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accretion, 527, 541, 542-543
accretion (coagulation), 92
adiabatic heating/cooling, 49, 95, 97, 100, 242, 393, 434
adiabatic lapse rate, 148, 551
aeolian processes, 221-222, 296, 317
aerobraking, 9, 23, 25, 26, 27, 29, 34, 42, 44, 45, 46, 54, 218, 260,
435, 439, 453, 454
aerosols. See dust particles, CO, ice particles, water ice particles
airglow, 61, 97, 110, 143, 418, 421, 435, 436, 451, 452, 456
definition of, 446
models of, 449
observations of, 447
albedo
planetary albedo, 547, 552, 554
single scattering albedo, 30, 124, 125, 133, 136, 305
definition, 110
surface albedo, 235, 305
changes in, 3, 4, 13, 26, 313
Amazonian, 12, 338, 504, 506, 515, 518, 533, 535, 536, 544, 545, 557
definition, 526
aphelion. See orbit properties
aphelion cloud belt. See clouds
arcuate ridges, 500
areocentric longitude, 7
atmospheric composition, 16t. 2.2., 57-65
atmospheric escape
ion escape processes, 483—485
modeling approaches, 467—468
neutral escape processes, 482-484
observations, 465-467
on early Mars, 545-546
reservoirs for, 481-482
source and loss processes, 480481
total loss, 485-488
atmospheric collapse, 395, 499-500
atmospheric parameters, 16t. 2.3.
atmospheric retrievals, 43—46, 50-53, 65, 153-157
atmospheric tides. See thermal tides
aurorae, 29, 446451, 477-479

band models, 122
baroclinic eddies
basic theory, 268
fundamental aspects, 267-268
modeling, 272-277
observations, 269-272
structure, 272-274
baroclinic instability, 204, 205, 268, 276
bore waves, 22, 212, 219
boundary layer. See planetary boundary layer
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bow shock, 147, 466473

brines, 183, 352, 365, 516
Brunt-Viisild frequency, 16, 174, 204
Burns formation, 533

Cameron bands, 436, 447-451
carbonates, 12, 33, 64, 377, 394, 531
Chapman layer, 442
Chasma Australe, 507
Chasma Boreale, 348f. 11.8., 507, 514
clathrates, 394, 424
clouds
CO, ice clouds, 26, 76, 87, 99-100
in the atmosphere, 97
implications for early Mars, 100, 552-554
observations, 97-99
dust scavenging, 13, 215, 304, 328, 346, 367
microphysical processes, 92
perihelion cloud trails, 77, 78
physical properties, 90
precipitation, 11, 88-89, 183-184, 510-511, 530-531, 552,
554, 555
radiative properties, 90-91
water ice clouds
aphelion cloud belt, 82-84
global distribution, 82-87
high altitude hazes, 85-87
interannual variability, 87-88
polar hoods, 84-85
radiative effects, 96-97
within the boundary layer, 88—89
wave clouds, 77-82
CO, frost point, 49, 50, 65, 219, 239, 374, 386
CO, ice albedo and emissivity, 377-378
condensation enrichment, 57-59, 383-384, 408
condensation flow. See winds
condensation nuclei, 13, 87, 378, 389, 395
Conrath parameter, 148, 259, 298
convection, 551
convective available potential energy (CAPE) 385-387
core formation, 542-543
Coriolis parameter, 173, 189, 241, 242, 255
coronal mass ejection (CME) 147, 475
correlated-k technique, 122—124
crater circulation, 216
cross-equatorial transport, 7, 250, 360, 364
crustal magnetic fields, 10, 147, 443-446, 451
cryptic region, 352, 377, 380, 391-393
Curiosity rover, 11, 15, 33, 244, 258, 269, 341, 405,
413,422, 569
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D/H ratio, 64-65, 539-541 tropical mountain glaciers, 506, 510
data assimilation, 160, 223, 233, 252, 272 global circulation models, 232-233
deliquescing salts, 338, 354, 366 gradient wind. See winds
Doppler wind measurements, 159, 230, 243 gravitational sedimentation, 321
dust deposition theory, 320-321 gravity waves, 240
dust devils, 306-307 greenhouse gases, 544, 549, 554, 559
formation, 318-319 greenhouse warming, 152, 519, 552-556
dust haze, 4, 8, 15, 76, 302, 313, 314, 325, 326, 328 gullies, 338, 383, 504, 517-518
dust lifting Gusev Crater, 31-32, 140, 195, 222f. 8.7., 307, 527, 531
by convective vortices, 318-319 gyroradius, 469
by electrical and thermal effects, 319-320
by wind stress H,O frost point, 184, 515
creep, 316 Hadley cell, 23f. 3.2., 49, 94, 95, 242, 246, 249, 252, 254, 286, 299,
physics of particle movement, 316-317 302, 304, 310, 315, 316, 326, 327, 328, 339, 360, 362, 363,
saltation, 178, 295, 316, 317-318 367,419, 503
suspension, 318 Hadley circulation. See mean circulation
theory, 316 hazes, 2, 3
dust particles heating/cooling rate, 106, 111, 113, 145, 148, 149, 157, 175, 177,
composition, 304 235,238,239, 244, 286, 434, 437, 452, 454
radiative properties, 305 Hellas
sizes, 304-305 atmospheric temperatures, 45, 281, 282
dust reservoirs atmospheric water vapor, 29, 345, 359, 361
finite, 327-328 clouds, 76, 81, 98
infinite, 323-327 dust or dust storms, 220, 306, 311, 312, 315, 325, 326, 393
dust storms impact event, 527
global storms, 311-314 ozone, 61
local storms, 307-310 stationary waves, 98, 283, 374, 382, 510
mechanisms for global storms, 314 surface ice, 351, 391, 510
regional storms, 310-311 surface wind stress, 323
dust streaks, 9, 216, 221-222, 244, 281 topography, 235
elevated dust layers, 215, 300, 303-304, 322, 328 hemispheric dichotomy, 8
dust transport theory, 321-322 Hesperian, 507
dynamic threshold, 317 defined, 526
homopause, 42, 433, 455, 481-482
early Mars climate models, 547-556 Hubble Space Telescope, 2, 8, 23
eccentricity. See orbit properties hydrodynamic escape, 543
eddy diffusion, 209, 433, 445 hydrostatic equilibrium, 45, 207, 208, 217, 453
effective radius (r.) 88, 125, 304, 383 hydrostatic pressure, 208, 250
effective variance (v.) 125, 304
electron density, 439451, 479-482 ice annulus, 344, 351, 360-361
electron impact dissociation, 62, 419, 441, 443, 445 induced magnetosphere, 464, 468-469
energy balance infrared radiation, 5, 54, 97, 152, 176, 192, 235, 236, 239, 379, 510,
global, 106 549, 552
polar regions, 374-375 interplanetary magnetic field (IMF) 464, 473
upper atmosphere, 434-437 ionopause, 466, 470471, 474
exosphere, 433, 464, 468 ionosphere, 147, 433
definition, 481 definition, 481-482
structure and variability, 439-440
F10.17 index, 437f. 14.3., 447452 iron oxides (hematite) 32, 61, 527, 534
faint young sun paradox, 526, 547, 551-556 isotopes
Ferrel cell, 252 evidence for escape, 535-542
fluid threshold, 317 in radiative transfer, 143, 144, 145, 157
fogs, 28, 32,78, 88, 89, 97, 196 isotopic ratios, 63—65
foreshock, 468, 473
Jeans escape, 482, 483, 488, 546
Gale Crater, 11, 24, 33,79, 182, 216, 217-219, 258, 302, 307, 424 jet streams, 5, 10, 242, 268
geostrophic wind. See winds
glaciers Kolmogorov constant, 175
CO, ice glaciers, 377, 500 Kolmogorov dissipation scale, 175, 176, 186, 195
cold-based glaciers, 500 Kolmogorov law, 175, 356
debris-covered glaciers, 497, 506
glacial processes, 504 Lagrangian circulation, 252
in eastern Hellas, 510 Laplace tidal equation, 255
mid-latitude glaciers, 510 latent heating, 2, 5, 14, 100, 220, 233, 234, 239, 314, 385
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line-by-line technique, 122
lobate debris aprons, 347, 353, 505-510
L,. See areocentric longitude

magnetic pressure, 476480, 488
magnetosphere, 147, 464478, 488
magnetosheath, 469—473, 477, 479, 486, 488
magnetotail, 472474, 488
Mars climate database, 67—69
Mars year, 7
Martian solar day, 7
mean circulation
basic theory, 241-242
fundamental aspects, 241
modeling, 244-254
observations, 242
Meinel bands, 416
mesopause, 14, 50, 433, 435, 481
meteoric dust, 87, 305
microphysics. See clouds

Milankovitch cycles, 12, 84, 339, 497, see also “orbit properties”

MOLA topography, 191, 234f. 9.3., 277, 347, 507-508
Monin-Obhukov similarity theory, 174, 175, 187, 239
Monte Carlo models, 116, 450, 485

mountain torque, 240

Noachian, 527
defined, 526
noble gases, 22, 64, 388, 536-539, 542, 543

obliquity. See orbit properties
orbit properties
present values, 15
variations of, 497-498
overturning circulation. See mean circulation

pedestal craters, 506
perchlorates, 33, 352, 366, 422, 516, 535
perihelion. See orbit properties
permafrost, 349, 352-353, 365, 512-513
photochemistry
catalytic cycles, 24, 82, 405, 415, 424
HO, chemistry, 405412, 415, 425
oxygen chemistry, 412, 555
nitrogen chemistry, 62, 419421
sulfur/chlorine chemistry, 421, 533, 554
heterogeneous chemistry, 97, 412, 422, 425
N, 16t.2.2., 33, 382, 406t. 13.1.
CO 60, 406412t. 13.1., 436-449
0, 30, 61, 406419t. 13.1., 442
role of water vapor, 61, 97, 407408, 426429
ozone (O;) 406t. 13.1., 426429
hydrogen peroxide (H,0,) 61, 409-413, 427
methane (CH,) 24, 62-63, 422-424, 569
ion chemistry, 440—446, 452
photolysis, 60-61, 405-422, 555
O, singlet delta, 24, 417419
photoelectrons, 443, 445, 446, 450, 451
photoionization, 419, 434, 443, 471
phyllosilicates (clays) 352, 366, 526
pickup ions, 468, 472, 473, 483-485
planetary boundary layer, 5, 15, 47, 52
definition, 172
effect on weather and climate, 179

large eddy simulations, 190-195
modeling, 187-195
orbital observations, 184—185
surface observations, 179-184

plasma, 433, 441, 454, 464-477

plate tectonics, 1, 546

polar caps
advance and retreat, 239, 375
buried reservoir, 395-396
circulation, 4, 217, 241, 308, 323
Clausius-Clapeyron relation, 364, 499
composition, 4, 20, 22, 97, 374, 375, 380
constraints on density, 28, 387-388
CO, snowfall, 98, 378-379, 385-395
discovery, 3, 374
effects on surface pressure, 6, 57, 375
ice cap spiders, fans, ice cap jets, 392-393
imaging observations, 380-382
layering, 12
models, 375
neutron observations, 382
permanent caps, 249, 269, 347, 354, 518-519
puzzling nature, 8, 12
radar observations, 382
radio and gravity science, 382
recession curves, 388
swiss cheese terrain, 13, 380
temperatures, 239, 241
water inventory, 347

polar hoods. See clouds

polar layered depostis (PLD, also SPLD and NPLD) 347-349, 393—

396, 506-514

polar vortex, 26, 59, 61, 96, 97, 98, 244, 357, 361, 362, 364, 384, 415,

416, 417
polar warming, 50, 210, 240, 243, 249, 252, 253, 435, 454
pore ice, 511
pre-Noachian, 527
primitive equations, 205, 207, 208, 233, 255, 452, 453, 455

radiative heating/cooling, 148, 175, 177, 187, 192, 229, 234,
235-239
radiative transfer
blackbody, 107f. 6.2., 141, 547
Planck function, 110, 154, 549-551
gaseous absorption/scattering, 117-124
aerosol absorption/scattering, 124—141
radiative transfer equation, 106, 110-117
scattering properties
Single scattering albedo (®,) 129, 133, 136-139
parameter (g) 125, 134, 136-139
extinction efficiency coefficient (Q.,,) 124-125
phase functions

Single scattering phase function, 90, 110, 112f. 6.3., 124, 131

Henyey-Greenstein phase function, 132, 134
Lorenz-Mie phase function, 127-136
polarization, 4, 90, 111
plane-parallel approximation, 111-114
bidirectional reflection, 111

optical depth, 31, 32, 82-86, 112113, 140-141, 148-152, 298,

304,312, 313
Beer-Lambert-Bouguer Law, 112, 155
two-stream approximation, 113
two-stream codes, 114, 238
discrete-ordinate method (DISORT) 114
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spherical harmonics method (SHDOM) 114, 116-117
Chapman function, 114
modified gamma distribution, 90, 126, 133, 136138
HITRAN, 121, 124, 238
GEISA, 121
Raman scattering, 119
T-matrix method, 128
droxtal, 90, 135-136
local thermodynamic equilibrium (LTE) 142
non-local thermodynamic equilibrium (non-LTE or NLTE) 142,
157, 455-456
radiatively active clouds, 254, 279, 554
Rayleigh distillation, 540-541
reference atmospheres, 65-69
residual caps. See polar caps
Richardson number, 174, 175, 189, 205, 239
rock abundance, 240, 305, 503
Rossby Number, 205
Rossby radius of deformation, 16, 204, 205, 213, 221

saltation. See dust lifting by wind stress
seasonal ice cap, 57, 89, 96, 97, 344, 350f. 11.11
seasons. See areocentric longitude
slope winds. See winds
SNC meteorites, 24, 63, 536, 537, 543, 544, 545
sol. See Martian solar day
solar cycle, 142, 147, 434-439, 452453
solar energetic particles (SEP) 147, 382, 475
solar radiation, 5, 91, 111, 134, 142, 148, 151, 158, 175, 187, 229,
235,238, 241, 259, 377, 379, 433, 497, 510, 511, 556
solar storms, 475-476, 488
solar wind, 433, 464-471, 473-481
solstitial pause, 252
spacecraft instruments
Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM), 30, 58, 60, 76, 87, 99, 116, 139, 140, 155, 298,
303, 339, 341, 343, 348, 351, 381, 390, 391, 409, 416,
534,554
Context Camera (CTX), 30, 306, 380
Gamma Ray Spectrometer (GRS), 28, 59, 339, 379, 382, 384, 388,
510, 512, 545
High Energy Neutron Detector (HEND), 382
High Resolution Imaging Science Experiment (HiRISE), 30, 306,
380, 394
High Resolution Stereo Camera (HRSC), 28, 76, 99, 306, 380
Infrared Interferometer Spectrometer (IRIS), 20, 26, 43, 44, 53,
64, 76, 130, 156, 243, 244, 281, 297, 339
Infrared Radiometer (IRR), 380

Index 573

Neutron spectrometer, see Gamma Ray Spectrometer

Observatoire pour la Minéralogie, 1’Eau, les Glaces et I’ Activité
(OMEGA), 28-29, 58, 60, 76, 96, 97, 99, 139, 141, 157, 185,
217,298, 303, 314, 339, 341, 347, 348, 349, 351, 352, 378,
381, 390, 392, 393, 418, 427, 446, 554

Phoenix LIDAR, 33, 77, 78, 88-89, 183184, 302

Planetary Fourier Spectrometer (PFS), 29, 45, 58, 62, 141, 147,
157, 298, 341, 346, 381, 384, 422

Radiation Assessment Detector (RADS), 147

Rover Environmental Monitoring Station (REMS), 33, 182, 216,
258, 307

Sample Analysis at Mars (SAM), 24, 33, 58, 62, 64, 65, 413, 419

Shallow Radar (SHARAD), 30, 347

Spectroscopy for the Investigation of the Characteristics of the
Atmosphere of Mars (SPICAM), 29, 298, 303, 341, 346, 381,
383,415,417, 418, 419, 426, 427, 435, 447-449, 466

Thermal Emission Imaging System (THEMIS), 28, 45, 55, 76, 82,
99, 139, 140, 232, 298, 306, 422

Thermal Emission Spectrometer (TES), 25, 26, 29, 30, 44, 46, 51,
53,55, 65, 76, 82, 87, 94, 98, 133, 139, 140, 154, 156, 191,
223,233,243, 252,269, 272, 276, 298, 310, 312, 338, 339,
341, 343, 379, 380, 390, 392, 415

spacecraft missions, 230

Mariner 4, 20

Mariner 9, 20

Mars 96, 24

Mars Atmosphere and Volatile Evolution (MAVEN), 30-31
Mars Climate Orbiter (MCO), 9, 24, 29, 30
Mars Exploration Rovers (MER), 31-32
Mars Express (MEX), 28-29

Mars Global Surveyor (MGS), 25-28

Mars Observer, 1, 2,9, 24, 30, 145

Mars Odyssey, 28

Mars Orbiter Mission (MOM), 2

Mars Pathfinder, 31

Mars Polar Lander, 48, 118, 122

Mars Reconnaissance Orbiter (MRO), 29-30
Mars Science Laboratory (MSL), 33
Nozomi, 24

Phobos 2, 23

Phoenix, 32-33

Viking, 20-23

standard mean ocean water (SMOW) 65, 539-541
stationary eddies

basic theory, 280-281
fundamental aspects, 279-280
modeling, 283-285
observations, 281-283

Infrared Spectroscopy (IRS), 297, 382

Infrared Thermal Mapper (IRTM), 22, 76, 232, 259, 339

Mars Advanced Radar for Subsurface and Ionospheric Sounding
(MARSIS), 347, 349

Mars Atmospheric Water Detector (MAWD), 22, 76, 139, 338,
340, 341, 346, 354, 357, 364

Mars Climate Sounder (MCS), 30, 45, 51, 53, 65, 77, 82, 85, 86,
97, 98, 132, 140, 150, 210, 223, 232, 243, 254, 261, 282, 298,
303, 328, 380, 384, 385

Mars Color Imager (MARCI), 29, 30, 61, 77, 82, 111, 136, 155,
275, 298, 306, 380, 417

Mars Horizon Sensor Assembly (MHSA), 45

Mars Orbiter Camera (MOC), 25, 76, 82, 84, 98, 192, 275, 278,
298, 303, 306, 313, 351, 379, 380, 383, 390

Mars Orbiter Laser Altimeter (MOLA), 25

Mini-TES, 31-32, 47, 156, 180, 183, 304, 341

storm zones, 274-275
stream function, 252
sublimation, 12, 88, 92, 96, 343, 350
sulfates (gypsum, jarosite) 11, 354, 526, 533
superrotation, 249
surface frost, 32, 183, 344, 391
surface heat flux, 173, 186, 194, 324
surface pressure measurements

MSL, 33, 57, 231, 244, 307

from orbit, 20, 28, 185

Pathfinder, 57

Phoenix, 57

telescopic, 4, 20, 57, 60

Viking Landers, 6, 23, 57, 231, 244
surface properties, 234-235
surface roughness length, 173, 185, 239, 240, 316, 356, 503
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surface/subsurface ice, 338-339, 352-354
surface stress, 173, 240, 316

surface temperatures, 52, 98, 175, 185, 190, 212, 215f. 8.4., 235-238

tail current sheet, 469t. 15.2., 472, 475
Tharsis, 8
atmospheric temperatures, 45, 281
clouds, 22, 26, 76, 85, 214, 219, 343
CO, ice, 386
convective boundary layer, 185
dust or dust storms, 312, 315, 323, 325
formation, 527
glaciers, 93, 506, 509
outgassing, 533, 537, 545, 555
slope winds, 213, 214, 278
stationary waves, 283
surface temperatures, 52
tidal perturbations, 96
topography, 235, 251
volcanoes, 79
water vapor, 29, 95, 345, 358
thermal escape. See Jeans escape
thermal inertia
correlation with water vapor, 345
defined, 305
effect on the CO, cycle, 379, 389
effect on thermal tides, 54
and particle size, 366
spatial patterns, 235, 358
and surface temperature, 52, 185, 379, 499
thermal tides
fundamental aspects, 254-255
migrating tides, 256
modeling, 262-267
non-migrating tides, 256-257
observations, 257-262
theory, 255-257
thermal wind. See winds
thermosphere, 14, 42, 50
definition, 433
tidal wind. See winds
topography
control of clouds, 87, 97
effect on thermal tides, 54-55
from laser altimetry, 10, 88
Transformed Eulerian Mean circulation, 252
transient liquid water, 12, 338, 515-518, 557
troposphere, 42, 91, 147, 218, 551
triple point, 4, 12, 338, 346, 515, 515f. 16.16.
turbulence
buoyancy generated, 173
closure models, 187-190
dissipation rate, 175
energy cascade, 175, 206
and gravity waves, 240
intensity of, 173, 175
mechanically generated, 172, 173, 318
mixing length theory, 187
parameters for Mars and Earth, 177

production mechanisms, 239

production mechanisms and theory, 172-175

and suspended dust, 316, 322

and the Reynolds number, 175

and the Richardson number, 174, 175, 176, 205, 239
time scales, 174

validation of scaling laws, 186

within the boundary layer, 176-177

Valles Marineris, 8
clouds or fogs, 30, 78, 81, 84, 88, 343
dust storms, 314
light toned layered deposits, 533
methane, 422
slope winds, 214
valley networks, 8, 10, 527, 528, 530, 547, 549, 556, 557
ventilation timescale, 250
Victoria Crater, 533
Viking Landers. See spacecraft missions
Viking Orbiters. See spacecraft missions

water vapor
column abundance, 4, 27f. 3.4., 339-347
precipitable micrometers (pr-um) 4
profiles (vertical distribution) 341-347, 407-409
transport, 89, 92, 249, 357362f. 11.15.
saturation, 29, 84, 346, 407
supersaturation, 29, 51, 88-92, 407
temporal variations, 76, 342-344
spatial variations, 344-346
ground based observations, 20, 339-341
spacecraft observations, 22, 26, 339-341
hygropause, 77, 84, 363-364, 407
hemispheric asymmetry, 344-345, 363-364
in the regolith, 352-354, 364-366
infrared absorption, 117
latent heat effects (see latent heating)
wave of darkening, 3
weathering, 366, 527, 531, 533, 534, 557
Weibull distribution, 222
western boundary currents, 251-252
winds
condensation flow, 230, 250-251
geostrophic wind, 241
gradient wind, 242
katabatic winds, 203, 212, 348, 379
observed winds
from cloud tacking, 243
from earth-based observations, 230
from lander measurements, 230
inferred from temperature data, 232
slope winds, 216
thermal wind, 241
tidal winds, 264-267
topographic winds, 212-217, 238, 251, 264, 309, 379

yellow clouds, 295, 297

zonal mean circulation. See mean circulation
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