂z

∫ ro

0
ρCdr =

1

ρ

∫ ro

0

(
∂ρ

∂z
C + ρ

∂C

∂z

)
(31)

If we assume a TC in the Northern Hemisphere (i.e. v > 0, ∂v
∂z < 0,

f > 0) we can estimate the integrant:

∂ρ

∂z︸︷︷︸
≤0

(
v2

r
+ fv

)
︸ ︷︷ ︸

>0

+ ρ︸︷︷︸
>0

(
2v

r
+ f

)
︸ ︷︷ ︸

>0

∂v

∂z︸︷︷︸
<0

< 0 (32)

thus, ∂
∂z

∫ ro
0 ρCdr < 0 and this induces a subsidence (dw/dt < 0).
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Warm core of a TC/eye dynamics

This must be consistent with the first law of thermodynamics

Dθ

Dt
=

.
θ (33)

Using the approximation

B ≈ g
θ − θa

θ
(34)

we can express the first law as:

DB

Dt
=

g

θ

(
Dθ

Dt
− Dθe

Dt

)
=

g

θ

.
θ︸︷︷︸

=Sθ

−g

θ

∂θa

∂z
w = Sθ − N2w (35)
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Warm core of a TC

This can be translated into the following equation:

DB

Dt
=

∂B

∂t
+w

∂B

∂z
= Sθ−N2w ⇔ w

(
∂B

∂z
+ N2

)
︸ ︷︷ ︸

=N2
eye

= Sθ−
∂B

∂t
(36)

We can assume, that the eye of a TC is nearly in hydrostatic

balance (∂p
∂z = −gρ)

Interpretation:

The rate of subsidence is that required to warm the air to the

degree that its buoyancy remains close to the hydrostatic balance

with the pressure gradient

The vertical velocity cannot be estimated
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Secondary circulation

CHAPTER 2. DYNAMICS OF MATURE TROPICAL CYCLONES 35

500 m deep. One obvious effect of friction is to reduce the tangential wind speed
near the surface, and therefore the centrifugal and Coriolis forces. However, a scale
analysis shows that it has little effect on the pressure field so that the radial pressure
gradient in the boundary layer is approximately the same as that immediately above
the layer (see e.g. Smith 1968). Thus there is a net inward force on air parcels in
the boundary layer, which drives inflow in the layer (Fig. 2.2). Far from the rotation
axis, both the inflow velocity and the radial mass flux increase with decreasing radius
and this leads to forced subsidence above the boundary layer. At inner radii, where
the inflow and mass flux begin to decline, air is discharged from the boundary layer
into the vortex above. In other words, the presence of the boundary layer forces ver-
tical motion in the main part of the vortex above the boundary layer. In the tropical
cyclone, the air in the boundary layer is moistened as it spirals inwards over the warm
ocean. This moistening elevates the pseudo-equivalent potential temperature of the
boundary-layer air, θeb, so that ∂θeb/∂r < 0. We consider now the fate of this moist
air and return in Chapter 3 to examine in detail the dynamics and thermodynamics
of the boundary layer. There we show that given the tangential wind speed distrib-
ution for a steady axisymmetric vortex, one can determine the radial distribution of
the vertically-averaged wind speed components in the boundary layer as functions
of radius as well as the induced vertical velocity at the top of the boundary layer.
Given also the vertically-averaged temperature and specific humidity at some large
radius and the sea surface temperature beneath the vortex, one can determine the
radial variation of the vertically-averaged θeb in the boundary layer.

Figure 2.2: Schematic diagram illustrating the disruption of gradient wind balance
by friction in the boundary layer leaving a net inward pressure gradient that drives
the secondary circulation with inflow in the boundary layer and outflow above it.

Smith, 2006, pers. comm.
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Secondary circulation

Additional source for subsidence inside the eye region:
CHAPTER 2. DYNAMICS OF MATURE TROPICAL CYCLONES 47

Figure 2.7: Secondary circulation induced in a balanced vortex by (a) a heat source
and (b) a cyclonic momentum source showing the distortion induced by variation
in inertial stability, I2 and thermodynamic stability. N2, and baroclinicity S2. The
strong motions through the source follow lines of constant angular momentum for a
heat source and of constant potential temperature for a momentum source. From
Willoughby (1995).

2.10.1 Ertel PV and the discriminant

I show now that D is proportional to the Ertel potential vorticity defined as

P =
(ω + f) ·∇θ

ρ
.

For a symmetric vortex with tangential wind speed distribution v(r, z), ω + f =
−(∂v/∂z)r̂ + (ζ + f)ẑ and ∇θ = −(1/χ2)∇χ = −(1/χ2)[(∂χ/∂r)r̂ + (∂χ/∂z)ẑ] so
that

P =
1

ρχ2

[
∂v

∂z

∂χ

∂r
− (ζ + f)

∂χ

∂z

]

Then

gρχ3ξP = −g
∂χ

∂z
ξχ(ζ + f) + ξSχg

∂χ

∂r
or

gρχ3ξP = −g
∂χ

∂z

[
χξ(ζ + f) + C

∂χ

∂r

]
+ g

∂χ

∂z
C

∂χ

∂r
+ χ

∂C

∂z
g
∂χ

∂r
or

gρχ3ξP = −g
∂χ

∂z

[
χξ(ζ + f) + C

∂χ

∂r

]
+ g

∂χ

∂r

∂

∂z
(Cχ)

Finally

gρχ3ξP = −g
∂χ

∂z

[
χξ(ζ + f) + C

∂χ

∂r

]
−

(
∂

∂z
(Cχ)

)2

i.e.
gρχ3ξP = D (2.31)

Willoughby, 1995

External heat source drives a strong upward motion but also a weak

downward motion.

Heat source = latent heat release from condensation
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Steady state – Emanuel modelCHAPTER 4. THE EMANUEL STEADY STATE HURRICANE MODEL 63

Figure 4.1: Schematic diagram of the secondary circulation of a mature tropical
cyclone showing the eye and the eyewall clouds. The absolute angular momentum per
unit mass, M , and equivalent potential temperature, θe of an air parcel are conserved
after the parcel leaves the boundary layer and ascends in the eyewall clouds. The
precise values of these quantities depend on the radius at which the parcel exits
the boundary layer. At radii beyond the eyewall cloud, shallow convection plays an
important role in moistening and cooling the lower troposphere above the boundary
layer and warming and drying the boundary layer as indicated.

which is a state variable. Therefore we can regard α as a function of p and s∗ and
with a little manipulation we can express the thermal wind equation as:

1

r3

(
∂M2

∂p

)

r

= −
(

∂α

∂s∗

)

p

(
∂s∗

∂r

)

p

. (4.5)

I will show in an Appendix to this chapter that
(

∂α

∂s∗

)

p

=

(
∂T

∂p

)

s∗
, (4.6)

whereupon Eq. (4.5) becomes

1

r3

(
∂M2

∂p

)

r

= −
(

∂T

∂p

)

s∗

(
∂s∗

∂r

)

p

. (4.7)

With the assumption that M and s∗ surfaces coincide, i.e. M = M(s∗), Eq. (4.7)

after Emanuel, 1986
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Carnot cycle

Classical Carnot cycle in thermodynamics:

1. Isothermal expansion (gas is been heated, pressure reduced),

i.e. θe increases

2. Adiabatic expansion (no heat exchange, pressure reduced), i.e.

θe constant

3. Isothermal compression (gas is been cooled, pressure

increased), i.e. θe decreases

4. Adiabatic compression (no heat exchange, pressure increased),

i.e. θe constant

The (mechanical) work from the Carnot engine can be determined

by

W = Q

(
Thot − Tcold

Thot

)
(37)
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TC as a Carnot cycle

Emanuel, 2005

Peter Spichtinger (IACETH) Hurricanes I May 22, 2007 31 / 39

IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Structure Questions Equations Primary circulation Secondary circulation Steady state

TC as a Carnot cycle

Interpretation:

I A to B: Air acquires moisture from the ocean by evaporation

of sea water (θe increases)

I B to C: Air ascends in the eye wall without acquiring/loosing

heat other than by condensation (θe constant)

I C to D: Air looses heat (originated from the ocean) by

radiative cooling (θe decreases)

I D to A: Air descends until it reaches the starting point far

outside from the TC (θe constant)

Question: What about the mechanical work released in this cycle?
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TC as a Carnot cycle

Some thermodynamics: saturated moist entropy s∗ defined as

Tds∗ = cvdT + pdα + Ldqvs , h ≡ cvT + pα + Lqvs (38)

From the definition of the saturation equivalent potential

temperature θes = θ exp((Lqvs)/(cpT )) follows:

cpTd log θes = cpTd log θ + Ldqvs︸ ︷︷ ︸
=Tds∗

−LT−1dT︸ ︷︷ ︸
negligible

≈ Tds∗ (39)

∆QAB =

∫ s∗

s∗a

TBds∗ =

∫ θe

θea

cpTBd log θe = cpTB log

(
θe

θea

)
(40)

∆QCD =

∫ θea

θe

cpToutd log θe = −cpTout log

(
θe

θea

)
(41)

∆Q = ∆QAB + ∆QCD = cpTBε log

(
θe

θea

)
; ε =

TB − Tout

TB
(42)
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TC as a Carnot cycle

We have derived:

W = ∆Q = εTB∆s∗ (43)

In equilibrium this energy production must equal the dissipation of

the system (i.e. mainly due to friction in the boundary).
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TC as a Carnot cycle

Assumptions:

I entropy is added to the atmosphere by the sea

I momentum is lost to the sea

I integration only to the boundary of the eyewall (i.e. radius

with maximal wind speed)∫ ro

rm

ρεTBCk |~V |(s∗S − sB)rdr =

∫ ro

rm

ρCD |~V |3rdr (44)

CK denotes the coefficient controlling enthalpy fluxes

CD denotes the drag coefficient

Assumption: Largest contribution for the integrals comes from the

flow near the radius of maximal wind speed. Thus, the equation

can be written as:

|~Vm|2 ≈
Ck

CD
εTB(s∗S − sB)

∣∣∣
m

(45)
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Maximal wind speeds

Emanuel, 2005
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Comparison

Hurricane Floyd, 1999, Category 4

R. Lorenz, Bachelor thesis, 2007
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TC as a Carnot cycle

Estimation of the central pressure deviation from the maximum

wind speed:

Assumption: Rankine vortex for cyclostrophic balance

v(r) = vm
r

rm
for r ≤ rm (46)

this yields the following equation:

v2
m

r

r2
m

=
v2

r
=

1

ρ

∂p

∂r
=

RT

p

∂p

∂r
= RT

∂log p

∂r
(47)

By separation of the variables and integration:∫ rm

0
v2
m

r

r2
m

dr =

∫ log pm

log pc

RTd log p (48)

this leads to:

pc = pm exp

(
− v2

m

2RTB

)
(49)
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Summary of first part

I Primary circulation of TC’s can be described by gradient wind

balance
I In the core of TC’s subsidence can be found (warm core), this

is consistent with the primary circulation
I TC’s can be described using the Carnot process:

I Heating due to moisture from the boundary layer
I Maximal tangential wind speed can be estimated from the

thermodynamic properties
I Pressure deviation in the core of TC’s can be estimated from

the maximal tangential wind speed

Next lectures:

I Steady state model (Emanuel, 1986) in details (tangential

wind, temperature and momentum distributions)
I Tracks of hurricanes
I Models and forecasts
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