140 mph and gusts to 165 mph
CREDIT: NOAA
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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~'. 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~!.
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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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Fig. 1 Carnot cycle of the mature tropical cyclone’. Air begins
with absolute angular momentum per unit mass M, and moist
entropy 6r at aradius ry, and flows inward at constant temperature
T, within a thin boundary layer, where it loses angular momentum
and gains moist entropy from the sea surface. It then ascends and
flows outward to large radii, preserving its angular momentum
(M) and moist entropy (8¥). Eventually, at large radii, the air
loses moist entropy by radiative cooling to space at a mean tem-
perature T,,, and acquires angular momentum by interaction with
the environment.



Figure 6. The structure and airflow of a mature hurricane are shown
in this cross section, which spans a width of about 1,600 km and a
height of 15 km. The regions correspond closely to those of the
overall tropical atmosphere shown in Figure 4, but with an
additional region of subsiding air in the eye (Region 5). In this case,
the sea-surface temperature may be considered constant, but the
total entropy content of the subcloud layer (Region 4) increases
inward toward the eye as the increasing surface wind speed leads to
greater evaporation rates, causing the near-surface air to approach

376 American Scientist, Volume 76

saturation. The total entropy increases from point a to point c and is
approximately conserved during ascent through the eye wall to
point 0. Heat is lost by infrared radiation to space, symbolically
between points o and o’. Because heat is acquired at a much higher
temperature than it is lost at, the Carnot heat engine, which
converts heat into mechanical energy, is very efficient (e = %5). In
the steady state, this energy is mostly balanced by frictional
dissipation at the surface.
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Figure 8. A more general way to assess the low atmospheric
pressures associated with hurricanes is demonstrated by this
diagram, which shows the minimum sustainable central pressure
(in millibars) of tropical storms calculated from Eq. 5 as a function
of the sea-surface temperature and the mean temperature of the
lower stratosphere. The ambient surface relative humidity is
assumed to be 75%. No solutions of Eq. 5 are possible in the region
marked “hypercanes” because the mechanical energy produced by
the Carnot heat engine is so large that it cannot be balanced by
surface friction alone. The intensity of hurricanes in this regime
would be limited by internal turbulent dissipation of kinetic
energy, presumably at very high wind speeds.
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2. Description of the model

The governing equations for compressible, axisym-
metric flow on an f- plane in the cylindrical coordinates
(r, ¢, z) are

Momentum:

%“(f+:)v——cp9 %% + D, . (1)

‘z’;+( I+ ’;)u= D, 2)
cg = —-cpﬁu% D,

08 |
+g{T+O 61(@1} fiu)“@l} (3)



Conservation of mass:

or  ¢* (10(rupb,) d(wpb,)
—+—={- + =() 4
ot  c,pB,’ {r or 9z ] ®
First Law of Thermodynamics:
df
—=My,+ Dy+ R 5
7~ Mo+ Ds &),
Conservation of water vapor:
dg, _
—a? =M, +D, (6)
Conservation of liquid water:
J |
“_Mm,+D, (7)

dt



a. Microphysics

The effects of phase changes of water substance are
represented by

L dqy
= 8
Mo c,m dt (8)
dg.,
M, = j{ (9)
dg.s | 1 8(pVq)
- - 10
My=——2+ ==, (10)

The only distinction between cloud water and rain
water is the terminal velocity, V. For ¢; <1 g/kg,

V =0, while for ¢ > 1 g/kg, V =7 m/s.



Turbulence

* 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 Day| 7, but in cylindrical coordinates.



Radiation

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

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.
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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.



At the lower surface we require that the normal ve-
locity vanish (w = 0). The tangential stresses and ver-
tical fluxes at the surface are given by the bulk aero-
dynamic formulas:

7rs = [Cou(? + V1) sy (32)
726 = [Co0(1? + V)55 (33)
F zﬂ = [CE(u2 +vz)1/2]Az/2(65urf o 9’&2}2) (34)

Fo = {CeVi + 0} sl @osurt — Qolaz).  (35)

Cp and Cg are the drag coeflicients for momentum and

heat (sensible and latent), respectively, which, unless
otherwise mentioned, are taken to be equal and given

by Deacon’s formula,

Cp=1.1X10"3+4X 107 +v¥)"?%y,n  (36)




Initial Conditions

e Neutral to the model’s convection

* Specify the vortex tangential velocity:

2 3
Zeoonge — Z r 2r
u(r, z}()):.._l’." 8¢ _ Um2 — —m

27',“ 3 f2?‘2 1/2*1‘{.
) [ -5 e

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



TABLE 2. Numerical experiments.

Initial vortex

Umnax 'm To T ourt Tropopause

Exp (ms™h (km) (km) (°C) (mb) Comments

A 12 82.5 412.5 26.3 100 Control run

B 2 82.5 412.5 26.3 100 Weak vortex

C 12 160.0 800.0 26.3 100 Large vortex '
D 12 41.0 206.0 26.3 100 Small vortex Ar = 7.5 ki, Zoyer = 750 kim,

Iy = 1500 m

E 12 82.5 412.5 26.3 100 Dry to 30% RH above boundary layer

F 12 82.5 412.5 26.3 300 Increase tropopause

G 12 82.5 412.5 31.3 100 Increase SST

H 12 82.5 412.5 31.3 200 Increase SST and lower tropopause

I 12 82.5 412.5 31.3 300 Increase SST and lower tropopause ‘
J 12 82.5 412.5 26.3 100 Limited Newtonian cooling |R] <2 K d~!
X .

12 82.5 412.5 - 263 100 Zero Newtonian cooling R = (
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FIG. 5. The 160-180 h average fields for the nearly steady state reached in the control run. All stippled regions indicate negative values of the fiald
(a) Azimuthal velocity, contour interval, § m s™!; (b) dimensional pressure deviation from the initial state, contour interval, 5 mb; (c) radial velocify__

-,

contour interval, 4 m s™}; (d) temperature deviation from the initial state, contour interval, 2 K: (¢) vertical velocity, contour interval, 0.5 m s™'; ii

shading indicates 8 < ¢, < 13 g kg™', and darkest shading indicates g, > 13 g kg™".
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Figure 9. Computer models provide a partial answer to the question
of why hurricanes are rare even though the tropical atmosphere has
abundant energy to support them. This graph shows the evolution
with time of the maximum surface wind speed produced by one
such numerical model (Rotunno and Emanuel 1987). The red curve
begins with a 12 m/sec amplitude vortex, while the maximum
velocity in an experiment that starts with a 2 m/sec amplitude
vortex, but is otherwise identical, is shown by the gray curve. The
failure of the weak vortex to amplify demonstrates that hurricanes
in this model cannot arise out of weak random noise; rather, a
vortex of sufficient amplitude must be provided by independent
means, such as a large-scale wave or a thunderstorm complex from a
middle-latitude continent.
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TABLE 3. Comparison of theory and numerical experiment.

Numerical experiments*

Theory
T 8 Tout (Tout)lst Tp Fmax o RH, as De VUmax P Umax 7o
Exp (O (K) (K) (X) € (km)  (km) (%) (mb) (ms™") (mb) (ms™') (km)
A 26.3 228 203 295. 23 38 400 81.8 973 46 975 48 380
F 26.3 245 244 295. 17 45 400 81.8 991 38 989 42 340
G 31.3 207 197 298. 31 30 900 78.6 903 77 903 72 570
H 31.3 227 227 298.5 24 40 750 78.6 937 66 944 63 490
1 31.3 246 246 298.5 18 50 700 78.6 964 S5 972 54 430
J 26.3 216 203 295. 27 38 340 81.8 961 51 961 53 440
K 26.3 212 203 295. 28 38 370 957 57 956 39 450

81.8




The Carnot Cycle
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FIG. 17. An air-parcel trajectory through the eyewall, outflow layer, descent at large radius and return, superimposed
on 8, and T in the 160-180 h averaged control run. The starting point (star) is chosen where 8, begins its steady inward
increase (8, ~ 340 K); heat is acquired at constant temperature along the sea surface; the parcel rises moist adiabatically
(8, = constant) and eventually descends and reaches its original value of 8., thus losing its heat near the low-temperature
tropopause. It takes approximately 40 d for the parcel to complete its journey back to the starting point over which
time it acquires a small amount of extra heat which, we argue, it needs to overcome dissipation within cumulus clouds.
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Methodology

Weather Research and Forecast (VWRF)
Grid spacing 3 km.
6-class microphysics.

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



Methodology

® 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 al200 km x 1200 km

doubly cyclic domain.

® Simulate tropical cyclogenesis.



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

(b)

Water Vapor Path (mm) and 4.9 km geopotential- Day 2.5
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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 kmx 700 km region shown is less than that of the
entire model domain, and is centred on the surface vortex.
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