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A
Abaxial phloem, 282
Abaxial side of leaf, 443e444
Abrasion of cuticle, for in situ hygrometer,

323
Abrasion of soil, to reduce soil repellency,

216
Absolute zero, 311e312
Absorptance, 456
Absorption, 455e456

gravity-free, 205
representative rays, 459f
water, 270

Accessory cells, 431
Acoustic waves, 97
Acquired immune deficiency syndrome, 3
Actual evapotranspiration, 508f
Actual velocity, 88, 230
Adaxial phloem, 282
Adaxial side of leaf, 411
Adsorption, 38

errors, 318e319
Advection, 464, 509
Adventitious roots, 260
Aerenchyma, 280e282, 411e412
Agriculture Research Service (ARS),

480e481
Agrostis palustris (creeping bent grass),

effect of soil aeration and
temperature on, 195

AIDS (acquired immune deficiency
syndrome), 3

Air pressure potential, 46e47
Air-entry value for tensiometer, 54
Air, components of, 187t
Albedo factor, 465, 466te467t
Alfalfa (Lucerne), 502

crop-water-stress index, 488e489
de Wit analysis, 516, 517t
definition of potential

evapotranspiration, 501
evapotranspiration, 502f
555
osmotic potential of, 294
root water uptake rate, 140

Ampere (amp) (unit), 21
Amphistomatous leaf, 432
Analogues, electrical, 5
Analogy, 392e394
Anatomy

of root, 262e263
of stem, 250e251
of stomatal, 432e434

Angiosperm, families with 4
photosynthetic pathway, 414

Angle of contact, 75e76
Ångstrom (unit), 29e30
Ångström, Anders Jons, 29e30
Anions, 188e189
Anode, 188
Antecedent soil water content, 212e213
Anthocyanin, 438
Antitranspirants, 443
Apollonian curves, 94e95
Apollonius of Perga, 97e98
Apoplast, 248
Apparent dielectric constant of soil, 108
Apparent probe length, in time domain

reflectometry, 108
Apparent solar time, 540

irregular rate of, 542e543
standard time from, 544

Aquatic plants, 431e432
Arabidopsis thaliana, 435e436
Army Corps of Engineers, U.S., cone

penetrometer, 175
ARS. See Agriculture Research Service
Ascent of water in plants, 347

barometric height, 347
cohesion theory, 349e352
soileplanteatmosphere continuum,

365e368
tall buildings and animals, 347e348

electrical pumping systems, 348
gravitational gradient, 348
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Ascent of water in plants (Continued)

net filtration pressure, 349
peripheral circulation features,

348e349
pressure measurements, 348
Aspartic acid, 413e414
Astronauts on moon, weight of, 178
Astronomical unit (AU), 21e22, 30
Available water (AW), 153, 160

influenced on potential
evapotranspiration, 155

lower limit, 157
soil moisture contents, 161t
upper limit, 153
volume of bulk soil, 160

Average pore velocity, 230
Axial system of cells in secondary xylem,

283
Azimuth, 535

B
Back wall, 437e438
Balancing pressure, 289, 334e335
Balun (time domain reflectometry),

111e112
Bandpass (filter), infrared thermometers,

518
Bar (unit), definition of, 19
Barley, transpiration and yield, 518, 519f
Barrow, Isaac, 25
Barrs and Weatherley, method to

determine relative water content,
298e299

Base units, 21, 21t
Basswood (Tilia europaea), 432
Bazin, Henri Émile, 100
Beets, water use, 160e161
Bell pepper (Capsicum frutescens L.), 417
Bicollateral arrangement of vascular

bundles, 282
Birch, water content of, 255
Bird’s foot trefoil, stem anatomy, 279e280,

280f
Birdsfoot trefoil (Lotus corniculatus L.), 417
Bismuth thermocouple, thermoelectric

power, 315
Black body, 455e458

absorbing, 456
example, 458
hole in wall, 459f
power radiation, 460f
radiant energy, 457f
solid lines, 461f
spectrum, 460e461
spherical bodies, 456f
temperature, 459

Black death, 2
Black surface, 458
Black-body radiation, 458
Blackman growth curve, 8, see also

Soil-plant-water relation
dry weight vs. time logarithm, 10e11
efficiency index, 9
exponential equation, 9
factors, 8
logarithmic dry matter accumulation

curve, 10fe11f
Blunt, 23
Bodleian library, 98
Boltzmann, Ludwig, 470e472
Bordered pit, 361
Bose, Satyendra Nath, 364e365
Bose, Sir Jagadis Chunder, 364e365
BoseeEinstein condensation, 364e365
Bound water, 158e159

plant, 158e159
soil, 217e218

Boundary layer, 439e440
Boundary-layer resistance, 440e441
Bovine spongiform encephalopathy

(BSE), 3
Boyer, John Strickland, 343e344
Boyle, Robert, 426
Breakthrough curve, 230e231

characteristic of unsaturated soil, 233f
chloride

for Aiken clay loam, 234f
for Oakley sand, 234f

flow in tube, 233f
for piston flow, 232f
pore velocities, 233f
tritium, 234f

Briggs, Dr Lyman James, 164e167
Briggs and Shantz, 153, 156, 164e167
British thermal unit (Btu), 20
Bromide, as tracer, 219
Brown and Escombe, diffusion through

small openings, 435
BSE. See Bovine spongiform

encephalopathy
Bubonic plague. See Black death
Buck formula, 316
Bulk density, limitations for plant

growth, 161
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Bulk modulus, 420
Bulliform cells, 412e413
Bundle sheath, type of photosynthesis, 413
Bundle sheath extension, 409e410
Bunsen, Robert Wilhelm, 469

C
C3 plants. See Three-carbon compound

plants
C4 plants. See Four-carbon compound

plants
Cactus, determination of wilting point,

156
Calcium sulfate, 63e64
Calibration, 134e135, 317e318
Calorie (cal), 19e20
Calvin-Benson pathway, 413
Cambium, importance in cohesion theory,

378
Campbell Scientific (company), 113, 182
Canny’s theory, 360
Canopy temperature, 490
Canopy-minus-air temperature, 486e488
Capacitor, 103e104
Capillary attractiveness, to keep chemicals

near soil surface, 220e221
Capillary fringe, 82e83
Capillary potential, 42
Capillary rise equation, 207e208
Capillary tube

height of rise, 74
Poiseuille’s law, 95
rise and fall of water in, 79

Capsicum frutescens (pepper), diurnal cycle
of water potential, 417

potentials of, 417
Carbon dioxide fixation, 413
Cardinal properties, 302
Casparian strip, 245e246, 248f

in cortex, 282
endodermis characterization, 249

Cathode, 188
Cations, 188e189
Cauchy, Baron Augustin, 99e100
Cavitation

in cohesion theory, 356
definition of, 54, 362e363
monitored by acoustical method, 357
with pressure probe, 360

Celestial equator, 538
Celestial sphere, 533
Cell membrane, pressure gradient, 257
Cell phones, frequency of, 106e107
Cell wall, importance in cohesion theory

leaf xylem, 356
matric potential, 356
unevenly thickened in guard cells, 282

Center of gravity, 44e45
Center of mass. See Center of gravity
Centimeter-gram-second (CGS), 42e43

absolute system, 16
dyne-s in, 174

Central Standard Time (CST), 543e544
Centrifugation, to measure tensile

strength of water, 354e356
CGPM. See General Conference on

Weights and Measures
CGS. See Centimeter-gram-second
Champollion, Jean François, 428e429
Chloride breakthrough curves, 234f
Chlorophyll a, wavelengths of,

absorption, 238
Chlorophyll b, wavelengths of,

absorption, 238
Chloroplasts, 409e410, 413e414, 438
Chord, 91
Christie, Samuel Hunter, 403
CI. See Cone index
Circle, equation of, 92
Citrus (orange), 245
Clausius, Rudolf Julius Emanuel, 307
ClausiuseClapeyron equation, 302e303,

316
Clay, effect on field capacity, 318
Clothesline effect, 509, see also Oasis effect
Coaxial cable, 109e111, 110f
Cobalt-chloride paper, 444
Cohesion theory, 349

alternative theories, 360

cavitation, 362e363
long-distance water transport, 361
pit cavity, 361
pit membrane, 361
pressure probe, 361
watergates, 361

ascent of sap, 351e352, 351f
controversy about, 364e365
diffusion of water, 352
hydrogel, 364
limitations, 352e353
air blockage, 357
dead xylem tissue, 356
differences in hydrostatic pressure, 355f
dye experiments, 356e357
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Cohesion theory (Continued)

heat of fusion, 353
hydrogen bonds, 353e354
root pressure, 358e360
Scholander’s experiments, 358f
structure of ice, 353
tensile strength, 353
Ursprung’s values, 354e356
water columns in xylem tissue, 356
Z-tube, 354, 355f

mangroves, 349, 350f
planteatmosphere continuum, 363e364
SEM technique, 364
xylem tissue, 349e350

Colding equation, see also Ellipse equation
Collateral arrangement of vascular

bundles, 282
Collenchyma, 282
Colligative property, 302
Commelinaceae (spiderwort family),

280e281
Commercial cable tester (time domain

reflectometry), 108, 111
Compensating-pressure theory, 360
Compressibility of substance, 420
Concentration gradient, in Fick’s law, 442
Condenser, 103e104
Conductance, 397, 441
Cone index (CI), 175
Cone penetrometer, 175, 177f, see also

Penetrometers
applications, 179
CI readings, 175
conversion factors, 177
dial gauge, 176e177
differences in readings, 179
gravity constant, 178
military training, 180
parts of, 175e176
physical soil degradation, 179e180
uses, 179
value in kilograms, 178

Conifer, 300
Constant-heating method, 382
Constant-rate stage, 505e508
Constantan-chromel thermocouple,

thermoelectric power, 315
Contact angle, 74
Contact sand, 209
Continuous wave, 104e105
Convection, 135e136
Cooke, William Fothergill, 403
Copernican system, 551e552
Coriolis effect, 44e45
Corn

growth, 9
de Wit analysis, 516e517
and potential evapotranspiration,

505e508
stem anatomy, 282

Cortex
of root, 248
of stem, 282

Cotton
crop-water-stress index, 493e496
leaf mesophyll, 411
and potential evapotransprition,

505e508
water potentials of, 318e319
Young’s modulus of fiber, 425e426

Coulomb (unit), 189
Coulomb, Charles Augstin de, 189
Council for Industrial and Scientific

Research (CSIRO), 223e224
Counterradiation, 465
Creeping bentgrass, effect of soil aeration

and temperature, 196f
Creutzfeldt-Jacob disease. See Bovine

spongiform encephalopathy (BSE)
Creutzfeldt-Jakob disease. See Bovine

spongiform encephalopathy (BSE)
Critical stages of growth, 504e505
Crop water stress index (CWSI), 483

for alfalfa, soybeans, and cotton, 493e496
calculation, 493
canopy temperature, 490
environmental parameters, 489
leafeair temperature difference, 489f
non-water-stressed baseline, 489e490
ratio of vertical distance, 492e493
saturated vapor pressure, 490e492
SDD, 488e489

Crop water-use efficiency, 526
conditions, 526e528
crop breeding, 528
under elevated carbon dioxide, 529e530
partitioning, 528
photosynthetic systems, 528e529
transpiration efficiency, 528

Crushing tissue to determine osmotic
potential, 285e286

Cryoscanning electron microscope (SEM),
364

Cryptopores, 206e207
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CSIRO. See Council for Industrial and
Scientific Research

CST. See Central Standard Time
Cucurbitaceae (squash family), 282
Cultivar, definition of, 259
Cumulative infiltration, 202e203
Cuticle cells, 409e410
Cuticular resistance, 440
Cutin material, 409e410
CWSI. See Crop water stress index
Cycle, 104
Cylinder, hollow, flow in (Gardner’s root

equation), 268
Cyperaceae (sedge family), 433e434

D
Darcy, Henry Philibert Gaspard, 98e100
Darcy velocity, 88, 229
Darcy’s law, 87e88, 87f

from Laplace’s equation, 89e90
Davy, Sir Humphry, 197
de Wit, Cornelius Teunis, 530e531
de Wit’s analysis, 515e516

experimental estimation, 517t
mean daily pan evaporation, 516
nutrient level, 516
water-use efficiency, 516

Decagon Devices (company), 143e144,
210, 216

Déficit de saturation hydrique (DSH), 298
Deficit irrigation, scheduled with pressure

chamber, 341
Density, of stomata, of water, 434
Derived units, 21, 22t
Dermal tissue system, 279
Desert survival still, 481
Dew point temperature depression,

302e303
Dew-point technique, 325f
Dew-point temperature, calculation of,

302e303
Dew, 464
Dewpoint hygrometers, 321e322, 325f,

see also In situ hygrometers
Diameter law, 435
Dicots, 432e434, 433f
Dicotyledonous

leaves, 409e411, 410f
roots, 245e246, 246f

Dicotyledons
leaf anatomy, 410e412
root anatomy, 245e246
stem anatomy, 282
stomatal anatomy, 432, 434

Dielectric
characterization of, 106
in coaxial cable, 109e110
definition of, 37

Dielectric constant, 37, 103e104, 106e107
soil water content measurement, 107e109

Dielectric constant, definition of, 37,
103e104, 106

Diffuse porous wood, 255
Diffuse radiation, 250
Diffusion, 97

of gases, 435e436, 436f
porometer, 448e449
porometry, 445e446
theory, 442

Diffusion coefficient of oxygen in air,
186e187

Diffusion coefficient of oxygen in water,
186e187

Diffusion porometry, 445e446
theory, 446e448

Diffusion pressure deficit (DPD), 284, 367f,
400

Diffusion through small pores (stomata),
435

Diffusivity
Gardner’s root equation, 267e268
Green and Ampt model, 204

Dijon, France, 98
Dipole, 28
Direct solar radiation, 465
Direct-beam solar radiation

altitude and azimuth angles of Sun,
549e551

interception, 544e545

leaf angles, 546
leaf orientation and angle relation, 547t
plant leaf, 549
sloping surface, 545
solar altitude angle, 547e548
solar azimuth, 545
Sun’s angles, 545
winter wheat cultivar, 548e549

principles of astronomy, 533
Sun’s rays, 533

Disc permeameter. See Tension
infiltrometer

Discontinuous emptying of soil pores,
81e82

Diurnal cycle of water potential, 366e367
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Dixon, Henry Horatio, 368
Dixon and Joly, cohesion theory, 352
Douglas fir, measured with pressure

chamber, 355f
DPD (diffusion pressure deficit), 284, 367f,

400
DPHP technique. See Dual-probe heat-

pulse technique
Drainage equation (ellipse equation),

93e94
Drought, terminal, 258
DSH. See Déficit de saturation hydrique

Dual thermal probe technique. See
Dual-probe heat-pulse technique

Dual thermal probes, 123
gravimetric method, 124
Jaeger and, 145e148
soil hydraulic character, 123
soils thermal properties, 126e127

Dual-probe heat-pulse technique
(DPHP technique), 123e125, 125f

advantages, 133e134
calibration, 134e135
commercially available equipment,

143e145
convection, 135e136
de Vries’s equation, 130
electrical conductivity measurement,

136e137
errors, 132e133
example calculation, 130e131
hydraulic lift, 143
meaning of Q, 131
particle density, 129
roots in soil, 139e140

drying cycles, 142f
fibrous root system, 140
plant physiological, 143
temperature in soil, 141f
turf grass study, 140
volumetric water content, 141f

soil surface measurement, 135
soil water movement determination,

137e139
temperature sensor, 127
thermal conductivity, 127
volumetric heat capacity, 128, 130
water content measurement, 132

Dye experiment, in cohesion theory,
356e357

Dynagages, 382
Dynamax (company), 388
Dynamic diffusion porometer, 446e448
Dynamic penetration test, 172
Dyne unit, 16
Dyne-cm, 18

E
Early wood, 284
Earth

crust formation, 369e370
equator, 538
population, 1
spins, 44e45
temperature, 462

Eastern Standard Time (EST), 543e544
Echo from waveguide, 108
Efficiency index, 9
Elastic limit, 420
Elasticity, 97
Electrical analog, 397e398, 398f
Electrical conductivity units, 397
Electrical resistance sensors, 63e64
Electrode poisoning, 195e196
Electrodynamics, 97
Electrolysis, 188, see also Oxygen diffusion

rate (ODR)
anions, 188e189
cations, 188e189
Faraday’s laws, 189

Electromagnetic waves, 97, 118e119
Electrostatics, 97
Ellipse equation, 90, see also Laplace’s

equation
Apollonian curves, 95
ellipsoid, 92, 93f
homogeneous soil, 94f
line segment, 91
modified Colding equation, 94
oblate ellipse, 91, 92f
prolate ellipse, 91, 92f
soil drainage need, 93e94
in soil-water relation, 94
subsurface drain problem, 93f

Emissivity of surface, 460
Emittancy, 474e475
End correction, stomatal resistance

measurements, 448e449
Endodermis, 248e249, 249f
Energy, 18
English gravitational system, 16
Epidermal resistance, 440e441
Epidermis

of grass leaf, 412e413
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of leaf, 445
or stem, 281
of root, 245
xerophytes, 409

Epistomatous leaf, 432
Equation of continuity, 89e90
Equation of time, 542e543, 543f
Equilibrium condition, heads in a column

of soil, 49
Equilibrium pressure, 288
Equinox, 534
Equivalent weight, 189
Erg, definition of, 18
Ergastic substances, 250e251
Ergmeter, 53, see also Tensiometer
Esau, Katherine, 262e263

Certificate of Merit, 264
electron microscopy, 263
phloem in dicotyledons, 263
textbooks, 263e264

Escherichia coli (E. coli), 6
EST. See Eastern Standard Time
Euler’s constant, 267e268
Evaporation, 435

in cohesion theory, 360
in heat budget, 464

Evapotranspiration (ET), 155, 501, see also
Potential evapotranspiration (PET)

energy balance, 504f
equation, 486
leaf area index and, 503f
from lysimeters, 502f

Evapotranspiration, 155
related to canopy-minus-air temperature,

486e488
Extended surface, for potential

evapotranspiration, 501e502

F
F.O.V. See Field of view
Falling water table, 80e81

maximum tension exerted onwater in soil
pore, 81

variable diameter soil pores, 82f
Falling-rate stage, 505e508
False endpoints, pressure chamber, 339
Faraday (unit), 189
Faraday, Michael, 196

chemical discovery, 198
connection with scientific work, 198
Davy’s jealous opposition, 197
electric and magnetic force, 198
electricity, 198
fundamental relations, 199
journeyman bookbinder, 197
scientific books, 197

Faraday’s laws of electrolysis, 189
Fascicular (vascular) tissue system, 279

interfascicular region, 248
FC. See Field capacity
Fechner, Gustav, 402
Fescue grass, and evaporation, 508
Fetch, 501e502
Fiber-tracheid, 250
Fiber, 410e411

Young’s modulus, 424e425
Fick, Adolf Eugen, 449
Fick’s law, 442
Field capacity (FC), 153, 154f

influencing factors, 154e155
matric potential, 156
moisture equivalent, 153
obsolete, 155
pot capacity, 155

Field of view (F.O.V.), 474
Filter, infrared thermometer, 475
First permanent wilting point, 156e157
Flowering plants, 349e350
Flowers, stomata on, 431e432
FLP. See Four Lips
Fluid flow, 97
Flux, 229e230
Flux density. See Flux per unit cross-section
Flux per unit cross-section, 88, 137, 230
Focal chord, 91
Foci point, 90e91
Foliage temperature. See Canopy

temperature
Foot-pound (ft-lb), 18
Force, 15

Newton’s laws of motion, 15e16
units of, 16

Forest soils, repellency of, 216
Four Lips (FLP), 435e436
Four-carbon compound plants (C4 plants),

413e414
Fourier’s heat flow law, 34
Frankel, Otto, 223e224
Free water evaporation, and potential

evapotranspiration, 501
Freezing, 36e37
Freezing tissue to determine osmotic

potential, 294
Frequency domain, 106e107
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Fresnel, Augustin, 429
Frost protection, 33
Fruit, stomata on, 431e432
ft-lb. See Foot-pound
Fundamental tissue system, 279
Fungi, water potential of, 354

G
Galvanometer, 394e395
Gardner, Wilford Robert, 275

memoirs in volumes, 276
recognitions, 276
seminal work, 275
University of Wisconsin, 275

Gardner soil, 275
Gardner, Walter H., 275
Gardner, Willard, 275e276
Gardner’s equation, 267e268

assumptions, 269
examples, 270e271
matric potential, 269, 273
Richards equation, 268f
root distribution effect on wilting, 274
root radius effect, 272
steady-state solution for flow, 268
suction at rootesoil boundary, 273f
values for rate of water uptake,

269e270
wet and dry soil effect, 271, 272f

Gauss’s law, 95
GDD. See Growing-degree-day
GED. See General equivalency degree
General Conference on Weights and

Measures (CGPM), 20
General equivalency degree (GED), 52
Gibbs, Josiah Willard, 471
Gigahertz (GHz), 106
Giraffe, rise of fluids in, 349
Global radiation, 465
Gossypium (cotton), leaf meosphyll, 411

water potentials of, 493e496
Gradmann, H., 391e392, 398e399
Gram-equivalent weight, 189
Gramineae (obsolete term), grass family,

433e434. See Poaceae
Grand period of growth, 7e8
Grape, hydrostatic pressure, 354e356

leaf palisade, 411e412
Grass leaf, 413e414
Gravimetric heat capacity, 126
Gravimetric method, 124
Gravitation head, 48e49, 210
Gravitational potential, importance in
infiltration, in plants, 45

Gravitational potential energy, 45
Gray body, 459e460
Greek tetraedros, 28
Green and Ampt equation, 203e205,

see also Lewis equation
Ground tissue system, 250e251, 279e280
Growing-degree-day (GDD), 484
Growth layers of wood, 284
Growth, critical stages of

exponential, 5e7
importance to measure, 5e7

Guard cells, 436e438
Gymnosperm, 357e358

H
Hales, Stephen, 351e352
Hatch-Slack photosynthetic pathway,

413e414
Head, definition of, 48

used to determine hydraulic conductivity
with tension infiltrometer, 211e215

Heads in column of soil, 48e50
Heart pump, 348e349
Heartwood, 378
Heat

budget, 463e465
capacity, 126
conduction, 33e34, 97
of fusion, 32e33
physical unit, 19e20
of vaporization, 32

Heat-balance method, 381
heat down, 383e384
heat up, 383
of heated stem segment, 382f
radial flow, 384e386
uses for herbaceous plants, 382
uses for trees, 381e382

Heat-pulse method, 375e376, 376f
advantages, 379e381
in apple tree, 379f
compensation, 377
disadvantages, 381
heat-pulse velocity, 377e378
in kiwifruit vine, 380f
miniature sap-flow sensor, 381f
sap velocity, 378
T-max heat-pulse method, 379
thermistors, 377

Heat, definition of, 19e20
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Hegelianism, 402
Height of plant, influence on potential

evapotranspiration, 502e504
on roughness, 508e509

Height of rise in a capillary tube, 74e76,
75f, 79e83

Helianthus annuus (sunflower), use to
determine wilting point, 156

water potentials of, 156, 417
Helmert’s equation, 43
Helmholtz, Hermann Ludwig Ferdinand

von, 118e119
Henry, Joseph, 402
Herbaceous plants, 375, 381

constant-heating method, 382
Hertz (Hz), 104
Hertz, Heinrich Rudolf, 118e119
Hertzian waves, 104
Heterostomatous leaf, 432
Hieroglyphics, 428e429
High-pressure gas, danger of, 340
High-voltage engineering, 95
Hinge cells, 412e413
Höfler diagram, 285fe286f
Hooghoudt’s modification of the ellipse

equation, 94
Hooke, Robert, 426e427, see also Newton,

Isaac
Hooke’s law, 420
Horizon system, 535
Horse chestnut (Aesculus hippocastanum),

432
Horsepower-hour (hph), 19
Horton equation, 203
Hour angle, 535, 543
HP. See Hydrostatic pressure
hph. See Horsepower-hour
Huygens, Christian, 426e427
Hydraulic

conductivity, 87e89, 201
gradient, 66e67, 88
head, 47e49
lift, 143
press, 340e341

Hydraulic conductivity, unsaturated, 123,
203e204, 211

Gardner’s root equation, 124, 127, 130,
272f

measured with tension infiltrometer, 123,
207e208

Hydraulic resistance of roots, 258
Hydrogen bonding, 28e29, 29f
Hydrophyte, 245, 409
Hydrophyte, stem anatomy, 280e281
Hydrostatic pressure (HP), 253, 287

changes in xylem, 367
development in vascular cylinder,

246e248
differences in, 355f
potential, 46e48

Hydrostatics, 253
Hygrometer, 311e312, 323f
Hypodermis, 245
Hypostomatous leaf, 432
Hysteresis, 81

I
Ideal gas constant, 289e290, 311
Idso, Sherwood B., 497e498
Immobile water, 217e218, 218f
Impedance matching transformer,

111e112
Impulse, 174
In situ hygrometers, 322, 322f
Incident radiation, 456, 458
Incoming radiation, 465
Infiltration

downward movement, 201
Green and Ampt equation, 203e205
Horton equation, 203
Lewis equation, 202e203
minidisk infiltrometer, 210e211
Philip infiltration model, 205
rate, 201
redistribution, 206
two and three-dimensional, 205e206
water content profiles, 204f
wetting front, 201e202, 202f

Infiltrometer, 123, 201
Influenza, 3
Infrared thermometers

advantages, 478e479

black-body temperature, 479
canopies, 479e480
high-value crops, 480

black body, 474
calibration, 478, 479f
canopy temperature, 473
hand-held, 480f
leaves, 473
using portable, 477e478
principles, 475
electromagnetic spectrum, 476t
fluxes of energy, 477f
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Infrared thermometers (Continued)

radiometer, 475
response, 476
surface temperature calculation, 477

radiant energy, 474e475
spectral quantities, 475
temperature measurement with, 474

Instrument for Reflectometry Analysis of
Moisture in Soil (IRAMS), 117

Interfascicular tissue, 279e280
Internal plant resistance, related to

potential evapotranspiration,
503e504

Internal water relations, 415
cell solution, 416
leaf relative water content, 418f
matric and gravitational potentials, 417
osmotic, pressure and water potential,

419f
plant leaf-water potential, 418f
solute concentration, 416e417

International System of Units (SI units).
See Le Système International
d’Unités

Intracellular solute concentration, 287
Intracellular water, 288f, 289
Intrinsic permeability, 89
Invisible college, 25
Ionization of water, 37
IRAMS. See Instrument for Reflectometry

Analysis of Moisture in Soil
Irradiancy, 474e475
Irrigation frequency, Kansas, 510
Irrigation scheduling, based on stress-

degree day, 484e485, 484fe485f
with infrared thermometer, 478e480, 483
with pressure chamber, 488e490
with relative water content, 301

Irrigation, effects on crop quality, 526, 527t
Isopiestic thermocouple psychrometer,

319e320, 319f
Isostomatous leaf, 432
Isothermal conditions, measurements

with thermocouple psychrometers,
318e319

Isotropic soil, 89

J
Jackson, Ray Dean, 480e481
Jaeger, John Conrad, 145e148
Jensen Instruments, 193
Jet fill tensiometer, 59f
Joly, John, 369e370
Joly’s theory of crust formation, 369e370
Joule, James Prescott, 326e327

flow of electricity, 327
Joule heating, 313e315
paddle-wheel experiment, 327

Joule, definition of, 313e315

K
KanKing winter wheat cultivar, 548e549
kcal. See Kilocalorie
KD2 PRO instrument, 143e144
Kekulé von Stradonitz, Friedrich August,

306
Kelvin, Baron William Thomson, 327

dynamical theory of heat, 328
experimental science, 327e328
Kelvin equation, 311
physical science, 328e329
sounding apparatus, 328

Kepler, Johannes, 551
Astronomiae pars optica, 552e553
Copernican ideas, 553
education, 551
Maestlin influence, 551e552
mathematics, 552
planetary laws, 553
regular motion, 553

Kilocalorie (kcal), 20
Kilogram-calorie (kg-cal). See Kilocalorie

(kcal)
Kilowatt-hour (kWh), 19
Kirchhoff, Gustav Robert, 468

contributions to experimental and
mathematical physics, 468e469

principle of radiation, 458
radiation, 469e470
theory of spectrum analysis, 469

Kiwifruit vine (Actinidia deliciosa),
378e379, 380f

Kostiakov equation for infiltration,
202e203

Krilium, 78e79
kWh. See Kilowatt-hour

L
L.A. Richards Kids (Lark), 68
Laboratory-built tensiometer, 57e58
Lactua sativa (lettuce), leaf mesophyll, 411
Laminar flow, 89, 253e254
Laminar sublayer. See Boundary layer
Langley (unit), 4
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Langley, Samuel Pierpont, 4
Laplace, Pierre Simon, 83e84

equation, 89e90
theory, 72e73, 73f

Late wood, 255, 284
Latent heat, 32

of fusion, 32
of vaporization, 464

Latitude, effect on transpiration and yield,
518e519

Latus rectum, 91
Law of resistance, 395e397, 396f
Le Bel, Joseph Achille, 306
Le Système International d’Unités, 20

base units, 20, 21t
CGPM goal, 20
derived units, 21, 22t
normalization, 23
for pressure, 19
supplementary units, 21e22

Leaf anatomy, 409
dicotyledonous leaves, 409e411, 410f
grass leaf, 413e414
monocotylendous leaves, 411e413, 412f
photosynthesis, 413e414
xerophytic adaptations, 414e415

Leaf area index, 502e503
Leaf elasticity, 419e420

elastic limit, 420
Hooke’s law, 420
to plant leaves, 421e422

elastic constants, 425t
moduli of, 424t
pressure potential, 421f
pressure-volume curves, 426
relative area of leaf disks, 422f
relative diameter, 423, 424f
relative water content, 423f
wilting, 425e426
Leaf resistances, 440
antitranspirant, 443
diffusion theory, 442
parallel circuit, 441
photosynthesis, 442e443
resistances in seconds, 443fe444f
resistors in series, 441f

Least limiting water range (LLWR),
162e164, see alsoNonlimiting water
range (NLWR)

Leaves of cotton (Gossypium hirsutum L.),
417

Leibniz, Wilhelm, 25e26
Length elasticity, 420
Lenz, Heinrich, 402
Lettuce, leaf mesophyll, 411
Lewis equation, 202e203
Leyden jar, 118f
Lianas, Scholander’s measurements, 357
Libriform fiber, 250
Ligustrum (privet), leaf palisade, 411
Lilac, leaf anatomy, 409e410, 410f
Linear flow laws, 95e97
Lines of flow, 435
Linnaeus, Carolus (von Linné, Karl), 6
Liquid water, 31t
LLWR. See Least limiting water range
Log period of growth, 7e8
Logarithms

inventor of, 6e7
rules of, 7

Lone-pair electrons, 28
Long-wave radiation, 454e455
Longitudinal strain, 420
Lorentz, Hendrik Antoon, 471
Lotus corniculatus (birdsfoot trefoil)

stem anatomy, 417
water potentials of, 417

Lower limit of available water, 157
Lower vascular plant, 282, 431, 434
Lucerne. See alfalfa
Ludwig, Carl, 449
Lycopersicon esculentum (tomato), leaf

mesophyll, 411
Lysigenous, 411e412

M
Macropores, 206e207
Mad-cow disease, 3
Magnetostatics, 95
Malate, 439
Malic acid, 413e414
Mangrove, 349
Marketable yield, and water, 524
Mass, 16e17
Mass-flow

porometer, 448
porometry, 445, 445f

Massachusetts Institute of Technology
(MIT), 77

Matric potential
associated with nonlimiting water range,

161e164
associated with tension infiltrometer,

138e139
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Matric potential (Continued)
associated with wilting point, 156e160
Gardner’s root equation, 157, 269
for Green and Ampt infiltration, 203e205
importance in infiltration, 201e204
importance of cell wall’s in cohesion

theory, 356, 360
Matric potential energy, 42

acceleration, 45
CGS system of units, 42e43
Coriolis effect, 44e45
Helmert’s equation, 43e44
osmometer, 46f
tensiometer, 42
universal gravitation principle, 44

Matric suction, 42
Maximum dimensionless temperature

difference (MDTD), 137
Maxwell, James Clerk, 198, 471
mb. See millibars
MDTD. See Maximum dimensionless

temperature difference
Mean solar time, 542
Mechanical resistance, limitation for plant

growth, 161e163
Megahertz (MHz), 106
MegaPascal (MPa), definition of, 42e43
Meniscus, 75e76

in cohesion theory, 288
concave, 75e76
convex, 75e76
of sap in pressure chamber, 289

Mercury manometer, 57, 58f
Mercury, density of, 54
Meridians, 534
Meristematic region of root, 243e245
Mesophyll. See palisade mesophyll;

spongy mesophyll
Mesophyll resistance, 440, 443, 445
Mesophyte, 409
Mesopores, 206e207
Metaxylem, of wheat root, 246, 247f, 260
Meter-kilogram-second absolute system

(mks absolute system), 16
Mho (unit), 397
Micropores, 206e207, 220e221
Microvoltmeter, 317e318
Middle lamella, 361
Midrib vein, 409e410
millibars (mb), 58e59
Minidisk infiltrometer, 210, see also

Tension infiltrometer
advantage, 211
base, 210
forces, 210
water in under tension, 211

Miscible displacement, 238e239
MIT. See Massachusetts Institute of

Technology
mks absolute system. See Meter-kilogram-

second absolute system
Mobile water, 217f, 239
Mobility measurement, 216e217

dry soil effect, 220e221
hydraulic properties, 217
longitudinal mobility, 220
mobile fraction, 219f
mobileeimmobile water soil, 217e218
pure water, 219
tracer solution, 218

Modulus of elasticity, 420
Moisture characteristic curve, 79e80
Moisture equivalent, 153
Momentum, relation to impulse, 175
Monocots, 432e434, 433f
Monocotyledonous root, 246
Monocotyledons

stem anatomy, 280e281
stomatal anatomy, 432e434

Monocotylendous leaves, 411e413, 412f
Moon

gravity on, 178
weight on, 147

Mountain Standard Time (MST), 543e544
Multidimensional infiltration theory, 205
Multiperforate septum, 435
Multiplexer (time domain reflectometry),

112e113
Muscle pump, 349
Muskat, K., 89

N
NaCl (sodium chloride)

breakthrough curve, 230e232
calibration solutions for thermocouple

psychrometers, 317e318
Napier, John, 11e12
National Academy of Engineering,

224e225
National Academy of Sciences, 67, 181,

264, 276, 343e344, 530
Natural system, 7
NDVI. See Normalized difference

vegetation index
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Net radiation, 465e468
Netted-veined leaves, 434
Neutron-probe technique, 124
Newton (nt or N), 16
Newton, Isaac, 24

arguments with Leibniz, 25
building telescope, 25
early life, 24e25
last years, 26
laws of motion, 15e16
as president of Royal Society, 25e26

Newton-meter (Nm), 18
Nielsen, Donald Rodney, 239e240

awards, 240
professional program, 240
soil-science research, 240
water resources research, 240
workshops, 240

Nighttime water potential, 285e286,
366e367, 503e504

NLWR. See Nonlimiting water range
Nm. See Newton-meter
Non-water-stressed baseline, 489e490
Nonlimiting water range (NLWR), 155,

161
pedotransfer function, 164
soil water content relationship, 162f

Normalized difference vegetation index
(NDVI), 496

drones, 497
red and near-red IR reflectance bands,

496e497
Nuclear magnetic resonance imaging,

363e364
Null point, 319e320
Nutrition, and relation between

transpiration and yield, 515e516

O
Oasis effect, 509
Oats, transpiration and yield, water use,

518, 518f
OBE. See Order of the British Empire
Oblate ellipse, 91, 92f
ODR. See Oxygen diffusion rate
OECD. See Organization for Economic

Cooperation and Development
Ohm (unit), 95, 392e393, 398e399, 399f
Ohm, Georg Simon, 401e403
Ohm’s law, 392e393, 399, 399f
Oil, effects on surface tension, 77e78
One-dimensional infiltration, 202e205
Opaqueness to infrared radiation, 34e35
Orchard soils, repellency of, 216
Order of the British Empire (OBE), 512
Organic matter, 154

effect on field capacity, 128
effect on time-domain reflectometry

measurements, 109, 124
Organic soils

repellency of, 215e216
water content of, 297

Organization for Economic Cooperation
and Development (OECD),
480e481

Osmolality, related to osmotic pressure,
302

Osmometer, 46, 46f, 302, see also
Piezometer

cardinal properties of solvent, 302
colligative property, 302
dew point depression, 302e303
equation, 304
vapor pressure depression, 303
Wescor osmometer, 302e303, 302f

Osmosis, 289
Osmotic adjustment, 368
Osmotic potential, 45e46, 285e286, see also

Turgor potential
determination of in plants, 47, 285e286
determined from pressure-volume curve,

287e291
at full turgor, 292e293, 292f, 416
xylem sap, 334e335, 349
at zero turgor, 292e294, 292f

Osmotic pressure, 45e46, 289e290
of guard cells, 438
related to osmolality, 302

Ostwald, Wilhelm, 306e307, 471
Outgoing radiation, 465, 467
Overburden potential, 47
Oxaloacetic acid, 413e414
Oxidation, 188e189, 193
Oxygen diffusion rate (ODR), 162, 185

bulk density vs., 195f
components of air, 187, 187t
diffusion of gases, 186f
electrical current, 191e192
electrode poisoning, 195e196
governing equations, 190
Jensen Instruments, 193
measurement system, 193
microelectrode behavior, 190f
model, 190
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Oxygen diffusion rate (ODR) (Continued)
oxidation potentials, 193
oxygen availability, 187e188
oxygen flux, 192
phases, 186
respiration by plant roots, 185e186
in situ soil measurement, 194f
soil aeration status, 195, 196f
space in soil, 185f
effect of tortuosity, 191

P
Pacific Standard Time (PST), 543e544
Palisade mesophyll, 409e410
Palisade parenchyma. See Palisade

mesophyll
Palisade tissue, 411
Palm tree, 246
PAM. See Polyacrylamide
Pan evaporation, 516
Parallel resistance law, 262

application to stomata, 434
Parallel resistors, 441, 441f
Parenchyma, 249e252
Partial derivatives, 253
Partial pressure of water vapor in air, 311,

315e316
calculation of, 315e316

Pathological anatomy, 262e263
PE. See Potential energy
Peat soils, 216
Pedotransfer function, 164
Peltier, Jean Charles Athanase, 326

Peltier effect, 313
Peltier thermocouple psychrometer, 320,

320f
Penetrometers, 171

measurements, 173e175
relation of water content of soil, 174f
spra-tainer can, 172f
static and dynamic test, 172
tilth, 171e172
types of tests, 172e173

Penman, Howard Latimer biography,
512e513

Penman’s concept of potential
evapotranspiration, 501

Pepper
diurnal cycle of water potential, 366e367
water potentials of, 417

Perfect absorber, 458
Perfect radiator, 458
Perforation plate, 250
Period, definition of, 104
Periodic motion, 104
Permanent wilting point, 353e354
Permeability. See Hydraulic conductivity
PET. See Potential evapotranspiration
Petals, stomata on, 431e432
Pfeffer,Wilhelm Friedrich Philipp, 304e305

awards, 305
botanical institute in Leipzig, 305
physiology lecture, 305e306
plant physiology, 305

Philip, John Robert, 223
American Geophysical Union, 225
CSIRO, 223e224
governmental science, 224
Pye Lab, 224
SPAC, 224

Philip infiltration model, 205
Philosophiae Naturalis Principia

Mathematica, 25
Philosophimur, 25e26
Phloem, 250e251, 282
Photosynthesis, 413e414, 442e443
Physical units

energy, 18
force, 15e16
heat, 19e20
mass, 16e17
power, 18e19
pressure, 19
weight, 16e17
work, 17e18, 17f

Phytoremediation, 235e236, 432
Piezometer, 46e47, 53e54, see also

Tensiometer
Piezometric potential, 46e47
Piston flow, 231e232, 232f
Pisum sativum (Pea)

leaf mesophyll, 411
water use, 516

Pit cavity, 361
Pit membrane, 361
Pit pair, 361
Pith

of root, 245e246, 247f
of stem, 245e246, 282, 386

Plagues, 3
Plant growth curve, 8, see also Soil-plant-

water relation
Blackman growth curve, 8e11
exponential growth, 5e7
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measurement, 5e7
sigmoid growth curve, 7e8, 8f

Plant Moisture Stress (PMS), 341
Plant water content, 297
Plant water potential, 296e297
Plant water stress index (PWSI). See Crop

water stress index (CWSI)
Plasmalemma, 257
Plasmodesmata, 248
Platinum microelectrode method to

measure oxygen availability, 193
PMS. See Plant Moisture Stress
Poaceae (grass family), 280

photosynthetic pathway, 414
Poise (unit), 38
Poiseuille, Jean Leonard Marie, 261
Poiseuille’s law, 252

agronomic applications, 258

cultivar and variety, 259
limitations, 260e261
pressure drop in crops, 259
wheat breeding program, 260
wheat root, 258

assumptions, 253
fluid in Poiseuille, 254
mathematics, 254
Reynolds number, 253e254

calculations of flow, 254
cell membranes, 258
dilute solution, 257
interfibrillar spaces in cell wall, 256
pressure gradient in tree, 255
ring-porous wood, 255
vessel member, 257
xylem sap, 255

flux, 253
hydrostatic pressure, 253
partial derivatives, 253
viscosity, 252

Polyacrylamide (PAM), 78e79
Polyvinyl chloride (PVC), 125e126
Ponca winter wheat cultivar, 548e549
Poplar, contraction of trunk, 235e236, 379

phytoremediation, 432
stomata, 432

Population (world), 1e3
Pore space, 229
Pore volume, 229

actual flow in tube, 231f
actual velocity of water, 230
average pore velocity, 230
breakthrough curve, 230e231
calculation of, 235e236
Darcy velocity, 229
flow in unsaturated soil, 232f
flux, 229e230
on length units, 237e238
mathematical analysis, 235
miscible displacement, 238e239
mobile water content and, 239
piston flow, 231f
saturated soil flow, 232f
soil column outflow experiment, 237f

Porometer, 387e388
Porosity, 88
Portable infrared thermometer, 477e478
Portable photosynthetic systems, 444e445
Portsmouth collection, 26
Pot capacity, 155
Potamogetonaceae (pondweed family),

280e281
Potassium chloride, calibration solutions

for thermocouple psychrometers,
317

Potassium, importance in stomatal
opening, 438e439

Potato
de Wit analysis, 515e517
leaf mesophyll, 282
phloem anatomy, 282
water potential of, 160e161, 161t, 181

Potential difference (in resistors), 399, 441
Potential energy

of air, 356
gradient in soil-plant-atmosphere, 498
gradient, 301

Potential energy (PE), 18
Potential evapotranspiration (PET), 501

actual transpiration rate, 507fe508f
alfalfa ET, 509t
constant-rate stage, 505e508
drying rate, 506f
example calculation, 510
extended surfaces, 501e502
falling-rate stage, 505e508
influence of crop height, 502
internal plant resistance, 503e504
leaf area index, 502e503
reference ET, 510
Rosenberg definition for, 501
for soil dryness and rooting depth, 506f
soil-water availability, 504e505
for sorghum, 511f
for winter wheat and corn, 511f
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Pounds per square inch, changed tometric
units, 175e176

Power, physical unit, 18e19
units of, 18e19

Powers, William LeRoy, 51e52
Precipitation, in heat budget, 464
Preferential flow, 123, 206e207, 216e217
Pressure, 19

plate, 56e57, 57f
potential energy, 46e47
to root, 23e24
transducer, 64f

Pressure chamber, 333
advantages and disadvantages, 336e337

using high-pressure gas, 340
low pressurization rates, 339
rubber grommets, 340
thermocouple hygrometers, 339

commercially available, 338f
and constant supply of gas, 340
hydraulic press, 340e341
leaf water potential, 334f
pump-up, 341
sap pressure in xylem of twig, 333f
thermocouple psychrometer method,

333e334
tuber water potential, 336
xylem and leaf water potentials, 335f

Pressure head, 48e50, 53e54
Pressure membrane apparatus.

See Pressure plate
Pressure potential, 46e47
Pressure probe, 295e296, 361
Pressure, definition of, 19
Pressureevolume curves, 279, 292f

modulus of elasticity, 294
osmotic potential, 292e293
sap in dead cells, 294
thawed tissue, 294
upper graph, 293e294, 293f

Pressurization rate, pressure chamber, 339
Priestley-Taylor method to determine

potential evapotranspiration, 510
Principle of divided circuit (Wheatstone

bridge), 394e395
Prions, 3
Privet, leaf palisade, 411
Probes. See Waveguides
Prolate ellipse, 91, 92f
Protoxylem, 246
PST. See Pacific Standard Time
Pulse, 104e105
Pump-up pressure chamber, 341, 342f
PVC. See Polyvinyl chloride
Pyrus (pear), leaf palisade, 411
Pyruvic acid, 413e414

Q
Quality, and water, 526
Quick draw tensiometer, 60f

R
R (ideal gas constant), 289e290, 311
R (resistance)

law of, 395e397
measurement with Wheatstone bridge,

394e395
Radial flow, 384e386
Radial section of wood, 283, 378
Radian, 21e22
Radiancy, 474e475
Radiant

energy, 474e475
flux, 474e475

density, 474e475
Radiant emittance. See Emittancy
Radiated power, in unit wavelength range,

460
Radiation balance, 465

Albedo of surfaces, 465, 466te467t
importance of, 468f
long-wavelength, 465
negative balance, 465
short-wavelength, 465
Stefan-Boltzmann law, 467

Radiation transmission, 35f
Radiation, 458, 463e464, 476t
Radio waves, 146e147, 476t
Radiometer, 475
Radish, leaf mesophyll, 411
Raphanus sativus (radish), leaf mesophyll,

411
Rationale for studying plant-water

relations, 311, 315, 318, 498
Ray system of cells of secondary xylem,

250t, 252, 283
Rectangular hyperbola, 290e291
Redistribution, 206
Reduction, 156, 188e189, 203, 524
Reference evapotranspiration, 510
Reflectance, 456
Reflected radiation, 465, 467, 468f
Reflection coefficient (membrane), 257,

295e296
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Reflection, laws of, 76e77
Regnault, Henri Victor, 327e328
Regular wave train, 104e105
Relative humidity (RH), 316
Relative humidity, 311

calculation of, 311
relation to water potential, 311e312

Relative saturation deficit, 298
Relative turgidity (obsolete term),

298e299
Relative water content (RWC), 298e299
Remote sensing with infrared

thermometers, 498
Repellency measurement, 215

peat soils, 216
sieved soil, 215e216
sorptivity tube, 216
temporal changes, 216

Residual water content, 158e159
Resistance

law of, 395e397
measurement with Wheatstone bridge,

394e395
of plant related to potential

evapotranspiration, 81
Resistivity, 396e397, 396f
Resistors in parallel, 262, 441, 441f
Resistors in series, 384, 440e441, 441f
Respiration, by roots, 185e186
Reverse flow, 363e364
Rexigenous, 411e412
Reynolds, Osborne, 261e262
Reynolds number, 253e254
RH. See Relative humidity
Rhizome, stomata on, 431e432
Rhododendron roseum (rhododendron),

water potential of, 334e335
Richards, Lorenzo Adolph, 67e68
Richards-and-Ogata thermocouple

psychrometer, 320
Richards’s equation, 67
Rigel time, 536, see also Sidereal time
Ring-porous wood, 255
Rise and fall of water in soil pores, 79e83
Rising water table, variable diameter soil

pores, 82e83, 83f
RMSE. See Root mean square error
Röntgen, Wilhelm Konrad, 119
Root

hairs, 245
pressure, 358e360
in soil, 139e140
drying cycles, 142f
fibrous root system, 140
plant physiological, 143
temperature in soil, 141f
turf grass study, 140
volumetric water content, 141f

soil air-filled pore space needed, 185e186,
220, 229

water movement to (Gardner’s equation),
267e269

water uptake, 115, 133e134, 139e140
depthwise pattern, 115
sample problem, 115e117
TDR measurement, 116f

work done pushing in soil, 23
Root anatomy, see also Stem anatomy

cell types in xylem tissue, 249e252,
250t

dicotyledonous roots, 245e246, 246f
elongating roots regions, 243e245
endodermis, 248e249
monocotyledonous root, 246, 247f
movement of water, 246e248
root hairs, 245
tobacco root tip, 244f
transection of wheat root, 248f

Root cap, 243e245
Root mean square error (RMSE), 132e133
Root radius, effect on water uptake, 272
Rosetta stone, 428
Roughness, 439e440
Royal Meteorological Society, 512
Royal Society (Institution) (London),

224e225
Rubber, increased quality with water, 526
RWC. See Relative water content
Rye grass, and evaporation, 508

S
Sachs, Julius von, 351e352
Saline soil

electrical conductivity of, 397
plant solute adjustment, 417

Sandemanian religion of Faraday, 198
Sap

definition of, 349
solute (osmotic) potential of, 334e335

Sap flow, 375
heat-balance method, 381

heat down, 383e384
heat up, 383
of heated stem segment, 382f
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Sap flow (Continued)

radial flow, 384e386
used for herbaceous plants, 382
used for trees, 381e382

heat-pulse method, 375e376, 376f
advantages, 379e381
in apple tree, 379f
compensation, 377
disadvantages, 381
heat-pulse velocity, 377e378
in kiwifruit vine, 380f
miniature sap-flow sensor, 381f
sap velocity, 378
T-max heat-pulse method, 379
thermistors, 377

van Bavel and, 386e389
Sap-tension theory. See Cohesion theory
Sapwood, 378
Saturated hydraulic conductivity,

Wooding’s equation, 205e206
Saturated soil

pores under tension, 79e80
water movement in, 87

Saturation vapor pressure over water, 316
Scattered vascular bundles, 281e282
Schelkunoff, Sergei A., 119e120
Schizogenous, 411e412
Scholander, Per Fredrik, 341e343
Scholander pressure chamber, 336e337
Scholander pressureevolume curve

theory, 287
equilibrium pressure, 288
hydrostatic pressure, 287
pressure chamber, 287
pressureevolumeeabsolute temperature

relation, 290f
semipermeable membrane, 289
turgor pressure, 287
van’t Hoff law, 290

Sclereid, 410e411
Sclerenchyma tissue, 282, 410e411, 412f
Screen cage psychrometer, 323, 324f
SDD procedure. See Stress-degree-day

procedure
SDD1. See Stomatal Density and

Distribution1
Secondary xylem, 246, 250e251, 255,

283e284
Seebeck effect, 312e313
SEM. See Cryoscanning electron

microscope
Seminal roots, wheat, 258e259
Series resistors, 441, 441f
Shantz, Dr Homer LeRoy, 166

in American Society of Agronomy, 166
importance, 167
research interests, 167

Shoot, 279
Short-wave radiation, 454e455
Sidereal day, 538e539
Sidereal time, 537e538
Siemen (unit), 397
Siemens family, 404e406
Sieve tubes, in root, 245
Sigmoid growth curve, 7e8, 8f
Sinusoidal transverse wave, 105f
Slichter, Charles S., 90
Slide-wire Wheatstone bridge, 395
Slug unit, 16
Small opening in a cavity

approximating a black surface, 458
to calibrate an infrared thermometer, 478
similar to dense vegetation, 474

Smithsonian Meteorological Tables, 316
SMS. See Soil measurement system
Sodium chloride

breakthrough curve, 231e232
calibration solution of thermocouple

psychrometers, 317
Soil

head of steam, 48
heads in column, 48, 49f
surface measurement, 135
texture and structure, 154
thermal properties, 126e127

Soil aeration, 196f
limitation for plant growth, 161

Soil conditioners, 78e79
Soil matric potential, 53
Soil measurement system (SMS), 58e59,

61f, 209e210
Soil moisture characteristic, 79e80
Soil moisture suction, 42
Soil moisture tension, 41e42
Soil physical factors affecting growth, 1
Soil plant analysis development meter

(SPAD meter), 20
Soil psychrometer, 2, 124
Soil Science Society of America (SSSA),

388e389
Soil water

diffusivity, 203e204
flux density, 137
movement, 137e139
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Soil water budget, 153
Soil water characteristic curve.

See Moisture characteristic curve
Soil water content, 124e125, 297

convection effect on, 135e136
with DPHP, 144
drying cycle, 139e140
measurement

dielectric constant using, 107e109
using TDR, 111e113
Soil-plant-atmosphere continuum (SPAC),
5, 53, 224, 365, 391, 392f, 498

analogy, 392e394
daily changes in water potentials,

366e367
decrease in suction force, 393f
diurnal fluctuation of suction, 367f
electrical analog, 392, 397e398, 398f
electrical conductivity units, 397
formulation, 391e392
hydrostatic pressure, 367
law of resistance, 395e397, 396f
Ohm’s law, 399, 399f
osmotic adjustment, 368
Siemens family and, 404e406
strain gauges, 367
van den Honert’s equation, 398e401
water potential, 366
Wheatstone bridge, 394e395,

394fe395f
Soil-plant-water relation

black death, 2
BSE, 3
human population growth, 2f
two-square-yard rule, 3e5
water, 1

Soil-water relation
ellipse equation in, 94
linear flow laws in, 96t

Soil-water terminology
heads in column of soil, 48e50
water content, 41
water movement, 50e51
water potential, 41

gravitational potential energy, 45
matric potential energy, 42e45
overburden potential, 47
pressure potential energy, 46e47
solute potential energy, 45e46
tensiometer pressure potential, 47
total soil moisture, 42
water potential gradient, 47e48
Soilmoisture equipment corporation,
57e58

jet fill, 59f
quick draw, 60f

Solanaceae (nightshade family), 282
Solanum tuberosum (potato), 336

leaf mesophyll, 411
water potential of, 336

Solar altitude, 545
Solar azimuth, 545
Solar constant, 4
Solar radiation, 453

actual spectra, 454f
earth’s atmosphere, 453e454
electromagnetic spectrum, 454f
and terrestrial radiation, 462e463

Solar survival still, 387e388
Solstice, 545
Solute front, depth of, 220
Solute potential, 45e46
Solvent

for electrolytes, 37, 38f
for nonelectrolytes, 37

Sorghum, 280
application of Poiseuille’s law, 260
de Wit analysis, 516
evapotranspiration, 516
measurement of water potential, 502
and potential evapotranspiration,

502e503
stomata, 434

Sorptivity tube, 207e208, 207f
Soybeans

crop-water-stress index, 489
de Wit analysis, 517t
evapotranspiration, 516
growth, 10e11
use of strain gauge on, 367

SPAC. See Soil-plant-atmosphere
continuum

Space in a soil, 185f
SPAD meter. See Soil plant analysis

development meter
Spanner thermocouple psychrometer.

See Peltier thermocouple
psychrometer

Specific gravity, 54e55
Specific heat, 30e32
Spectral quantities, 475
Spectral radiance, 460
Spectrum, of perfect radiator, 460
Spines, 415
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Spongy mesophyll, 409e410
Spongy parenchyma. See Spongy

mesophyll
Spra-tainer (spray-tainer), use in

penetration test, 172
Sprinkling, 33
SSSA. See Soil Science Society of America
Standard time, 543e544
Static penetration test, 172
Static water in soil, 71

rise and fall, 79

falling water table in soil pore, 82f
hysteretic curve, 81
soil moisture characteristic curve,

79e80, 80f
soil pore conditions, 83f
subirrigation water, 83

surface tension, 71e72, 71f
angle of incidence, 76e77, 76f
angles of contact, 76f
in capillary tube, 74
coefficient, 72
examples, 77e79
Laplace’s theory, 72e73, 73f
liquid height of rise, 75f
meniscus, 75e76
in sheet, 72e73, 72f
wire pulling, 73, 73f

Steady-state
diffusion porometer, 447f
porometer, 445e448, 446f

Steel, Young’s modulus, 425t
Stefan, Josef, 470
Stefan-Boltzmann law, 459, 462
Stele, of root, 245e246
Stem anatomy, 279

bird’s foot trefoil, 280f
dicotyledonous stem, 279e280
monocotyledonous stem, 280e281
primary xylem

cortex, 282
pith of stems, 282
stomata, 281
vascular bundles, 282

secondary xylem, 283e284
Stem flow. See Sap flow
Steradian, 21e22
Stoma, 431
Stomata, 281, 431

in abaxial epidermis, 437f
air structure, 440f
anatomy
dicots, 432e434, 433f
monocots, 432e434, 433f

aperture, 444e448
boundary layer, 439e440
density, 434
diffusion of gases, 435e436, 436f
diffusion porometer, 448e449
guard cells, 436e438
leaf resistances, 440
antitranspirant, 443
diffusion theory, 442
parallel circuit, 441
photosynthesis, 442e443
resistances in seconds, 443fe444f
resistors in series, 441f

mass-flow porometer, 448
opening, 438e439
ratio, 432
resistance, 444e448

Stomatal Density and Distribution1
(SDD1), 435e436

Stomatal resistance, 444e446
diffusion porometry, 445e446
mass-flow porometry, 445, 445f
with porometer, 448
steady-state

diffusion porometer, 447f
porometer, 445e448, 446f

transient porometer, 447f
Strain, 420
Strain gauge, 367
Strasburger, Eduard, 351e352
Streamlines, 89
Stress

definition of, 71e72
water stress determined with acoustical

method, 357
Stress-degree-day procedure (SDD

procedure), 483
days after planting vs., 484f
evapotranspiration equation, 486
GDD, 484
positive values, 485
soil water depletion, 485, 485f
water status of plant, 483

Suberin, 248
Suberization, effect on water potential of

potato tuber, 336
Subirrigation, 83
Subsidiary cells, 431
Sugar-cane, increased quality with stress,

526
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Summer solstice, 534
Sun

apparent solar time, 540
equinox, 534
temperature, 462

Sunflower (Helianthus annuus L.), 417
Sunflower plant (Helianthus annuus), 140
Supercapillary size soil pores, 82e83
Supplementary units, 21e22
Surface tension, 35e36
Symplasm, 248
Symplast. See Symplasm
Syringa vulgaris (lilac), leaf anatomy,

409e410

T
T-max heat-pulse method, 379
Tangential section of wood, 283
Tanner, Champ Bean, 180

accomplishments, 182
American Meteorological Society, 181
biophysical measurements, 182
education, 180
instrumentation, 180e181
plantewater relations, 181

Tanner, Bertrand, 180
Taxus cuspidata (yew), water potential of,

334e335
TDR. See Time domain reflectometry
Telescoping of tillers, pressure chamber
Temperature, 154

effect on dielectric constant, 106
effect on field capacity, 154
effect on penetration tests, 173
effect on relative water content, 298
effect on stomatal resistance, 446e448
effect on tensiometers, 64e65
effect on wilting point, 156e157
influence on soil water percentage, 157t
psychrometric constant, 315e316
radiation, 453
relative to vapor pressure, 302e303
in soil column with turf grass, 141f

Tensile strength, 353
Tensiometer, 53, 54f

applications, 65e67
electrical resistance sensors, 63e64
equivalent water and mercury, 55f
in field using, 62f
jet fill, 59f
laboratory-built, 57e58
matric potential, 61e63
mercury manometer, 57, 58f
pores in, 54
porous cup, 53e54
porous plate, 56f
pressure apparatus, 56e57, 56f
pressure plate, 57f
pressure potential, 47
water movement, 50e51, 50f

pressure transducer, 64f
quick draw, 60f
with septum stopper, 63f
in soil, 61e63
soil measurement system, 58e59, 61f
soil-water theory, 54
temperature effects, 64e65
tension height, 55
transducer, 58e59
vacuum dial gauge, 57e58

Tension
in cohesion theory, 361
definition of, 71e72

Tension head, 48
Tension infiltrometer, 123, 206e207,

see also Infiltration
antecedent volumetric water content,

212e213
Darcy’s law, 213
ellipsoidal description, 221

advantage, 223
flux of water into soil, 222f
tillage situations, 222e223
volume of water, 221e222
wet fronts, 221

hydraulic conductivity, 211
unsaturated, 213

macropore flow, 207e208
maximum tension, 209
mobility measurement, 216e217
dry soil effect, 220e221
hydraulic properties, 217
longitudinal mobility, 220
mobile fraction, 219f
mobileeimmobile water soil, 217e218
pure water, 219
tracer solution, 218

ready reckoner, 208
repellency measurement, 215
peat soils, 216
sieved soil, 215e216
sorptivity tube, 216
temporal changes, 216

SMS, 209e210



INDEX576
Tension infiltrometer (Continued)
sorptivity, 211e212

tube, 207e208, 207f

towers, 208e209
vadose zone, 209
vegetation, 209
Wooding’s equation, 215

Terminal drought, 258
Terrestrial radiation, 454e455, 455f

and solar radiation, 462e463
Tetens formula, 316
Tetrahedral charge structure of water, 27f
Thermal conductivity, 33e34, 126
Thermal currents, 315
Thermal diffusivity, 126e127
Thermal emfs, 315
Thermal radiation, 453
Thermistor thermometer, 377
Thermo-TDR probe, 136e137
Thermocouple hygrometers, 311
Thermocouple psychrometers, 311

calibration, 317e318
isothermal conditions, 318e319
joule heating, 313e315
Peltier system, 314f
relative vapor pressure, 312
thermoelectric

effects, 312e313, 313f
power, 315

triple point, 311e312
types, 319e326
vapor pressure and temperature relation,

315e317
water potential, 311

Thermoelectric effects, 312e313
Thermoelectric power, 315
Thermopile, 384
Thomson effect, 315
Three-carbon compound plants (C3

plants), 413
Three-dimensional infiltration, 317e318
Tillage, to increase infiltration, 222e223
Tilth, 171e172
Time, 535e536, 536f
Time domain, 106e107
Time domain reflectometry (TDR), 103,

109f, 111f, 123e124
circuit, 112f
coaxial cable, 109e111
commercially available equipment, 117
dielectric constant, 103e104, 106e107
frequency domain, 106e107
Hertzian waves, 104
Leyden jar, 118f
periodic motion, 104
practical information, 113e114
root water uptake, 115
depthwise pattern, 115
sample problem, 115e117
TDR measurement, 116f

sinusoidal transverse wave, 105f
soil water content measurement,

107e109, 111e113
time domain, 106e107
wave motion, 104e105
waveguides, 109e111
wavelengths and frequencies, 107f

Time of day, 533, see also Direct-beam solar
radiation

altitude of star, 534e535
apparent solar day, 540, 541f
apparent solar time, 540, 544
azimuth, 535
celestial equator, 538
hour angle, 535, 543
hour circle, 535e536
mean solar time, 542
meridians, 534
Rigel time, 536
sidereal day, 538e539, 539f
Sidereal time, 537e538
standard time, 543e544
Sun’s eastward progress, 541e542, 542f
time and arc units, 537t
vernal equinox, 537e539
zone time, 544

Tissue pressure, 360
TMM. See Too Many Mouths
TNT. See 2,4,6-trinitrotoluene
Tobacco, increased quality with stress,

526
Tolman, Cyrus Fisher, 82e83
Tomato, leaf mesophyll, 411
Too Many Mouths (TMM), 435e436
Topp equation, 124
Tortuosity, 191
Torus, 361
Total water potential, 41
Tracheary elements, 249e250
Tracheids, 250
Trafficability, in relation to penetration,

171e172
Transient porometer, 447f
Transparency to visible radiation, 34
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Transpiration
in cohesion theory, 351e352
infrared thermometers to monitor, 473
in Ohm’s law analogy, 392f
as proportion of evapotranspiration,

502e503
rate of a tree, 301
ratio with photosynthesis, 520e524
and yield, 518

Transpiration efficiency, 528, see also
Water-use efficiency

Transverse section of wood, 283
Tree, contraction of trunk, 367
Triage system, 5
Trichome (leaf hair), influence on

roughness, 412e413
2,4,6-trinitrotoluene (TNT), 51e52
Triple point, 311e312
Triticum aestivum (wheat), 34, 294
Tritium breakthrough curve, 234f
Tropic of Cancer, 538
True pearl of theoretical physics, 471
Tuber water potential, 336
Turf grass study, 140
Turgor potential, 47e48, 295

using probes, 295
tensions in xylem, 295e296
veraison, 296
wiltmeter, 296

Turgor pressure, 298e299
Two-dimensional infiltration, 205e206
Two-square-yard rule, 3

calculations, 4
SPAC, 5
triage system, 5

Two-stage evaporation, 505e508

U
Ultimate permanent wilting point, 156e157
Ultramicropores, 206e207
United States Army Corps of Engineers,

cone penetrometer, 175
United States Department of Agriculture

(USDA), 164e165, 343e344, 397,
480e481, 483

Units of force, 16
Units of potentials, 42e43
Universal gravitation principle, 44
Unsaturated hydraulic conductivity

Gardner’s root equation, 41
measured with tension infiltrometer,

211e215
Unsaturated zone in soil, 209
Upper chamber, 58e59
Upper limit of available water, 153
Uptake of water by root, 269, 274
USDA. See United States Department of

Agriculture

V
Vacuole, water potential of, 368
Vacuum dial gauge tensiometer, 57e58
Vadose zone, 209
Valve

in animal, 361
in plant, 361

Valve, cohesion theory, 349
van Bavel, Cornelius H. M., 386e389
van den Honert’s equation, 398e401
van der Waals, Johannes Diderik, 38e39
van der Waals-London force, 29e30
van’t Hoff, Jacobus Hendricus, 306

asymmetric carbon atom, 306
chemical kinetics principles, 306e307
van’t Hoff law, 290

Vapor pressure deficit (VPD), 316, 489,
496, 526

Vapor pressure depression, 303
Vapor pressure gradient (VPG), 490
Vascular bundles, 282
Vascular plants, 431
Vascular tissue system, 279
Veihmeyer and Hendrickson, concept of

available water, 160e161
Vein, 349, 409e410
Velocity of propagation, 108
Velocity of water in soil, 89e90
Veraison, 296
Vernal equinox, 537e538
Vertices, 90e91
Vessel member (vessels), 250

cohesion theory, 349e350
in leaf, 256

Vines, 251
cohesion theory, 354e356
diameter and length of vessel in, 375e376
hydrostatic pressure, 354e356
Scholander’s measurements, 358f

Viscosity, 38, 252
Vitis (grape), 296

hydrostatic pressure, 287
leaf palisade, 411

Volt, 399
Volume elasticity, 420
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Volume of ice, 127e128
Volumetric heat capacity, 126
Volumetric water content, 131

importance of expressing, 107
measured with time domain

reflectometry, 103
VPD. See Vapor pressure deficit
VPG. See Vapor pressure gradient

W
Water, 1, 27e28

hydrogen bonding, 28e29, 29f
lone-pair electrons, 28
molecule, 27e28
properties, 30

adsorption, 38
change in temperature, 36f
density, 36
dielectric constant, 37
freezing, 36e37
heat conduction, 33e34
heat of fusion, 32e33
heat of vaporization, 32
ionization, 37
liquid water, 31t
opaqueness to infrared radiation,

34e35
radiation transmission, 35f
solvent for electrolytes, 37, 38f
solvent for nonelectrolytes, 37
specific heat, 30e32
surface tension, 35e36
transparency to visible radiation, 34
viscosity, 38

table, 155
between tensiometers, 50e51, 50f
tetrahedral charge, 27f
van der Waals and, 38e39
van der Waals-London force, 29e30

Water and yield, 515
crop water-use efficiency, 526e528
de Wit’s analysis, 515e517
dry matter, 518, 518f

PET and, 520f

and ET, 519e520
irrigation effects on crop quality, 526, 527t
moisture-sensitive stages, 525t
stages of development, 524
transpiration and photosynthesis,

520e524
water content, 41
water deficits, 526
Water content (plant)
compared to water potential

measurements, 296e301
in yellow birch, 359f

Water content (soil)
antecedent, 212e213
definition of, 113e114
dry-weight base, 518e519
effect on penetration tests, 180e181
measured with time domain

reflectometry, 103
volumetric, 107

Water deficit (WD), 297
Water density, 36
Water movement in saturated soil

Darcy’s law, 87e88, 87f
ellipse equation, 90

Apollonian curves, 95
ellipsoid, 92, 93f
homogeneous soil, 94f
line segment, 91
modified Colding equation, 94
oblate ellipse, 91, 92f
prolate ellipse, 91, 92f
soil drainage need, 93e94
in soil-water relation, 94
subsurface drain problem, 93f

hydraulic conductivity, 87e89
Laplace’s equation, 89e90
linear flow law, 95e97, 96t

Water potential, 41
adaxial and abaxial leaves, 443
in cohesion theory, 349e352
components of, 42
definition of, 42
difference, 47e48
diurnal cycle, 366e367
gradient, 47e48
gravitational potential energy, 45
importance of measurement,

284e285
matric potential energy, 42e45
in Ohm’s law analogy, 400
overburden potential, 47
pressure potential energy, 46e47
relation to relative humidity, 311e312
solute potential energy, 45e46
tensiometer pressure potential, 47
total soil moisture, 42
water potential gradient, 47e48

Water release curve. See Moisture
characteristic curve
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Water retention curve. See Moisture
characteristic curve

Water saturation deficit. See Déficit de

saturation hydrique (DSH)
Water storage cells, 415
Water table

effect on field capacity, 153e156
falling, 80e81
rising, 82e83

Water-filled porosity, 230, 235e236, 238
Water-use efficiency, 515
Wave speed, 104e105
Waveguides, 109e112
Wavelength, 104e105
Weeds, effect on crop-water use efficiency,

528
Weight, 16e17
Wesely, Marvin L., 181
Wet front. See Wettingdfront
Wetting

angle, 74
depth of, 155
front, 201e202

Wheat
anatomy of leaf, 409e415
anatomy of root, 243e252
application of Poiseuille’s law for water

flow, 252e253
de Wit analysis, 515e517
diameter of vessels, 260
evapotranspiration, 518e524
measurement of osmotic potential of leaf,

284
potential evapotranspration, 501
stomata, 436
stress-degree day, 483e486
water use, 347

Wheat breeding program, 260
Wheatstone, Sir Charles, 403e404
Wheatstone bridge, 394e395, 394fe395f
Wiclicenus, Johannes, 306
Wien, Wilhelm, 472
Wien’s displacement law, 461
Wilting coefficient, 156
Wilting point (WP), 153, 156

average water percentage, 158f
like FC, 156e157
negative pressure potential, 159e160
permanent WP, 156
residual water content, 158e159
temperature influence, 157t
wilting coefficient, 156

Wiltmeter, 296
Wind, 32e33

effect on boundary layer, 439e440
effect on evaporation, 508
effect on pressure chamber readings,

337e339
Winter solstice, 534
Wood, sections of, 283
Wooding’s equation, 215
Woody plants, 375, 386
Work, 17, 17f

to root, 23e24
units of, 18

World wheat collection, 259
Wormhole, water and air conductance

through, 397e398
WP. See Wilting point

X
Xerophyte, 409
Xerophytic adaptations, 414e415
Xylem sap, 255
Xylem tissue, 349e350, 409e410

cell types, 249e252
cohesion theory, 349e352
evolution of, 258
hydrostatic pressure in, 367
in leaf, 409e410

Xylem vessel, 250e251

Y
YDA gene. See YODA gene
Yellow birch, water content of, 359f
Yew, water potential of, 335f
Yield, and water, 515
YODA gene, 435e436
Young, Thomas, 427e429
Young’s modulus, 420

Z
Z-tube, 354, 355f
Zea mays (corn), 9, 59e61, 281f, 296, 549
Zone time, 544
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