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Introduction

he climate of the tropics is at once the most benign and the most dangerous on our planet.

Most of the time the weather, as Christopher Columbus described it, is like May in Seville.

Yet this salubrious climate, the placid subject of travel agency brochures and dream source
of snowbound northerners, begets the most violent storms on Earth. How and why does this hap-
pen? What physics determines the genesis, intensification, structure, and ultimate power of tropical
cyclones? What role do they play in Earth’s climate? This book addresses these and other fundamen-
tal questions.

Besides its intrinsic interest as a natural phenomenon, the tropical cyclone is a nearly perfect
laboratory for geophysical fluid dynamics and thermodynamics, encompassing such concepts as
balanced flow; potential vorticity conservation and inversion; dry and moist convection; bound-
ary layer physics; frontogenesis; inertial, symmetric, and Kelvin-Helmholtz instabilities; Rossby
waves; Carnot cycles; irreversible entropy production; interaction of longwave and shortwave ra-
diation with clouds and water vapor; and upper ocean dynamics and mixing processes. As such,
the content of this book is designed for the student with a firm background in classical physics,
integral and differential equations, and geophysical fluid dynamics at the first-year graduate level.
Some preparation in the physics of radiative and convective energy transfer will also be helpful.

To reach a viable understanding of tropical cyclones, it is first necessary to set them in the
context of the tropical atmosphere-ocean system as a whole. Therefore, we first turn to the sub-
jects of radiation and convection, which together form the two main elements of radiative-
convective equilibrium (RCE), which we take to be a useful and natural starting point in describ-
ing the tropical atmosphere and ocean surface. Progressing from one spatial dimension to two,
we inquire whether and to what extent the existence of meridional gradients of solar radiation
perturbs our one-dimensional picture, leading us to an exposition of large-scale tropical circula-
tions. The existence of continents breaks the symmetry of the response of ocean currents to wind
stresses imposed by the Hadley Circulation, creating strong east-west gradients in ocean surface
temperature, which in turn lead to zonal atmospheric circulations. So, too, do continents provide
the setting for seasonal monsoonal circulations. Besides these phenomena, there is a rich variety
of more time-dependent organized structures, from squall lines and cloud clusters to equatorially
trapped and African easterly waves (AEW), to the massive and mysterious planetary wave known
as the Madden-Julian Oscillation (MJO). In addition to being of inherent interest to us, all these
circulations play a role in the formation and behavior of tropical cyclones.

Then we arrive at our true destination: a comprehensive description of the physics of tropical
cyclones as best we know them today. After reviewing the observed characteristics of tropical cy-
clones, we begin with perhaps the best-known problem, the dynamics and energetics of the
steady, circularly symmetric tropical cyclone vortex. While clearly an idealization, it has proven a
useful one even though it is unlikely that the outflow region at the top of the storm is ever very
symmetric or steady in time. We then tackle the time-dependent problem of the intensification of
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tropical cyclones, retaining the idealization of circular symmetry. Finally relaxing this assump-
tion, we examine the nature of departures from circular symmetric, including spiral rainbands
and outflow jets, and time-dependent phenomena such as secondary eyewall cycles.

Tropical cyclones are powered by turbulent enthalpy fluxes from the sea and retarded by tur-
bulent dissipation in the atmospheric boundary layer owing ultimately to frictional stress with
the underlying surface. But these exchanges are complicated by the complex physics of the air-
sea interface at the extraordinary wind speeds of tropical cyclones. The ocean is far from a passive
source of heat and sink of momentum; it reacts strongly to the passage of tropical cyclones. Sur-
face waves carry off a surprising fraction of the energy generated by the cyclone, and the storm-
generated surface stresses can resonate strongly with near-inertial currents in the upper ocean.
The turbulent breakdown of such currents leads to mixing to the sea surface of colder waters in
the seasonal thermocline, producing a strong negative feedback on the storm itself. The role of
ocean feedback and the importance of the air-sea interface are the central subjects of Chapter 13,
as are the hydrodynamics of storm surges, tsunami-like phenomena generated by wind stresses
but strongly affected by local bathymetry and astronomical tides. Surges are the main cause of
loss of life in tropical cyclones globally.

The large-scale atmospheric environment also exerts strong influences on tropical cyclones.
Vertical shear of the horizontal wind interacts in complex ways with tropical cyclones, stretching
and separating the vortex’s potential vorticity anomaly, leading to such phenomena as precession
and realignment. Chapter 12 describes these interactions as well as the thermodynamic conse-
quence of injecting large quantities of low-entropy air from the environment into the vortex core,
an effect akin to throwing buckets of water on a fire. But as tropical cyclones move into higher
latitudes, they often interact with extratropical potential vorticity anomalies and large-scale hori-
zontal temperature gradients, leading to fascinating and not fully understood evolutions, which
can include reintensification of the storm long after it has left its feeding grounds deep in the trop-
ics. We also take the opportunity to describe tropical-cyclone-like phenomena outside the trop-
ics, including certain classes of polar lows that paradoxically favor arctic oceans in winter;
medicanes—hurricane-like storms that form over the Mediterranean Sea; and agukabams, which
develop over land under special circumstances.

Of all the mysteries that confront the tropical cyclone physicist, the nature of the processes
by which these storms are generated remains the most enigmatic. In Chapter 14 we delve into this
problem, examining in detail the sequence of events leading to the genesis of individual storms
but also looking at the physics by which tropical storms emerge spontaneously from the chaos of
radiative-convective equilibrium (RCE) as simulated by contemporary numerical models that
explicitly simulate cumulus clouds. This may provide clues about what controls the frequency of
tropical cyclones on our planet in our current climate.

Which leads to the last topic of our treatise: How does tropical cyclone activity respond to
climate change, and are these magnificent and terrifying storms incidental to our climate or inte-
gral elements of the climate machine, providing important feedbacks that stabilize climate or ac-
celerate its change? Here we leave our reader with a perplexing unsolved mystery, but one that he
or she should by then be well equipped to tackle.
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357, 363, 365, 382-384, 419-423, 451, 510,
518-519, 532-534, 566-567, 576, 597

drizzle, role in cloud-topped boundary layers
of, 123, 125

dropsondes, 297, 316, 323, 390, 439, 474, 519,
544

dry adiabatic adjustment. See convective
adjustment: dry
dust devils, 289, 535-536

E

Eady edge waves, 189, 272-274, 278-279, 284,
446-451, 458-459, 491-493

Eady model, of baroclinic instability, 342,
394-398, 449, 491

easterly waves: African (AEWs), 1, 229,
261-276, 284, 488, 537, 539, 545, 559,
573-574, 587, 631; eastern North Pacific,
276-284

effective emission temperature, 14-17

Ekman layer instabilities, 437-441

Ekman layers, 165, 317, 372, 373, 378, 382,
437-438

Ekman pumping (suction), 362, 365, 416-417,
485, 523

El Nifio-Southern Oscillation (ENSO), 198,
201-228, 229; effects of, on tropical
cyclones, 556-557, 573, 581-586, 593, 601,
602, 627, 630

electromagnetic radiation. See radiation

elevated surfaces, role in monsoons of, 173

emission coefficient, 8

emissivity, 14-19, 43

emulsions, 337-338, 378, 513

ENSO. See El Nifio-Southern Oscillation

enthalpy: definition, 23; and fluxes, 2, 8, 33,
64-68, 72-74, 81, 84-87, 91-96, 99-101, 111,
112, 139, 143, 153-157, 166, 183, 189, 192-193,
196, 198, 217-219, 223, 244-250, 255-260,
303, 309, 322, 327, 330, 337, 344, 356, 359,
365, 387-388, 397, 405, 417-418, 422,
451-454, 475-476, 481, 490, 495, 497,
514-516, 530, 533-535, 546-553, 564-565,
570-571, 596-597

enthalpy exchange coefficient, 10, 353, 399,
518-519, 535-536, 576, 596

entraining plume model, 47, 56-57, 61, 63, 71

entrainment: into boundary layers, 112,
120-127, 522, 571-572, 596; into convective
clouds, 45-47, 54, 57, 67, 71, 77-78

entrainment parameter, 47

entrainment velocity, 121-124

entrainment zone, 121-122

entropy production, irreversible, 1, 46,
331-332, 550, 565

equatorial B-plane, 206, 211, 212, 215, 221, 255,
284, 443

equatorial waves, 225, 229-260, 286, 289, 427,
441, 458, 586

equivalent potential temperature, 37, 58, 59, 77,
123-126, 128, 175-176, 252, 315-318, 462, 555

Ertel’s potential vorticity. See potential
vorticity

evaporation: of precipitation, 34, 41, 45, 47, 54,
74-78, 111, 317, 376, 388, 413, 547; from the
surface, 67, 75, 76, 172, 173, 359

evapotranspiration, 7-8

exchange coefficients, 68, 120, 196, 219,
338-339, 353-354, 360, 365, 368, 396, 399,
420, 516-519, 535-536, 576, 596

extratropical transition, 294, 305, 309, 328,
489-497, 502

eyes, of tropical cyclones, 290, 298-299, 307,
310-324, 342, 358, 366, 372-378, 382, 388,
390, 399-403, 406, 408, 425-427, 434, 444,
498, 500, 530

eyewall mesovortices, 322, 387, 407, 425-434,
458

eyewalls: frontogenesis at, 322, 336, 378,
399-13, 405-406; secondary, 299, 310,
323-324, 413-417, 425, 455-456; replace-
ment cycles of (ERCs), 324, 413-416,
422-423

F

Ferrel, William, 158

Ferrel cell, 158

filamentation, of potential vorticity patches,
443, 458, 467-468, 545

Findeisen, Walter, 17

Findlater Jet. See Somali Jet

first baroclinic mode, 207, 212, 237, 240, 247,
251, 253, 260, 284, 470

first law of thermodynamics, 23-24, 412

Fjortoft Theorem, 272-273, 432, 447

flooding, 303, 325-327, 420, 494, 513, 534, 544,
572, 621-622, 629

forecasting: of tropical cyclone intensity,
421-422, 502, 517, 519, 528-529, 534, 573,
575, 601; of tropical cyclone motion,
473-475, 519

fractional area covered by convection, 39, 45,
87,103-104, 107, 113, 125, 127, 128, 216, 517

freezing level, 51

friction velocity, 117, 382, 384, 508, 516

frictional dissipation. See dissipation

frontogenesis. See eyewalls: frontogenesis at

Froude Number, 442

Fujiwhara effect, 467

G

general circulation models (GCMs)

genesis indices, 554-560, 569, 573-575, 580,
582-586, 594, 599-607, 610-618, 621, 628

genesis potential index. See genesis indices

geochemical proxies, for tropical cyclones,
590-593

geostrophic balance, 5-6, 84, 132, 133, 150-153,
178-179, 269, 303, 400, 406, 444-445,
476-477, 488, 491

gestation, of tropical cyclones, 547, 552-553,
564

global warming, effect on tropical cyclone
activity of, 199, 228, 599, 611-623, 628

gradient balance, 178, 339, 342, 355, 393-394,
447
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gradient wind, 327, 339, 342-347, 357, 379-388,
393-412, 418-419, 438, 454-455, 594-595, 621

gravity waves. See waves: gravity

gray atmosphere approximation, 14-20

greenhouse effect, 8, 15, 22, 153, 172-173, 330,
612-624, 628

greenhouse gases, 8, 11-22, 33, 65, 74, 101, 102,
133, 330, 580, 608, 628

gross moist stability, 90-91, 99-100, 106, 155,
192, 218, 222, 370, 552, 564, 605

gust factor, 368-370

H

Hadley, George, 144

Hadley Circulation, 1, 129, 144-167, 171, 176,
179, 184, 198-199, 241, 264, 570, 601

Halley, Edmond, 131-132, 136, 198

Hide, Raymond, 152

Hide’s theorem, 152-153, 159, 178, 187

HITRAN, 20

Hovmoller, Ernest, 229

Hovmoller plots, 229-230, 413, 415-416

hub clouds, 322

hypercanes, 357

1

IBTrACS. See Best Track Archive for Climate
Stewardship

ice phase, 4, 12, 31, 34, 47-48, 57, 61, 63, 65, 71,
101, 109-112, 211, 241, 302, 332, 383, 413

incubation parameter. See ventilation
parameter

inertial currents. See near-inertial currents

inertial instability, 1, 156, 178, 340-341, 364,
373, 434-435, 438, 458

intensification of tropical cyclones, 2, 309, 322,
376-378, 387, 390, 394-423, 458, 479, 482,
484, 488-489, 495, 530, 533-534, 548-549,
553, 564, 575, 580, 596, 601

interface, air-sea. See air-sea interface

International Best Track Archive for Climate
Stewardship (IBTrACS). See Best Track
Archive for Climate Stewardship

Intertropical Convergence Zone, 131, 136, 165,
283, 541

intraseasonal variability, 107, 183, 229-261,
284; effect of, on tropical cyclones, 581,
584

invertibility. See potential vorticity:
invertibility

irreversible entropy production, 1, 46, 158,
330-331, 415, 468, 498, 502, 565; by fallout
of precipitation, 34, 37, 42, 45, 54, 65, 111,
332, 363, 388, 415; by mixing across cloud
boundaries, 46, 54, 332, 550
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Joint Typhoon Warning Center (JTWC), 299,
584

Julian, Paul, 233
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Kelvin waves, 207-210, 226-227, 232, 237-238,
241-247, 253, 255, 259-260, 285, 586

Kelvin-Helmholtz instability, 1, 348, 388, 522

Kirchhoff’s law, 9, 11

Kolmogorov, Andrei, 26

Kona storms, 503

L

La Nifia. See El Nino-Southern Oscillation

Lagrangian chaos, 461-462

land surface: effect of, on RCE state, 74, 83,
100, 130, 172-173; role of, in agukabams,
530-533, 535; role of, in diurnal cycle of
convection; role of, in monsoons, 168, 173,
177

landphoon. See agukabams

lapse rates, 21, 43, 54-71, 88, 120, 150-151,
161-162, 178, 211, 217, 247, 253, 260, 267,
340-341, 362, 375-376, 388, 412, 491,
550-575, 604; dry adiabatic, 24, 35-36, 172,
175, 267, 359, 565; moist adiabatic, 35-36,
62-67, 71, 81, 85, 91, 105, 120, 150-151,
161-162, 211, 217, 253, 284, 340-341, 349,
550, 574; pseudo-moist adiabatic, 37

large eddy simulations (LES), 378, 387, 489

latent heat flux, 65, 72, 260, 475, 533, 572

latent heat of fusion, 57, 61, 413

level of free convection (LFC), 60

level of neutral buoyancy (LNB), 60, 74

lifetime maximum intensity (LMI), 297-298,
388, 594-597, 606, 628

lifted condensation level (LCL), 58, 60, 74, 125

lightning, 53-54, 63, 96, 112, 276

liquid water density potential temperature,
123,127

liquid water mixing ratio, 123

M

Madden, Roland, 233

Madden-Julian Oscillation (MJO), 1, 225,
232-237, 240-249, 253, 259, 260, 284,
556-587, 601, 627

mass flux. See convective mass flux

Matsuno, Tard, 208

Matsuno modes, 208-210, 229, 231-237, 243,
249, 251, 255-256, 259, 284, 441, 458

Maxwell relations, 23, 35, 151, 165, 178, 212,
343

medicanes, 2, 289, 293, 295, 305, 308-310,
327-328, 498-500, 503, 554, 574

mesocyclones, 546-554, 575

mesoscale convective complexes, 544

mesoscale organization, 45-53, 128, 378

methane, 11, 13-14, 20, 611

microphysics, 33-34, 40, 241, 578; effect of, on
tropospheric water vapor profiles, 40-41,
67-68

Mie scattering, 8
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mixed Rossby-gravity waves, 209, 232,

237-239, 243, 255, 259-260, 284, 443, 586
MJO. See Madden-Julian Oscillation
moats, 310, 414
moist adiabatic adjustment. See convective

adjustment: moist
moist static energy profile, 68, 107, 552
moisture, mid-tropospheric, 260, 476,

599-600, 627
moisture adjustment time scale, 70-71
moisture advection: horizontal, 73, 84, 87, 90,

96, 99, 153-154, 163, 167, 173, 178-179, 182,

244, 365, 368, 388, 396-397, 417, 422, 479,

605; vertical, 72-73, 99, 244, 255, 368.

See also gross moist stability
Monin-Obukhov length. See Obukhov length
Monin-Obukhov similarity theory, 118, 121,

505, 560, 562
monochromatic flux density, 8-9
monochromatic radiant intensity, 9-10
monsoon depressions, 185-189, 533
monsoons, 136, 138, 168-189, 198-199, 264,

267, 291, 294, 533, 592, 601-602, 609
mountains, role in monsoons of, 173, 182
movement, of tropical cyclones, 461-475,

490

N

National Hurricane Center. See NOAA,
National Hurricane Center

Navier-Stokes equations, 379, 412

near-inertial currents, 2, 338, 505, 519-530,
533-535, 587, 624

Newtonian relaxation, 10, 83

nitrous oxide, 11, 13, 14, 20

NOAA, National Hurricane Center, 290, 376,
474, 530, 539, 584

non-baroclinic reintensification, of tropical
cyclones over land, 530-533. See also
agukabams

nondevelopment, of tropical cyclones,
539-544

nonprecipitating clouds. See convection:
shallow; cumulus: trade

(0]

Obukhov length, 117-118, 121, 336, 505

ocean currents, 1-3, 114, 168, 226, 324-325,
333, 339, 378, 485, 586, 587, 625; near-
inertial (see near-inertial currents); mixed
layer, 83, 94,167, 193-198, 338, 413, 520-522,
527-529, 534, 571-572, 596, 598, 624, 629;
surface temperature of (see sea surface
temperature); and surface waves, 2, 120,
324-325, 338, 486, 505-509, 517, 533-535,
587

ocean heat transport, 84, 112, 198, 330,
571-572, 580, 596-601, 624-626; effect of,
on tropical cyclone potential intensity,
598-600
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coptical depth, 9-10, 14, 18-21, 30, 173, 610

outer radius, of tropical cyclones, 352-355,
361, 363, 365-372, 383, 391, 398, 405,
416-422, 451, 504, 569

outer wind field, of tropical cyclones, 361-365,
404, 570

outflow temperature, 335, 339, 346-358, 367,
389, 395, 397, 399, 402-403, 408, 482, 516,
532,576

overwash deposits, 588, 627

ozone, 11, 13, 20-21, 357

P

paleotempestology, 586-594, 597

parameterization: of cloud-radiation
interaction, 252, 257-258; of convection,
240, 598, 618; of turbulence, 348-349, 387,
422; of ventilation, 480, 504, 573

Planck constant, 9

PlancK’s law, 9, 12-13, 15

plane-parallel approximation, 10, 14-17, 20

Poincaré waves, 209-210, 255, 259

point potential vortices, 463-468, 476-478,
491-493

polar lows, 2, 289-295, 305-310, 327-328, 498,
500, 503, 515, 544, 554

potential intensity, of tropical cyclones,
330-339

potential temperature, definition, 27

potential vorticity: definition, 158; invertibility
of, 5, 6, 388, 394; pseudo-, 179, 269-272,
342, 394, 444-447, 463, 487, 491; saturation
(SPV), 6, 339, 342, 394, 455, 462, 468, 473,
594

power dissipation index (PDI), 554, 582-583,
599

Prandtl, Ludwig, 26

Prandtl convection problem, 26-29, 42, 116,
17

precipitation efficiency, 41, 67-68, 75,
89-93, 96, 195-197, 216-217, 256, 369,
488, 608, 622, 624, 629; sensitivity of
tropospheric humidity to, 40-41, 67-68,
91-93, 105-106

PREDICT field campaign, 544

predictability, of tropical cyclones, 422, 461,
484-485, 534

pressure broadening, 11

Prigogine, Ilya, 330

principal band, 439

pseudo entropy, 37

pseudo-potential vorticity. See potential
vorticity: pseudo

Q

quasi-equilibrium, boundary layer. See
boundary layer quasi-equilibrium

quasi-geostrophy, 158, 179, 269, 303, 342,
393-394, 406, 444-448, 463, 466-468,
476-477, 487-488, 491-493

R

radar. See airborne Doppler radar

radiant intensity. See monochromatic radiant
intensity

radiation, 7-22; blackbody, 8-15; and Earth’s
energy budget, 7-8

radiative equilibrium, 14-22, 24-25, 29-33, 41,
43,75, 598, 600, 601

radiative subsidence, 41, 122, 362-365, 370,
372, 376, 383, 417, 451

radiative subsidence velocity, 122, 363, 365,
370, 372, 376, 383, 451

radiative-convective equilibrium, 1, 2, 6,
29-42, 61, 65-84, 131, 329, 448, 470, 488,
547-548, 596; behavior of perturbations to,
77-97; dry, 29-33; moist, 33-41, 65-107

radiative-convective instability, 97-107

radiative-slantwise-convective equilibrium,
162,175

radio occultation, 134

radiosonde, 132-133, 237, 261, 264, 545

radius of maximum winds (RMW), 290,
299-300, 315, 336, 352-361, 363, 365, 370,
377, 382, 386, 391, 397-405, 412, 415-416,
419-420, 442, 450, 487, 570

radius of vanishing winds (RVW), 290, 299,
405

rainbands, 310, 311, 312, 323-324, 481, 530;
spiral, 2, 310, 311, 323-324, 439-451, 498

rapid intensification of tropical cyclones. See
intensification of tropical cyclones

rawinsondes, 21, 56-57, 61, 72, 233, 237-240,
252-253, 263, 473, 539, 605

Rayleigh necessary condition for instability,
431-433, 438, 444, 446-447, 458-459

Rayleigh scattering, 8, 13

Rayleigh shear problem, 427-433, 446-447

Rayleigh-Bénard convection, 560-562

realignment. See axisymmeterization of
tropical cyclones

re-evaporation. See evaporation

reflection. See radiative transfer

Relampago del Catatumbo, 276

relaxation time scales, 30, 79, 82-83, 88, 91,
95-96, 112,172

Reynolds Number, 25-26, 380

Rhines scale, 571

Riccati equation, 363-364

Richardson number, 122, 347-350, 386, 522;
and criticality, 122, 347-350, 365, 370, 397,
391-392, 412, 420, 522-523, 526, 528

roll structures, in tropical cyclone boundary
layers, 387, 435-438, 441

Rossby wave breaking, 128, 159, 303, 443,
495

Rossby waves, 1, 136, 158, 159, 189, 267,
272-278, 303, 333, 458, 470, 472, 485-486,
491-492, 495, 498, 502, 519, 554; equatori-
ally trapped, 209, 210, 214, 226-227, 232,
237-243, 249, 259-260; vortex, 415-434,

437, 438, 443-451, 458-459, 468, 470,
478-480, 502-503

roughness length: mechanical, 117-119, 505,
508-509; thermal, 120

S

Saffir-Simpson scale, 290, 591

Saharan air, 141, 544

SAM. See System for Atmospheric Modeling

saturation deficit, 105, 555-556, 576, 580,
599-600, 612, 615-616

saturation entropy, 54-55, 147-148, 153-159,
165, 176, 211-212, 216, 218, 221-224, 252, 255,
258, 285, 331, 343, 350-356, 394-397,
403-408, 556, 599

saturation moist static energy, 67, 68, 81, 85,
89-92, 154, 192, 219, 329, 367-368, 371, 549,
576, 599

saturation potential vorticity. See potential
vorticity: saturation

scattering. See radiative transfer

scattering source function, 8

scatterometer, 133, 261-262, 300-301

sea spray. See spray

sea surface temperature (SST), 31-32, 68, 75,
93-94, 97,102, 103, 125, 138-139, 166-167,
179-182, 189-191, 198, 201-204, 211, 219-227,
236, 240-241, 252, 279, 306, 308, 330, 338,
339, 346, 356-357, 416, 421, 448, 495, 505,
515-516, 523-529, 547-549, 555-556, 559,
563-572, 576, 580-586, 589, 598-629

seasonal cycle, 165, 203, 226, 264, 389, 557,
572, 596. See also annual cycle

secondary eyewalls. See concentric eyewalls

self-aggregation of deep convection, 72,
97-107, 110, 256, 279, 560, 563-565

semi-geostrophy, 487

sensible heat flux, 31, 119, 267, 330

shallow-water equations, 6, 189, 206, 212, 227,
251, 284, 441-443, 470, 509, 534

shear, effect of: on tropical cyclone genesis,
533-535, 545, 549, 555-556, 559, 571-572,
575-580; on tropical cyclone intensity,
475-485; on tropical cyclone motion,
462-468; on tropical cyclone structure,
475-485

single-column model, 20, 68-83, 93-94, 111,
139, 172-177, 359, 598-601, 617

skew-T diagram, 38, 55, 56, 62, 390

slab boundary layers. See boundary layers:
slab

slab ocean, 79, 112-114, 165-167, 172, 570, 598,
629

slantwise convection, 339-344, 369, 394, 618

slantwise convective neutrality, 339-342, 388,
473

slantwise neutral vortices, 339-342

soils, role of: in agukabams, 309-310, 417, 505,
530-533, 534, 535; in CAPE generation, 52,
63-64; in monsoons, 172, 175, 177, 267
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solar radiation. See radiation; shortwave

Somali Jet, 168, 183-184

soundings, 21-22, 58, 62-64, 72, 77, 114, 134,
307, 390, 564. See also radiosondes;
rawinsondes

South Pacific convergence zone (SPCZ), 108,
583

Southern Oscillation. See El Nifio-Southern
Oscillation

spin-up. See intensification of tropical
cyclones

spiral rainbands. See rainbands: spiral

spray, 47, 311, 315, 331, 337, 378, 388, 412, 505,
508, 509, 513-519, 533-536, 607

squall lines, 1, 42, 49-51, 107-111, 323, 439-441,
458

state estimation, 135

static stability, 66-67, 88-89, 95-96, 194, 216,
269, 370, 381, 412, 441, 448, 488-489

statistical equilibrium, 5-6, 26, 29, 74, 77, 97,
112, 117, 516-517, 565-566, 569-570

Stefan-Boltzmann constant, 15, 19

storm surges, 325, 327, 378, 505, 509-513, 534,
586-588, 621

storm tides, 325

stratiform clouds, 41, 45, 65, 71, 74, 260, 311,
317, 439, 440, 546-547, 553; rain from, 260,
311, 317, 439, 440, 546-547, 553

stratocumuli, 48, 94, 115, 123-130, 138, 312,
322, 366, 390, 624

stratosphere, and effect on equatorial modes,
259

subcloud layer, 39, 45, 48, 49, 58, 61-62,
65-77, 85-91, 95, 108, 111-112, 125-128,
154-156, 160-162, 172, 175, 211-219, 252, 344,
352,574

subsidence, 5, 41, 48, 76, 85-87, 121-127, 155,
179, 194, 216, 315, 321-322, 341, 358,
362-372, 376, 415-417, 451

subtropical cyclones, 186, 503, 505

sulfate aerosols. See aerosols, effects of

supergradient winds. See agradient winds in
tropical cyclones

superposition principle, 487-488, 494, 502,
545

surface energy balance, 16, 74, 79

surface fluxes. See enthalpy: and fluxes; latent
heat flux; sensible heat flux

surface layer, 121, 124-128, 219, 337, 383

surface roughness. See roughness length

surface waves. See ocean current: and surface
waves

surface wind speed, effect of: on boundary
layer enthalpy deficit, 68; on potential
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intensity, 572, 597-599, 628; on self-
aggregation of convection; on surface
temperature, 43. See also wind-induced
surface heat exchange (WISHE)

surges. See storm surges

Sverdrup, Harald, 227

Sverdrup balance, 227

System for Atmospheric Modeling (SAM), 97,
240-260, 563-564

T

TCS08 field campaign, 544

TC-world numerical experiments, 559-572,
574, 575, 594

tempestites, 586-587

TEXMEX field campaign, 546-547

thermocline, 189-191, 196, 202, 204, 208,
226-227, 505, 625-626

thermodynamic disequilibrium, 17-19, 31, 75,
305-306, 329-332, 338, 354, 359, 448, 563,
569, 596, 599-601, 608

thermodynamic equilibrium, 9, 25, 33, 34, 42,
315, 330, 363, 599

Thomson, William, 207

THORPEX field campaign, 544

Tibetan High, 173, 179, 184

TOGA COARE field campaign, 21, 72-75,
252-253

tornadoes, 64, 111, 323, 327, 425-427, 435

trade cumuli. See cumulus: trade

trade inversion, 127-128

trade winds, 125-127, 131-132, 136-138,
229-230, 261, 286

triggering disturbances, in tropical cyclone
genesis, 486, 489, 495, 545, 548-575, 580

tropical cyclones and climate change, 581-624

tropical depression, 290-293, 544, 553, 573

Tropical Rainfall Measuring Mission
(TRMM), 134, 138, 140, 142, 186-187, 302,
309, 524, 530

tropical storms, 2, 284, 290-294, 299, 309-313,
326, 420, 473-479, 490, 530-534, 539-541,
553

tropical transition, 495, 500

tropical upper-tropospheric troughs (TUTTs),
545

tropics, definition, 5

turbulence kinetic energy, 28, 35, 121, 123, 330,
624

turbulent diffusion. See turbulent fluxes

turbulent dissipation. See dissipation

turbulent fluxes, 7, 72, 76, 89, 99, 330,
336-337, 378, 380-384, 387, 398, 422; radial,
336-337, 422

Index 671

typhoons, 290, 299, 300, 301, 312, 318, 320,
324, 387, 414, 435, 437, 544, 593

U
ultraviolet radiation, 8, 11-13, 19

v

ventilation, of tropical cyclone cores, 479-484,
495, 502-504, 533, 544, 549-550, 573-580,
599, 605

ventilation parameter, 481-484, 495, 549, 550,
575-580

volcanoes, effect on tropical cyclone activity
of, 607-611

von Kiarman constant, 117, 384

vortex alignment, 2, 463, 468, 478-480

vortex Rossby waves. See Rossby waves:
vortex

W

Walker, Gilbert, 189, 201

Walker circulation, 86, 129, 189-198, 201, 211,
225-226, 601

water vapor: absorption of solar radiation by,
1,7,11,13, 101, 598; as a greenhouse gas, 1, 8,
11-14, 31, 33, 65, 68, 71, 100, 101, 104, 106, 111,
173,192, 196, 256, 596, 624

waterspouts, 323

waves: equatorially trapped, 206-211,
229-260; gravity, 438, 441-443, 486, 552,
575; ocean surface (see ocean currents: and
surface waves); radiation of, 259, 441, 486,
575

WAVEWATCH, 507

weak temperature gradient approximation
(WTG), 84-90, 94-95, 100, 103-105, 112,
130, 136, 139, 153, 192, 195, 211, 580-581,
598-601

Weather Research and Forecasting Model
(WREF), 547-549, 559, 564

Wegener-Bergeron-Findeisen process, 47

Wegener, Alfred, 47

wind shear. See shear

wind-induced surface heat exchange
(WISHE), role of: in equatorial distur-
bances, 222-226, 246-249, 255-260; in
monsoons, 166-167, 183-185, 188; in
tropical cyclones, 279, 284, 553, 574

WISHE. See wind-induced surface heat
exchange

Y
Yanai, Michio, 209
Yanai waves. See mixed Rossby-gravity waves





