Contents

Scaling Variables and Dimensionless Groups
Notation

Useful Constants, Parameters and Conversion Factors

o 0w »

Virtual Temperature Derivation



Appendix A

Scaling Variables and Dimensionless Groups

Scaling Variables

Scaling variables are used in similarity theory to nondimensionalize other variables.
The following tables summarize length, velocity, time, temperature and humidity scales.
Detailed discussions of these variables and their applications are presented in the body of
this book. See Appendix B for definitions of notation.

Dimensionless Groups

Sometimes, the ratio of terms from an equation has significance concerning the nature
of turbulence in the boundary layer. For example, if one term represents the suppression
of turbulence and another term represents the generation of turbulence, then the ratio of
these two terms might give an indication of the existence of turbulence or its intensity.
The rato of such terms defines a dimensionless group.

The following tables present many of the dimensionless groups that are used in
boundary layer meteorology.
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Appendix B

Notation

A Note on Notation. Some notational
compromises were required to avoid the conflicting
definitions of symbols that appeared in the
boundary-layer literature. For example, h isused
for both moist static energy and boundary-layer
depth, f for frequency and Coriolis parameter, and
U for wind speed and wind component in the x-
direction.

For some cases we resolved the conflicts by
adding subscripts (e.g., f, for Coriolis parameter).
In other situations we extended existing classes of
notation (e.g., & for both dry and moist static
energies). Finally, in a few cases we had to define
new symbols (¢.g., M for wind magnitude).

A

a albedo;
various constants and parameters

a, bulk cloud albedo

apg  conductivity between air and ground in

force-restore model

3BL  internal boundary layer parameter

agl above ground level

A various variables and constants;
fundamental dimension of electric current;
amplitude

AR anentrainment coefficient

A(k) amplitude

A(tx) inverse Fourier transform

ABL  atmospheric boundary layer

ABLE Amazon Boundary Layer Experiment

Am  amplitude spectrum

AMTEX  Air Mass Transformation Experiment

629

b various constants and parameters
b, bulk cloud absorption

by, intemal boundary layer parameter
B

various variables and constants;
bulk measure of turbulence in the SBL

By  buoyant consumption of TKE

B, parameter for spectral diffusivity
Bp buoyant production of TKE

Bpy buoyancy

BAO Boulder Atmospheric Observatory
BL boundary layer

BLS77 Boundary Layer Structure 1977

BLX83 Boundary Layer Experiment 1983

BOMEX  Barbados Oceanography and
Meteorology Experiment

c pollutant or tracer concentration;
generic constant
Cm  drag coefficient for individual roughness
elements
cn1 2 structure function parameter for index of
(=)
refraction
ng structure function parameter for moisture
¢y2 structure function parameter for relative
humidity
Crz  structure function parameter for temperature
Cy2  structure function parameter for velocity
c€,2 structure function parameter for variable A
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Cp  bulk momentum transfer coefficient (drag

coefficient)
drag coefficient at top of drainage flow

bulk momentum transfer coefficient for

neutral conditions
Cg  bulk moisture transfer coefficient

Ceny  bulk moisture transfer coefficient for neutral
conditions

soil heat capacity

qa  Soil heat capacity per unit arca

Cy  bulk heat transfer coefficient (Stanton

number)

Cipy  bulk heat transfer coefficient for neutral
conditions

Cp specific heat at constant pressure for moist
air

Cpa  specific heat at constant pressure for dry air
C;  speed of sound in air
dimensionless canopy density

CAPE convective available potential energy

CAT clear air turbulence

CBL convective boundary layer

CCOPE  Cooperative Convective Precipitation
Experiment

CDT Central Daylight Time ( CDT = UTC - § h)
CL  cloud layer

Co cospectrum

Coh  coherence spectrum

CPU  central processing unit

day,

displacement distance

day of the summer solstice

depth of upper slab in force-restore model
average number of days in a year

distance between the top of the ML and the

height where the heat flux profile is
7210
D nonlocal dissipation parameter;
structure function;
pipe diameter
D{L) structure function
Dy A(r) structure function for variable A and itself
DFT Discrete Fourier Transform
Dis  dissipation rate of TKE
Div  horizontal divergence
DYCOMS Dynamics and Chemistry of Marine
Stratocumulus

.__ca.‘_!:n.vp-_p ﬁ-c

K

e instantaneous turbulence kinetic energy;
water vapor pressure
®sat  saturation vapor pressure
E phase change rate (usnally evaporation rate)
E(n) discrete spectral intensity or energy of
variable A

EAPE evaporative available potential energy
EZ entrainment zone

f frequency (often used for circular frequency

in radians/s)

£ Coriolis parameter

£ intrinsic wave frequency

fhax frequency corresponding to peak in the
spectrum

F momenium flux;

discrete Fourier transform
Far  real part of the Fourier transform of

variable A

Fa;  imaginary part of the Fourier transform of
variable A

F(n) discrete Fourier transform of variable A

F, departure of the u-wind speed from
geostrophic

F, departure of the v-wind speed from
geostrophic

Fy  correction term in the Penman-Monteith
Method

Fy generic flux
F At complex conjugate of F 5

F(t,x) forward Fourier transform

FA  free atmosphere

FASINEX Frontal Air Sea Interaction Experiment
FIFE First ISLSCP Field Experiment

FFT Fast Fourier Transform
Fr Froude number
Fr* modified Froude number

g acceleration due to gravity
G geostrophic wind speed
G,  unfolded spectral energy of F,

cross spectrum between variables A and B

G, geostrophic wind speed at the surface
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Gzi geostrophic wind speed at the top of the

boundary layer
G,  wind scale within the upper boundary layer
GALE Genesis of Atlantic Low Experiment
GARP Global Atmospheric Research Program
GATE GARP Atlantic Tropical Experiment
GCM  general circulation model
GW  pressure-velocity correlation (and gravity

waves)
h hour;
boundary layer depth;

depth of the stable boundary layer
hy depth of the drainage flow

he Ekman layer depth

heq equilibrinm SBL depth

h; height of ronghness element i

h, average height of the canopy

h, height of the bottom of the entrainment
zone

hsy height scale within the upper boundary
layer;

height of the top of the entrainment zone
h* average vertical extent of roughness
elements
H SBL integral length scale (heat-flux-history
scale);
height of obstacle
Hy,  equilibrium SBL integral length scale

HAPEX  Hydrologic-Amosphere Pilot
Experiment
HEXOS  Humidity Exchange Over the Sea
I dimensionless turbulence intensity;
longwave radiation;
fundamental dimension of luminous
intensity

net longwave radiation
g netlongwave radiative flux at the bottom of
the cloud
I'y,  longwave radiative flux at the SBL top
1", longwave radiative flux at the SBL bottom
I't  netlongwave radiative flux at the top of the
cloud

IBL.  internal boundary layer

IR nfrared radiation

ISLSCP  International Satellite Land Surface
Climatology

argument for wave function

von Karman constant

thermal molecular conductivity of the soil
generic eddy diffusivity;

shortwave radiation;

fundamental temperature dimension

K net shortwave radiative flux

Kp®  net shortwave radiative flux at the bottom
of the cloud

Kr*  net shortwave radiative flux at the top
of the cloud

Kg eddy diffusivity for moisture

Ky eddy diffusivity for heat

K,  eddy diffusivity for momentum (eddy
viscosity)

K(x) spectral turbulent diffusivity

K-H Kelvin-Helmholtz (waves)

KONTUR Convection and Turbulence over Sea

! mixing length
Ig buoyancy length scale
I distance travelled by negatively buoyant
entrained elements
o Ozmidov scale
le dissipation length scale
Ir)  structure buoyancy length scale
L Obukhov length;
time lag;
fundamental length dimension
L¢ latent heat of fusion of water
Ly local Obukhov length
LP latent heat associated with some phase
change
Lg latent heat of sublimation of water
Lt length of straight line travelled in summing

over i roughness elements
Ly latent heat of vaporization of water
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LES
LFC

M.

Zi

location parameter for lognormal
distribution

transilient mixing distance

length scale

lifting condensation Ievel

large eddy simulation

level of free convection

low-level jet

limit of convection

mass

(above) mean sea level
magnitude of wind (wind speed);
mass flux;

fundamental mass dimension
wind speed at the surface

wind speed at the top of the boundary layer

MCC mesoscale cellular convection
METROMEX Metropolitan Meteorology

Experiment

MKE kinetic energy associated with mean wind

ML
MP

mixed layer
mechanical production of TKE

frequency (cycles per time period F)
Nyquist frequency

index of refraction

frequency (cycles per second)
number count

cloud droplet number density
Brunt-Viis#li frequency

nocturnal boundary layer

pressure

reference pressure
probability density function
pressure

reference pressure
saturation point pressure
time period

planetary boundary layer
plan position indicator
probability density

PRE-STORM Preliminary Regional Experiment

PS

of STORM-Central
process spectrum

Tsat

'y’

specific humidity (of water vapor)
specific humidity at the ground surface
liquid water specific humidity;

local humidity scale

local free-convection humidity scale
surface specific humidity of air
moisture difference between air at the

surface and aloft
total water specific humidity

moisture scale in the upper boundary layer
generic turbulent moisture scale

humidity scale for mixed layer, based on w,

humidity scale for surface layer based on u,

quadrature spectrum

effective bulk heat flux into the SBL
associated with advection

latent heat flux

molecular heat flux within the ground

molecular heat flux within the ground at the

surface
sensible heat flux

bulk heat flux
total heat flux acting on the SBL
effective bulk heat flux into the SBL

net radiation
component of net radiation in the j direction

storage of internal energy

mixing ratio;

correlation coefficient

spatial separation

water vapor resistance through air

linear correlation coefficient between A, B
liquid water mixing ratio

total water vapor resistance of plant

total water mixing ratio

saturation mixing ratio

moistire lemperature covariance
relative humidity
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R moisture flux

R gas constant for dry air

R() autocorrelation

Raa@™) autocorrelation of variable A with itself

Rp bulk Richardson number

R, critical Richardson number for the onset of
turbulence

R¢ flux Richardson number

R; Richardson number

Rt critical Richardson number for the
termination of turbulence

Ry  gas constant for moist air

Ra Rayleigh number

Re Reynolds number

RHI  range height indicator

Ri gradient Richardson number

Ri*  convective Richardson number

RL  residual layer

Ro surface Rossby number

s dry static energy

Scc change of saturation specific humidity with
temperature

$g moist static energy

Ses saturation static energy

8 horizontal surface area occupied by
roughness element i

L liquid water static energy

Sg average vertical cross-section area presented

to the wind by one roughness element
sy virtual dry static energy

sp“  variance of variable A
s2 variance
S spatial domain;
solar irradiance (solar constant);
spectral energy density
Sp spectral energy density of variable A
Sa(n) spectral energy density of variable A

Se net tracer body source term
S stability parameter
Sy, ratio of total ground surface area to number

of elements
Sq net moisture body source tarm;

spectral energy density of moisture
S4r  met total water body source term

S, area density of roughness element

S;7  net moisture body source term

St total area occupied by N roughness
elements

Sx shape parameter for the lognormal
distribution

S(t.,x) spectral energy density

SBL  stable boundary layer

SCL  subcloud layer

SESAME Severe Environment Storms and
Mesoscale Experiment

SL surface layer

SP  saturation point

t time
ty initial time
t time scale for the mixed layer

t, ML time scale for the mixed layer

t,SL surface-layer time scale (z/u,)

T temperature (usually absolute temperature);
fundamental time dimension

Ty dewpoint temperature
Tg  tempemature of upper slab in force-restore

model

Tx  net sky transmissivity

Tyq temperature of parcel at the lLifting
condensation level

Tym  temperature of lower slab in force-restore
model

Tsp  saturation point temperature

Ty virtual temperature (usually absolute)
TAMEX  Taiwan Area Mesoscale Experiment
TDBU top down/bottom up (diffusion)

TIBL  thermal (convective) internal boundary layer
TKE  average turbulence kinetic energy

Tr turbulent transport across the spectrum

TS process spectra

TS(k,m) transport spectrum
u eastward moving Cartesian wind
component;
optical thickness
up local (friction) velocity scale
u, friction velocity

u ML convective stress scale velocity
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kinematic flux of U-momentum in the
vertical

eastward moving Cartesian wind component

equilibrium wind speed

eastward component of geostrophic wind

represents the components of geostrophic
wind (U g Vg 0)

represents (U, V, W) fori= (1,2, 3)

generic transport velocity

Coordinated Universal Time (virtually the
same as GMT (Greenwich Mean Time)
or Z time)

northward moving Cartesian wind
component

v'w'  kinematic flux of V-momentum flux in the
vertical

Vv northward moving Cartesian wind
component

Vg SBL buoyancy velocity scale

vy northward component of geostrophic wind

Vy  mechanical forcing scale

v velocity scale

VAD velocity-azimuth display

VIMEX  Venezuelan International Meteorology
and Hydrology Experiment

upward moving Cartesian wind component
(vertical velocity, negative for
subsidence)

average vertical velocity within the clouds
at height z;

entrainment velocity

longitudinal width of each roughness
element i in the direction of travel

mean large scale vertical motion acting at
the top of the ML (subsidence)

local free convection velocity scale

average vertical velocity through active
cloud bases

convective velocity scale

kinematic tracer flux in the vertical
vertical turbulent transport of TKE
pressure carrelation

kinematic moisture flux in the vertical

w'r
w's'
wT

&

Mo

e %gmbcx

]

kinematic moisture flux in the vertical
kinematic vertical static energy flux
kinematic temperature flux in the vertical

kinematic potential temperature (heat) flux
in the vertical

kinematic virtual potential temperature
(buoyancy) flux in the vertical

kinematic vertical moisture flux

width of obstacle;

vertical velocity (same as w)

width of the hill

liquid water path

length of obstacle disturbing the flow

half-width of the hill

window weight

Cartesian coordinate towards east
(sometimes used in a coordinate system
rotated such that x is aligned with the
mean wind direction);

location;

generic distance;

fetch

coordinate parallel to mean wind

represents {(x, y, z) for i=(1, 2, 3)

generic distance

relative humidity of the air near the surface

relative humidity at the ground surface

convective horizontal distance

Cartesian coordinate towards north
{sometimes used as crosswind
horizontal coordinate)

mixing potential

Cartesian coordinate up, relative to local
sea-level horizontal surface
cloud base height (top of the subcloud

layer)
height of cloud base

height of the hill
average top of the mixed layer (base of the

overlying temperature inversion)
height of the level of free convection
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7z height of the limit of convection
zpw  depth of the column flowing over the hill
Zy aerodynamic roughness length
z,1  acrodynamic roughness length upwind of
border
Z,3  aerodynamic roughness length downwind of
border
Z top of the residual layer
77 height of cloud top
Az height above local terrain
Zg scale of surface features or surface
roughness
20 g cffective roughness length
Greek
a terrain slope;
various constants and parameters
a.  Chamock's parameter
oM angle between the surface and geostrophic
wind
oy Kolmogorov constant
apr Priestly-Taylor parameter
Oy angle between the wind direction and the
surface stress
B Bowen ratio;
various parameters and constants
¥ lapse rate (96,,/0z);
psychrometric constant (Cy/Ly)
Yg Ekman spiral parameter ([fJZKm]m)
Tr transilient mixing rate coefficient
¥(1,x) spectral component of spectral heat flux
Ia dry adiabatic lapse rate
8 depth of the intemnal boundary layer
8n  umit vector
Omn  Kronecker delta
8 solar declination angle
g turbulence kinetic energy dissipation rate;
ratio of dry air and water vapor gas
constants
g destruction rate of fracer concenfration
variance by molecular processes
&f infrared flux emissivity
gg  infrared flux emissivity from the botiom of

the boundary layer

2

D O Do

infrared flux emissivity from the effective
top of the atmosphere

alternating unit tensor

emissivity in the infrared

alternating unit tensor

destruction rate of humidity variance by
molecular processes

destruction rate of temperature variance by

radiative processes
destruction rate of tracer concentration by

molecular processes
destruction rate of moisture flux by

molecular
destruction rate of momentum flux by

molecular processes
destruction rate of vertical flux of horizontal

momentum by molecular processes
destruction rate of heat flux by molecular

Processes ,
destruction rate of vertical tracer
concentration flux by molecular

processes

destruction rate of vertical moisture flux by
molecular processes

destruction rate of vertical heat flux by
molecular processes

destruction rate of temperature variance by

molecular processes
dimensionless height in the surface layer
@)
Kolmogorov microscale for turbulence;
radar reflectivity;
net volumetric flow rate into a volume
wave vertical displacement distance
potential temperature
equivalent potential temperature

saturation equivalent potential temperature

potential temperature at the ground surface

temperature jump at the top of the SBL

liquid water potential temperature;

local temperature scale

local free-convection temperature scale

potential temperature within the mixed
layer

surface potential temperature of air
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A

Aoy

Apz8,

A e

virtual potential temperature

temperature scale within the upper boundary
layer

initial potential temperature

generic turbulent temperature scale

temperature scale for the mixed laver, based
on w,

temperature scale for the surface layer, based

onu,

SBL surface cooling (strength of inversion)

equilibrium SBL strength

polential temperature jump across the
entrainment zone

wavenumber

large wavenumber bound on the buoyancy
subrange

horizontal wavenumber

wavenumber corresponding to peak in
mrbulence spectrum

wavenumber in the x direction

wavenumber in the y direction

wavenumber in the z direction

wavelength
longitude

wavelength corresponding o peak in

turbulence spectrum
wavelength of radar

e-folding solar decay length

empirical length scale parameter
dynamic viscosity
bulk viscosity

- mixed layer scaling parameter

surface layer scaling parameter

kinematic molecular viscosity

kinematic molecular diffusivity for tracer
constituent ¢ in the air

soil thermal diffusivity

kinematic molecular diffusivity for water
vapor in air

kinematic molecular diffusivity for heat in
air

any variable

turbulent diffusivity transfer function

3.1415926535897932384626

Gw
a2
T
T

T

ij
mol
R

Pi group

density

reference density
absolute humidity

standard deviation
fraction of the sky covered by active

cumulus clouds
fractional cloud cover

fractional coverage of sky with high clouds
fractional coverage of sky with low clouds
fractional coverage of sky with middle

clouds
fraction of the sky covered by forced

cumulus clouds
standard deviation of variable M

total cumulus cloud cover

fraction of the sky covered by passive
cumulus clouds

Stefan-Boltzmann constant

standard deviation of U-wind

standard deviation of the vertical velocity

variance

shear stress

shear stress

molecular stress

SBL response time

TReynolds Reynolds stress

]
¢g
L2

lafimde

dimensionless moisture gradient in the
surface layer

dimensionless potential temperature
gradient in the surface layer

dimensionless wind shear in the surface
layer

latitude of the Tropic of Cancer

spectral component of momentum flux

phase shift angle:

phase spectrum

pollutant (tracer) flux

solar elevation angle

surface layer stability correction term for
heat

surface layer stability correction term for
momentum

angular rotation rate of earth

convective mass flux

angular velocity vector
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oW gx °
[ ]

g

Special Symbols and Operators

average operator
average over a portion of the SBL depth

normal (dynamic) flux (flux without tilda is
a kinematic flux)

deviation from mean value

wave perturbation

just above or greater than the value in
parentheses

just below or less than the value in
parentheses

phass-averaging operator

average over the depth of the boundary layer

simple multiplication

vector dot product

vector cross product

del operator

Laplacian operator

partial derivative

total derivative

difference

difference across the entrainment zone

Subscripts

g within the ground;
geostrophic
ijkLmng indices for summation notation (each
index can take on the values 1, 2, or 3)
near surface air quantity
quantity at the top of the ML
bottom of cloud
at the ground surface
local scaling quantity;
hquid water;
low
top of cloud
scaling variable
nitial or reference quantity
upper boundary layer scale

fow.hN

Do *

Superscripts

ensemble (average)
space (average)
time (average)
mixed layer
surface layer

cgm "



Appendix C

Useful Constants, Parameters and Conversion Factors

Table C-1. Similarity " Constants"

(A range of values is also given for those cases where agreement has not been reached on
the precise value.)

k = 0.4 (range 0.35-0.41) von Karman constant

Oy =1.53-1.68 Kolmogorov constant

Table C-2. Geophysical Parameters
2

g =98 ms’ acceleration due to gravity
T, =637x10%° m average radius of earth
w =2nradians /24 h rotation rate of earth
=727 x 10° (radians)-s’!
f. =(1.46x 104)-sin(¢n) st Coriolis parameter as a function of latitude (¢)
Pireria= 12/sin(d) h inertial period

Table C-3. Radiation Parameters

S =1370 W™ solar irradiance (i.e., solar constant)
=1.113 K-ms' (using sea-level air density for conversion)
Ogg  =35.67x 108 \P\J-m‘z-K_4 Stefan-Boltzmann constant

639
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Table C-4, Parameters of Air
Values at sea level for a standard atmosphere:

Py, =1225 kg-m'3 standard density of air
0.01225 mb-s>m™?
0.001225 kPa-s>m™>

]

P = 101.325 kPa pressure
= 1013.25 mb
= 1013 x 10° N-m?
=82714  m’s” (in kinematic units)
T = 288.15 K temperature
=15 T
= 1.789 x 10° kgAm'l-s'1 dynamic molecular viscosity
\ = 1.461x 10° m%s™ kinematic molecular viscosity
kg =253x 102 Wm K’  molecular thermal conductivity
Ve  =206x10" m’s’ molecular thermal diffusivity (=kg/pC,)

Coa = 1004.67 J-kgvl-K_1 specific heat of dry air at constant pressure

1004.67 m>s>K!

¢, = de-(1+0.84-q) m*s 2K specific heat of moist air, for q in g/g.

= 287.04 J-K'l-kg'1 gas constant for dry air

=287.04 m>s K

= 2.87 mb-K'l-mB-kg'I

= (0.287 kPa-K'I-rng‘kg“1
Dry air at other altitudes (standard atmospheric lapse rate assumed):
P ooxpa= 1212 kg-m'3 density of air at 111 m (where P = 100.0 kPa)
Prem = 1112 kg‘m'3 density of air at 1000 m (where P = 89.9 kPa)
Pokm = 1.007 kg‘m'3 density of air at 2000 m (where P = 79.5 kPa)
Air of other temperatures and humidities (at sea-level pressure):
p =1292&1280 kgm™ density of dry & saturated air at 0°C
p =1246 & 1.240 kgm™ density of dry & saturated air at 10°C
p =1204&1.194 kgm™ density of dry & saturated air at20°C

p =1164 & 1.145 kgm™ density of dry & saturated air at 30°C
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Table C-5. Parameters of Liquid Water and Water Vapor

R, =461.5 7K’ ‘kg'1 gas constant for water vapor

Co vapor= 1875 J ‘kg'l-K'l specific heat of water vapor

Lo =334x10° Tkg! latent heat of fusion (liquid:solid) at 0°C

L, =283x10° Jk g'1 latent heat of sublimation (vapor:solid) at 0°C

L, =250x 10° Tk g'l latent heat of vaporization (vapor:liquid) at 0°C.
L, =245x10° J »kg'1 latent heat of vaporization (vapor:liguid) at 20°C.
L, =[2.501 - 0.00237-T(°C)] x 10° J-lcg'1 latent heat of vaporization vs. T
Povarer = 1025 kg-m'3 density of liquid water

Coaer = 4200 J-kg'l-K‘1 specific heat of liquid water

(0-C)graer= 4295 x 108 (W-m?) / (K-m-s™) heat capacity of liquid water
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Table C-6. Conversion Factors and Combined Parameters

p-Cp =1.231x10° (W-m®) / (K'ms™) for air at sea level (conversion factor
between dynamic and kinematic heat
fluxes for dry air)
=1231 mb-K’
=1.231 kPa-K!
g/R =0.0342 Km!
R/g =29.29 mK!
R/ Cpq =028571 -
Cpa/ R =3.50 -
R/R, = 0.622 gwater'gair_l (=¢)
pg = 12.0 l~:g-m'2-s'2 at sea level
=0.12 mb-m™
=0.012 kPa-m’
g/C, =0.00975 Km’ dry adiabatic lapse rate (T'y)
=975 K-km™!
Cp/g =10252  mK'
G/L, =40x 10" (gwmr-gm'l)-K'1 psychrometric "constant” (y)
= 0.4 (Bwater'KEair K
L/G =25 K/ (gwm,-kg&k'l) to convert from a kinematic moisture
flux to a kinematic latent heat flux
p-L, =3013.5  [W-m?2]/[(Euaekgy )ms?]  toconvert froma

kinematic moisture flux to a latent
heat flux (sea level, standard
atmosphere)
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Table C-7. Typical surface conditions (based on Anthes, R.A., E.-Y. Hsie, and
Y.-H. Kuo, 1987: Description of the Penn State/NCAR Mesoscale Model, version 4
(MM4). NCAR Tech Note NCAR/TN-282+STR, Boulder, CO 80307. 66pp).
Summer/winter values are listed.

Landuse Albedo (%) Moisture IR Emissivity
Availability (%) (% at 9 um)
Urban land 18/18 5/10 88/88
Agriculture 17/23 30/60 92/92
Range-grassland 16/23 15/30 92/92
Deciduous forest 16/17 30/60 93/93
Coniferous forest 12/12 30/60 95/95
Forest swamp 14/14 35710 95/95
Water or ocean 8/8 100/100 98/98
Marsh or wetland 14/14 50775 95/95
Desert 25/25 2/5 85/85
Tundra 15/70 50/90 92/92
Permanent ice 55770 95/95 95/95
Tropical forest 12/12 50/50 95/95
Savannah 20/20 15/15 92/92

Table C-8. Soil and ground properties (Lettau, personal communication),
where: p = density (kg-m'3), C = volumetric heat capacity (10° 7 ‘m'3-K'1), and
v = thermal diffusivity (10 m%s™).

Type Composition p C A
Quartzsand - dry 1500 1.24 0.24
- 10% moisture 1650 1.54 1.22
- 40% moisture 1950 2.76 0.91
Sandy clay - 15% moisture 1780 242 0.38
Swamp land - 90% moisture 1050 3.89 0.23
Rocks - basalt 2800 2.34 0.66
- sandstone 2600 2.30 1.13
- granite 2700 2.13 1.28
- concrete 2470 2.26 1.08
Snow - new feathery 100 0.21 0.10
- old packed 400 0.84 0.40
-ice 920 2.05 0.92

Water - still 1000 4.18 0.14



Appendix D

Derivation of Virtual Potential Temperature

Consider a volume (V) of cloudy air (saturated) with temperature T and total pressure P.

Let mg = mass of dry air
m, = mass of water vapor
m, = mass of liquid water falling at terminal velocity

The density of the cloudy air is
My+ M, + m

p = v;
=Py + Py + P, "partial densities"
' md ] m\-" « _ mi.
where  Pu=y Pty A=y
Using the ideal gas law:
1 . Prd d " - esat h H
Py =%+ an p', = R.T Wheree = saturation vapor pressure
But P{; =P- €t Dalton's law of partial pressures
And e o —tsat P where £ = X _ 0.622
sat T T_+¢g R,

sat

645
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- 5 h my o .
P =T = 7T where r=m—d=mlxmgranoand
i rya = Saturation mixing ratio
PE sat ]
, _ _©Gsat _E€sat _ [rsat"' €
PPERT ST R T

r r
1er)P |1 pelsat
B ( + L) [1 rsal+e] . {rsat +&
p= R T R T

__P (& 4
P RT Tt € |:+rL+rsat}

Define a virtual temperature Ty such that Ty is the temperature that dry
air must be in order to have the same density as the moist air.

Thus:

fsat+&

€ ][1

T\.r =T[
+I + rsat:|
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Doing the long division:

E+Er+ er / €+
Eliminate €: £+ gr + Erp
r{1-g - el
Eliminate r: r{t-g + + (1-gnr+ (1-gr2
-erg - (1-&rr - (1-¢)r?
Eliminate r | : - e - enr - er?
Remainder: “(t+2g)rr - (1-9r% + er?

All terms in the remainder are on the order of r2.
Therefore neglect the remainder because r <<1, leaving r2<<r,

1-¢
T|:‘I+{ g ]rm-rlj

T, =
T, =T+ 061r,, -1)
Similarly liquid water loading
F__

Oy = 0(1+ 061, -r)

If unsaturated, then r| = 0 and use rinstead of r , :

T, ~T(1+061r)




A

A-priori methed, 234, 241
Acceleration of wind, 108
Accumulated cooling, 504, 516, 537
Acoustic sounders (also see Sodar), 411
Adiabatic lapse rate, 12, 14, 19

dry, 275
Advection, 4, 16, 77, 83, 91, 112, 483

cold air, 358, 572

convective distance, 484

equation, 341

flux form, 83

nighttime, 515-516

of MKE, 168

of TKE, 152, 155

stable boundary layer, 515
Advective

flux, 54

gravity flows, 537
Aerodynamic roughness length, 264, 377-381
Aerosols, 15

structure in SBL, 501
Agricultural meteorology, 21
Air mass, 21, 600

conservation, 228

modification, 600
Air parcel, 207
Air pollution meteorology, 21

(also see Pollution or Smoke)
Alr resistance, 278
Alrcraft, 414417

measurement methods, 97, 100

Albedo, 258, 643
Aliasing, 306-307, 318, 320
Along-valley winds, 591
Alternating unit tensor, 57
Amplitude spectrum, 331
Anabatic wind, 588, 590
Analysis methods, 19, 427-433
Bowen ratio, 430
eddy correlation, 427
flux profile relationship, 429
profile similarity, 429
residual, 431
similarity, 432
spectral, 430
structure function, 431
Anemometers, 408
Aneroid ¢lements (barometer), 409
Anthropogenic effluents, 21
Anticyclonic regions, 25
Anti-
mountain wind, 591
sea breeze, 593
valley wind, 591
Approximations, 80
Boussinesq , 84
closure problem, 197
linear, for waves, 4, 530
shallow motion, 80
Architecture, 22
Area average, 36
Ash devils, 448
Aspirator, 408
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Atmosphere

Ekman Spiral in, 210

refractive index variation in, 300

solar radiation at the top of, 257

temperature variation , 285
Austausch coefficient, 205
Autocorrelation, 296-300
Average ML depth, 472
Average

area, 36

bulk, 203

definition, 35

drag coefficient, 262

ensemble, 35

line, 36

over the spectrum, 207

perturbation technique, 4

Reynolds', 41

rules, 37-41

spatial, 35

time, 35

volume, 36

wave, 531

B

Balloons
free, 416
kytoon, 415
tethered, 415
tetroon, 416
Band method, 507
Baroclinicity, 21, 522-524
Barometers, 409
Beaufort scale (anemometer), 408
Bellamy method, 485
Bell taper, 308
Bemoulli mechanism, 606
Bernoulli effect, 608
Bimetallic strip (thermometer) 407
Billow clouds, 173
Bivane, 409
Blocking, 602-603
BLX83 field experiment, 98
Blue noise, 322, 325
Bogus data, 312
Bora, 607
Bores, 534
Boundary conditions, 251-294
Ekman spiral, 210
force-restore method, 285
transilient turbulence theory, 228, 237
Boundary layer
characteristics, 2, 4, 10, 11, 22
components, 10

convective, 450

definition, 2

depth, 9, 11, 22, 212, 460

descriptive overview, 1-27

equations for, simplify, 251

equilibrium, 9

evolution, 10, 11, 214-218

forecast, example, 240

growth, 596

internal, 596-598

layers within, 10, 11

mid-latitude, 2

morphology, 10, 11

nocturnal (see Nocturnal boundary layer)

parameterization, 201, 208, 234, 239

parts of, 10, 11

properties, 22

relationship to remainder of atmosphere, 1

scales, summary of, 355

separation, 604

significance, 21

similarity, 360

structure, 9-11, 16

thermal internal, 596, 599
Boussinesq approximation, 34
Bowen ratio, 274-275, 279

for surface fluxes, 430
Breezes, 593- 595
Brunt-Viisali frequency, 510, 527, 528
Buckingham Pi theory, 347, 350-354, 377
Budgets

flux, 134-147

radiation, 256-261

surface heat, 253-256

TKE, 151-167

variance, 120-134
Bulk

heat flux, 508, 515

method, 203

ML model, 456

Richardson number, 177

SBL growth, 516-518

transfer coefficient, 262-263

transfer law, 262, 277

turbulence

parameterization, 512
scale, 504

Buoyant production/consumption, 155-158, 479-

482, 573-574
Buoyancy, 7
flux, 100, 118, 124, 146-147, 550, 576
humidity effects on, 8,9
length scale, 510
parcel, 568
subrange, 70, 191, 532, 533
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waves, 125, 131, 475-477, 502, 526-534
(also see Gravity waves)
wavenumber, 532, 533
Burning off, 451
Businger-Dyer relationships, 383-386
integrated, 384-386

C

Calibration, 405
Canopy
plant, 264
urban, 612
Canton, Oklahoma, 107
Capacitive elements (barometer), 409
Capping inversion, 13, 475
Cascade , energy, 33, 342
Case study, 97-109, 318-329
daytime, 97
nighttime, 106
CAT (see Clear air turbulence)
Cats paws, 5
Cavity, 602-603
CBL (see Mixed layer)
Charnock's relation, 263, 271, 379-381
Chilled mirror (hygrometer) 408
Circulation
cross-valley, 589
lake-breeze, 593, 594
local, 612
mountain, 588
mountain, local, 592
sea, 594
Circulation pattern, 445
Clausius-Clapeyron equation, 275, 551
Clear air turbulence, 4, 173
Closure problem, 21, 197
Closure (mrbulence), 197-250
approximations, 203, 209
assumptions, 199

&-¢ closure (or k-£ closure), 219

first order, 203

analogy with viscosity, 205
half order, 202
higher order, 199, 214-225
history, 220
k- closure, 219
local, 200, 202-225
nonlocal, 200, 225-242
one-and-a-half order, 214
parameterization rules, 200-201
small eddy, 208
second order, 220-224
third order, 224

zero order, 202, 348
Cloud(s), 545-585
absorption of radiation, 557
active, 552, 562, 563, 568
albedo, 557
base, 547, 551, 552, 560
billow, 173
circulation path, 573
classification, 562
conservation equations, 549-550
cover, 562, 564-565
cumulus, 10, 22, 559, 562-569
depth, 565-566
entrainment mechanisms, 558-561
fair weather, 3, 10, 14, 562-569
fluxes, 569, 571
fog, 3, 21, 576-580
forced, 562
formation time, 564
layer, 10, 11
layer shear, 573
liguid water loading, 7
mixing, 572-573
ML, interaction with, 454, 563-564
nuclet, 22
passive, 563, 565
processes, 571
radiation, 555-558
rotor, 602
shading by, 257-258
size distribution, 565-566
spectra, 34
standing lenticular, 602
stratocumulus, 3, 10, 558, 568, 570-576
street, 468
thermodynamics, 545-555
thunderstorm, 3, 4, 22
cloud top, 560
entrainment, 559
entrainment instability, 558-559
radiative cooling, 576
trade wind, 566-567
width, 565-566
Column of air, 225, 228
Complex terrain, 587-618
Computer simulations, 19, 21, 420-427
(also see Simulations),
Conceptual tools, 52
Condensation, 3,10
Conditional sampling, 465
Conditionally unstable, 547
Conditioning data, 308-310, 329
Conductance,
for moisture, 278
inverse, 278
Conduction, 509
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Conductivity, 261 Covariance, 4345, 224
between ground and air, 287 Critical
heat, 278 levels, 529
molecular, of soil, 283, 643 Richardson number, 176
water, 278 Cross product, 62
Coning (see Smoke plumes) Cumulus (see Clouds)
Concentration variance, 134 Cup (anemometer), 408
Conserved variable diagram, 548 Curl, 71
Conserved variables, 548, 603 Cyclic forcings, 287
Conservation Cyclones, BL in, 9
equations, 450, 451, 549
of heat, 79, 91-92 D
of mass, 77
of moisture, 79, 90-91 Data
of momentum, 77, 83, 88 analysis (see Analysis methods)
horizontal, 85 conditioning, 308-310, 329
vertical, 83 logger, 405
of scalar, 80, 92 window, 308
of tracer amount, 228 Decay, 224
Conserved quantity (parameter), 548, 549 Decoupling, 574-575
Constant flux layer, 357 Definition of boundary layer, 2
Constants, useful, 639-643 Deformation, 63
Consumption, 157-158, 479-482, 574 Del operator, 62
Continuity equation, 77 Delta, Kronecker, 57
mixed layer, 453454 Departures from mean, 115-117
turbulent fluctuations, 87-88 Derivation of egs. of motion for turbulent flow, 76
Continuous/contiguous SBL turbulence, 511 Descriptive BL overview, 1-27
Convection, 12, 169 Deterministic forecasts, 420
forced, 118, 158, 426 Detrend, 308
free, 118, 158, 355, 358, 371, 393, 411 Dew, 255, 509
penetrative, 453 Diagnostic SBL models, 519
shallow approximations, §1 DIAL lidar (thermometer), 408
waves, 477 Diffusivity
Convective eddy, 204
available potential energy (CAPE), 552 molecular, 5, 41, 252
boundary layer, 450 soil thermal, 284
mass flux, 568 thermal, 80, 284
mixed layer, 12, 120, 441-497 Diffusometer (radiometer), 409
Richardson number, 473 Digitizer, 405
velocity scale, 118 Dimensional analysis, 347, 350-354
Convergence Dimensionless
bands, 446 gradients (phi), 183
synoptic scale, 9 groups, 621-627
Coordinate system, rotation of, 87 lapse rate, 183
Coriolis TKE equation, 157
effects, 77, 136, 168 Direct sensors, 406-409

parameter, 78, 356

anemometers, 408
term, 74, 78, 123-124

barometers, 409

Correlation hygrometers, 408
coefficient, 4345 thermometers, 407
order, 198 Discontinuous turbulence in SBL, 513
triangle, 199 Discrete
Cospectrum, ‘33 1 autocorrelation, 297
Counter-gradient, 210 Fourier transform, 303-309

Coupled equations, 220 ) series, 296
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Dispersion, 22, 241
(also see Pollutants or smoke)
convective, 469-471
relation (for waves), 530
Displacement distance, 380, 381-382, 530
Dissipation, 122, 152, 164-166
equation, 219
length scale, 510
measurements in, 301
rate, 164, 165
values, typical, 122
viscous, 122
Distribution, joint, 463
Diurnal
evolution, 255, 575
cycle, 10, 46, 118
typical, 255
urban, 610
oscillations, 22, 523
variation of temperature, 2
variation of low level jet, 526
Divergence
dipole, 487, 598
in mixed layer, 484487
magnitude, 468
model, 487
nocturnal, 515
of a vector, 63
observations, 486
scale dependence, 486
time series, 448
with roughness change, 599
Doppler
lidar, 409
radar, 409
sodar, 409
Dot product, 62
Double correlation, 198
Doubly stochastic matrix, 228
Down-gradient
diffusion, 224
transport, 208
Downslope windstorm , 607
Downwelling, 213, 256, 257
Drag,
coefficient, 262-269, 353, 389, 537
form, 263
frictional skin, 4, 263
geostrophic, 270
transfer method, 262
wave, 263
Drag law, 262
Drag method for surface fluxes, 262
dependence on height, 265
dependence on stability, 267

dependence on roughness, 263
Drag sphere (anemometer), 408
Drainage wind, 16, 534-536
Droplet distribution, 570
Dry static energy, 8, 547
Dust devils, 448, 449
Dynamic

cloud feedback, 563

stability, 172-174, 182, 186

E

e-€ closure, 219
Earth's rotation, 77, 78
Eddy, 4,412
correlation, 427428
diameter, 4, 5
diffusivity, 204, 215, 219, 384
flux, 51-56
of moisture, 207
period, 5,6
relationship to spectrum, 336
scale size, 4, 32, 166
transfer coefficient, 204
viscosity, 204-206, 208-210
wind ficlds, 446
Effective mrbulent flux, 251-252, 509
Ekrman
boundary layer, 171
layer depth, 212
pumping, 213
spiral, 210-214
boundary conditions, 213
Einstein's summation notation, 57
rules, 58
vector notation, 61
Emission of IR radiation, 258-259
Emissivity, 259
Encroachment, 454-456
Energetics method, 477
Energy
budget, 253
cascade 33, 342
spectrum (see Spectrum), 312-318
transport by waves, 4
Ensemble average, 35
Entity-type entrainment mixing, 560-561
Entrainment, 12-13, 15, 575, 558
instability, cloud-top, 573, 558
into cumulus, 559-561
into stratocumulus, 558-339, 572-573

into the top of mixed layer, 271-272, 452-456

relationships, 575, 576
velocity, 261-262, 271-272, 477--483
cloud top, 576
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flux ratio method, 478
energetics method, 479-482
thermodynamic method, 454456
zone, 11-13, 441-442, 473-477
characteristics, 473474
evolution, 452, 474475, 564
probability density, 565
structures, 475477
Environmental concemns, 21
Environment, 463, 564
Equations of motion, 75-80, 88-90, 93
of state, 76, 81-83, 87
scaling arguments, 80
simplifications, 80
turbulent flow, 87-97
Equilibrium
flows, 537
mixed layer, 450
stable boundary layer depths, 519, 520
External forcings, 251, 253, 271
Ergodic condition, 37
Eulerian partitioning, 481
Evaporative available potential energy (EAPE), 553
Evapotranspiration, 274
Experiments
field, 417419
lab, 425427
numerical, 420425

F

Fair-weather cumulus (see Clouds)
Fanning, 15, 500 (also see Smoke plumes)
Fast Fourier transform, 98, 310
Fast-response sensors, 406
Feedback, 550, 563
Fetch, 595-597, 607
FFT (see Fast Fourier transform)
Field experiments, 19, 417-419
BLX83,98
O'Neill, 119
Wangara, 105-108, 129, 218, 131-133
138, 141-144, 153, 154, 216
First law of thermodynamics, 79
First-order closure (also see K-theory), 203-214
Flight leg requirements, 407
Flow
around the sides of an isolated hill, 608
from smooth to rough, 597
over complex terrain, 587-618
over a roughness transition, 599
over an isolated hill, 602
over a series of hills, 606
potential theory, 605
types, 3

Flow depth, 537
Flow vectors, 561
Flux
advective, 50
at the top of a ML, 261, 550
budget equations, 115, 124, 134-147
buoyancy, 100
cumulus cloud, 569
definitions, 47-56
determination, 229
eddy, 51-56
effective, 251-252, 509
emissivity method, 507, 508
form, advection, 83
ground, 282-289
idealized profiles, 56
interfacial, 261
kinematic, 47-50
turbulent, 54
partitioning, 272-282
profile relationships, 361, 383-386, 429
prognostic egs. for, 115
ratio method, 477
radiative, 259, 287
ratio, as functon of, 459
Richardson number, 175
surface, 262
variance, range of, 569
Fog, 3, 21, 576 (also see Clouds)
lifting of, 578
types, 576-578
advection, 578
mist, 577
radiation, 576
Folding frequency, 306
Force-restore method, 285-289
Forcings
cyclic, 287
external, 251, 253, 271
imposed, 274
net radiation, 286
non-periodic, 285
radiative, 287
solar, 274
surface, 2
Forecast, 115, 137, 223, 224
Forest canopy, 381
Fourier transform (also see Fast Fourier transform)
decomposition, 304
discrete, 303-309
forward, 303, 310
inverse, 303, 310
norm, 312
pairs, 303
Free
atmosphere, 1, 10, 22, 475
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balloons, 416
convection scaling, 117-120
humidity, 120
temperature, 120
time, 119
velocity, 118
convection, surface based, 572
Frequency
definition, 6
distributions, 55
Friction, 90
drag, 4
velocity, 67, 209 , 355, 377
Frictional skin drag, 263
Froude Number, 601-603, 606, 626
Frost, 21, 509
Frozen (turbulence), 5-6
Fujita scale (anemometer), 408
Fumigation, 18
Fundamental
dimensions, 351
frequency, 303

G

Gas constant, 76, 640
Geographic effects, 587-618
generated winds, 587-595
modified flow, 595-609
Geostrophic
coefficient, 269
departure, 86, 386, 524
drag, 270-388
sub-, 13, 22, 105
super-, 15
winds, 22, 85, 95, 269
Gill (anemometer), 408
Gliders, 14
Govemning equations, 76
Gradient
equations, 600
of a scalar, 71
Richardson number, 176
transfer coefficient, 204
transport theory, 204
Graphical thermodynamic method, 473
Gravity, 77, 84
flows, 534
advective, 537
waves, 125, 476-477, 501, 526-534
(also see Buoyancy waves)
Graybody method, 507
Ground flux, 282-289
Gusts, 35
Gust vane (anemometer), 408

H

Half-order closure, 203
Harmonics, 303
Hazards, 306
Heat, 117, 131
budget equations,131-132, 253-256
diumal evolution, 255
capacity, 284, 640-642
conduction equation, 283-284
conservation, 79, 91
flux, 68, 142, 253
at the average height, 429
budget equation, 142-145
equations, 433
kinematic, 98, 99, 100, 143, 428
latent, 272-282
profile, 54, 99, 349-350
sensible, 272-282
soil, 283
island, 610
prognostic eq. for, 131
variance, 120
High pressure region, 10
Higher-order closure, 199, 214-225, 458
definition and history, 220
Hills, flow over, 601-609
Homogeneity, horizontal, 86
Homogeneous turbulence, 35-36
Horizontal
roll vortices, 468-469
wavenumber, 530
Hot wire (anemometer) , 407
Humidity (also see Moisture), 408
change with temperature, 275
flux, 141
mean, 105
scale, 67-68
sensors, 408
variance, 129
Hurricanes, 22
Hydraulic jump, 607
Hydrostatic equilibrium, 84
Hygristor, 408
Hygrometers, 408
Hypsometric equation, 553
Hysteresis, 176

I

IBL depth, 596, 607
Idealization, 3,
eddy, 52,226
thermals, 12
Ideal gas law, 76, 81-83



656 BOUNDARY LAYER METEQROLOGY

Imposed forcing, 274 definition, 204
Impulses, wave, 529 parameterizations for K, 208-210
Incompressibility, 77, 79 used to approximate fluxes, 275
Indicator function, 465 used to approxin.ate ratio of fluxes, 430
Indices (subscripts), 57 Kelvin-Helmboltz (K-H) waves, 12, 172, 174, 474,
Inertia, 77, 84, 86, 93 476
Inenial Kinematic flux definition, 47-50, 229

oscillation, 524-526 at location zy, 237

period, 525 Kinetic energy

subrange, 167, 390-391 of mean wind, 45, 168
Influence, region of, 602 of wrbulence,(see Turbulence kinetic energy)
Inﬂ'a.re_d, _557 Kolmogorov

radiation, 256 constant, 390, 639
Inland sea breeze, 595 microszale, 167
Inner layer, 604-606 Kronecker delta, 57
Instrument Kytoons, 414, 415

package, 405

platforms, 405, 413417

shelter, 414 L
mtﬁg;?cm’ 405 Laboratory

simulations, 19

depth scale, 503 tanks, 420, 425426

Intort iy Lake breeze, 593-595
ac Land breeze, 595
fluxes, 261 Laplacian, 71
layer, 10 La ’
pse rate

Intermittency, 395 iabati
¥s adiabatic, 12, 171
Internal boundary layer (IBL), 596-601 dimensionless, 183
thermal (TIBL), 599-601 neutral, 171
Intrinsic wave frequency, 530 i

P superadiabatic, 12
I““m‘“‘;‘;‘;’ 464 Large-eddy simulation models (LES), 75, 421- 425
Inle?sI;Zh Large-Reynolds number flow, 353
layer, 13 Latent heat, 22, 255
( a.lso’se.e zi, entrainment zone, & capping flux (also see Heat flux), 49, 272-282
inversion) ‘ ' La valucsc,)fl(;}l&l[)-ﬁgz
wion, oma,
hickness scalt, 517 Layers, 11, 442, 501
valley, 500 : within the urban boundary layer, 612
I.nversion‘layer 13 LCL (see lifting condensation level)
’ Leakage, 322, 326
LeChatelier's principle, 173
J Lee waves, 602

Lee-wave separation, 602

Jet Leibniz' theorem of calculus, 39, 271
low-level, 15, 500, 520-526 Length scales, 215, 219, 355, 510-511
su&msyﬁeogggu;ﬁ Jil) Lenticular clouds, 602
Jurp m ociel, 436 ’ LES (see Large eddy simulation), 75, 421-425
Levels in an active cloud, 552
K Level of free convection (LFC), 552
Lidar, 412413
Katabatic winds, 16, 534-536 hygrometer, 408
k- closure, 219 Lifting condensation level (LCL), 10, 14, 547, 550
K-H waves, 12, 172, 174, 474, 476 probability density, 566 '

K-theory (also see first order closure), 203-214 zone, S64-565



INDEX 657

Limit of convection, 552
Line-by-line approach, 507
Lincar
correlation coefficient, 44
internal waves, 530
linear spectral presentation, 315
wave theory, 4, 529-531
waves, 530
Linearizing, 529
Liquid water
loading, 7
mixing ratio, 7
path, 556
static energy, 547
Literature references (at the end of each chapter)
general, 23-25
Local
free convection similarity, 359
similarity, 358
winds, 587
Lofting (see Smoke plumes), 17-18
Log wind profile, 13, 266, 376-378, 597-598
Lognormal cloud-size distribution, 565-566
Log-log spectrum presentation, 316
Longwave
flux, 508
radiation, 258
profiles, 558
Looping (see Smoke plumes), 471
Low
level jet, 15, 500, 520-526
pressure region, 10
Lyman-alpha and IR hygrometers, 408

M

Madison Wisconsin, radiation example, 259, 261
Mass
conservation, 76
flux, 568
Mast, 414
Mathematical tools, 29-74, 295-345
Mean (see Average), 35
boundary layer characteristics, 1-27
case studies, 97-109
kinetic energy, 168
wind, 5
Meander (also see Smoke plumes), 15
Measurement, 405440
fetch required, 596-559
height above surface, 265
instrument platforms, 413-417
remote sensors, 410417
sampling, 296
sensors, 405409
Mechanical turbulence (see Turbulence)

Mercury (barometer), 409
Mesonet station, 414
Mesoscale, 20
cellular convection, 469
processes, 9, 20
Methodology, equations of motion, 76
Microbarographs, 409
Microfront, 443
Microlayer, 10, 252
Micrometeorology, 19
Microscale, 19, 20
Microwave refractometer (hygrometer) 408
Microwave sounders (thermometer), 408
Mirage, 252, (thermometer), 408
Mixed layer, 10,12, 100, 441-497
capping inversion, 13
convective, 12, 120, 441-497
definition, 12-14
depth, 455, 472, 599
evolution, 10, 100, 104, 451456
mean characteristics, 450-451
models, 456-461
similarity, 357, 358
slab, 457
spectra, 393-394
top (Z;), 10, 12, 13, 118
venting, 471
Mixing
length, 207, 339-340, 511
theory, 206-208
line, 549, 560, 561
potential, 234
processes, 521, 572
ratio
liquid water, 7
saturated, 7, 546, 551
unsaturated, 7
ML (see mixed layer)
Moist static energy, 547
Moisture, 22
(also see Humidity, water, mixing ratio)
conservation, 80
covariance (temperature-), 224
flux, 98, 99, 100, 120, 139, 207, 262
budget equations, 129, 139-142
prognostic eq. for, 125
scales, 356-357
variance, 129
Molecular
conduction of heat, 251
diffusion of tracers, 251
conductivity in soils, 282-284, 643
diffusivity, 5, 41
dissipation, 168
flux, 252, 253
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thermal diffusivity, 252

transport, 252

viscosity, 5

viscous transfer of momentum, 251-252
Momentum, 50

conservation, 77, 83, 88

departures frormn mean, 115

flux, 49, 64, 90, 134

flux

budget, 134-139
(also see Stress)

prognostic eq. for, 120

transport by waves, 4

variance, prognostic eq. for, 88-90, 120
Monin-Obukhov similarity theory, 357-358
Morning glory, 534
Morphology, 410-413
Mountain

waves, 602-603

winds, 587, 591
Multilevel soil model, 283-285

N

Nephelometer, 408
Net radiation, 253, 256
Newtonian
fluid, 65, 77, 205
transformation, 201
Newton's second law, 77
Neutral,
conditions, 266
drag coefficient, 266, 267, 270
lapse rate, 171
stability, 171
static stability, 17
stratification, 603
Newton's second law, 77
Nocturnal
boundary layer (NBL), 10, 499-543
(also see Stable boundary layer)
depth, 513
evolution, 10
turbulence, 48
inversion, 499
jet, 15, 500, 503, 520-526
mixed layer, 504
stable layer, 516
Noise, (blue, red, white), 308, 322, 324, 325
Normalize, 157
Nonlinear
turbulence, 4, 531
waves, 531
Nonlocal closure, 225-242
Notation

by English, 629-635

by Greek, 635, 636

special symbols, 637

subscripts and superscripts, 637
Nuclei, cloud, 22
Numerical simulations, 19, 405, 420-425
Nyquist

frequency, 306

wavelength, 97

QOasis
effect, 255
moist;, 255
situation, 283
O'Brien cubic polynomial, 209-210
Obstacle, 4, 595-608
Obukhov length, 180-183
Ocean
budget, 255
Ekman layer, 213-214
currents (source of), 23
roughness, 265
QOklghoma, 2, 54
Canton, 107
One
and-a-half-order closure, 214-219
way entrainment process, 453
O'Neill, 119
Optical miangle, 448
Outer layer, 604-606
Overcast, effect on convection, 14
Ozmidov scale, 510, 532

P

PAM, 415
(see Portable automatic mesonetwork station)
Paracas low level jet, 521
Parameter
definition, 200
stability, 186
Parameterization,
bulk wrbulence, 512
definition, 201
closure, 234, 239
for K, 208, 210
for mixing length, 208
for solar radiation absorption, 556
for the transmissivity, 257
one-and-a-half order closure,214
Priestley-Taylor, 275
responsive, 234
rules, 200-202
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sample, 208
surface radiative flux, 259
variance, 215
Particulates, 15
Partitioning, 272-282
flux, example, 278
Patchy turbulence, 512
Penetrative convection, 453, 463, 464
Penman-Monteith method, 277-282
Periodogram, 335-336
Perturbation
analysis, 33-45, 115-117, 531
part of a variable, 4, 43
pressure, 82, 123, 163
Phase , 329
angle, 330
averaging, 531
change, 80
shift, 285, 329, 330
space, 303
spectrum, 332
Phenomenological classifications, 19
Phi (dimensionless gradients), 183
Pibal (anemometer), 408
Pipe flow drag, 353
Pivot arm (anemometer), 408
Plan-position indicator, (PPI), 410
Planetary scales, 19
Plumes, 443, 444 (also see Smoke plumes)
Pollutant flux budget, 144
Pollutants, (see also Smoke plumes)
tracers, 14
trapping of, 13
Portable mesonet stations, 415
Potential flow theory, 6035
Potential temperature, 97, 101, 102, 217, 546
(also see Temperature)
equivalent, 546
evolution, 460, 521
heat flux profile, 382
liquid water, 546
measured, 514
models, in SBL, 505, 518
perturbation, 341
saturation equivalent, 546
scale, 66
transilient turbulence simulation, 236
variance, 131, 132
Power law, 532, 533
PP, (plan-position indicator), 410
Predictability, 421
Pressure, 63-65
correlation, 152, 162
fluctuations, 82
gradient force, 77, 90

perturbations, 123

redistribution, 123

sensors, 409
Priestley-Taylor method, 275-277, 278-282
Probability density, 462

entrainment zone, 565

LCL zone, 565
Process

partitioning, 481

spectrum, 338-340
Production of TKE, 479-482, 573-584
Profile,

matching, 386

sample, 95, 97

similarity, 429
Propeller (anemometer), 408
Prygeometer (radiometer), 409
Psychrometric constant, 274, 642
Psychrometers (hygrometer), 408
Pyranometer (radiometer), 409
Pyrheliometer (radiometer), 409

Q

Quasi steady-state, 7
Quadrature spectrum, 331

R

Radar, 410-412
hygrometer, 409
reflectivity, 300
Radar images, 159
Radiation, 255, 555
budget, 256
budget, example, 259
budget, Madison, 259, 261
cloud-top cooling, 572
downwelling, 257
in clouds, 555-558
in SBL, 506-508
feedback, 563
fog, 576-577
longwave (IR), 258, 557-558
sensors, 409
shortwave (or solar), 2, 15, 22, 257, 555-557
stable boundary layer, 506
upwelling, 258
Radiative
cooling, 507, 549,567, 572, 676-- 578
effect on circulation path, 573
fluxes, 259, 287, 261
forcing, 287
heating, 572
Radiometers, 409
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thermometer, 407
Radiosonde, 414, 416
Ramp structure, 444-446
Range-height indicator, (RHI), 410
Raob (see Rawinsonde or Radiosonde)
Rapid distortion theory, 606
Rate equation for SBL, 519
Rayleigh-Bénard convection, 469
Rayleigh number, 469, 626
Rawinsondes, 416
Red noise, 308, 322, 324, 325
References {(at end of each chapter)

general, 23-25
Region of influence, 602-605
Relative

humidity, 298, 299, 302

roughness, 353
Remote sensors, 300, 301, 406413, 431

active, 406, 410

pasgive, 406
Residence times, 27
Residual layer, 10, 11, 14, 15
Residnals, method of, 431
Resistance, 278
Resonance

waves over hills, 603

waves over thermals, 476
Response time, 509
Responsive parameterization, 234
Return-to-isotropy, 123, 224
Reynolds

averaging rules, 41, 531

number, 93, 353, 626

stress, 65-66
RHI, (range-height indicator), 410
Richardson number, 176, 178, 513, 626

bulk, 388

critical, value, 176, 236

flux, 175

gradient, 385

in a wave, 528

vs z/L, 183
Richardzon’s poem, 32
Roll vortices, 468-469
Rolis, 468-469
Rossby

number

similarity, 359, 386-389
surface, 269, 626

wave time period, 27
Rotating the coordinate system, 87
Rotometer (anemomaeter), 408
Rotor clouds, 602
Roughness, 263-263

change of, 596-598

effective, 381
clements, 264, 379
length, 264, 379-381
relative, 353

S

Sample applications
of egs. of motion, 95
Sampling, 296
Saturation
level, 547, 551
mixing ratio, 551
moisture, 7
points, 547, 550, 551
specific humidity, 275-276
static energy, 547
Vapor pressure, 275-276
SBL (see Stable boundary layer), 499-543
Scalar
conservation, 80, 92
flux, prognostic eq. for, 134, 145-146
summation notation for, 57
Scales
of motion, 19, 20, 32, 33, 35
summary, boundary layer, 355
surface layer, 67-68
Scaling
arguments, 30
mixed layer, 119
parameters, 184, 384
surface layer, 66

techniques for the unstable boundary layer, 394

variables, 318, 354-357, 621-625
Scintillation (thermometer), 408
Sea bresze, 593-5935

front, 593-594

inland, 595
Second-order closure, 220-224
Secondary circulations, 467-469
Sensible heat flux, 272-282, 428, 440
Sensors, 5, 405410, 414417
Shallow motion approximation, 81
Shape conservation, 96
Shear

production, 158-160

stress, 66-67
Shelters, instrument, 414
Shorelines, 19, 593-593, 599-601
Short wave radiation, 257

profile, 556
Signal

10 nois¢ ratio, 406

true, 309
Significance of the boundary layer, 21
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Similarity, 347
between plumes, 447
boundary layer, 360, 364, 367
free-convection, 356, 368-374
functions A, B, C, D, 388
function, determination, 388
laws, 348
methods, 19, 432
mixed-layer, 357, 358
Monin-Obukhov, 358
neutral boundary layer, 364-367
Rossby-number, 386-389
relationships, 348, 359-376
scales, 357
scaling domains, 394-395
spectral, 389-394
stable boundary layer, 360-364
theory, 19, 347-404
Simplifications, equations, 80, 92
Simulation methods, 19, 420
laboratory, 19, 426
large-eddy, 423
numerical, 19, 405, 423, 425
production and consumption, 574
wind tunnel, 427, 605
Sky wransmissivity, 257
Slab model, 456
Slope, 40
flows, 534-536
equation of motion, 536
winds, 588
windstorm, 606
Sloping terrain, 509, 522-524, 534-537
Small-eddy theory, 52, 204-225
Smoke plumes
behavior in a convective mixed layer, 470
coning, 14
fanning, 15, 500
fumigation, 18
lofting, 17-18
looping, 4, 12, 470-471
meandering, 15
trapping, 12, 13
Soaring, 14
Sodar, 408413
thermometer, 407
Soil
diffusivity, example, 287
heat capacity, 284, example, 286
heat flux density, 283
molecular conductivity, 283
multilevel model, 283
thermal diffusivity, 284
Solar, 555
constant, 257

decay length of radiation in clouds, 556
declination angle, 258
clevation angle, 257
forcing, 274
heating, 4, 12
irradiance, 257
insolation, 14
radiation, 2, 15, 22
zenith angle, 557
Solstice, summer, 258
Sonde (see Rawinsonde)
Sonic (anemometer) 408
Sounding, 56, 103
Source
moisture, 79
region of air masses, 600
Southerly buster low level jet, 521
Space series, 295-345
Spatial average, 35
Specific heat values, 80, 428, 440, 620-622
Specific humidity, 79, 90, 91, 105, 275
flux, 277
profiles, SBL, 500
prognostic egs. for, 130
range of, 464
Spectral
characteristics, 318-329
components, 334
decomposition of the TKE equation, 340
end result, 342
density, 313-315
diffusivity, 241 -
diffusivity theory, 225, 239, 240, 242
encrgy, 307, 312-313
energy density, 313
gap, 32-33, 40, 41
miensities, 334
methods, 340
method for finding dissipation, 430
representation of advection equation, 341
representation of TKE equation, 341
similarity, 388
TKE budget, 167
transport, 167, 342
turbulent diffusivity, 239
Spectrum (spectra), 312-318, 532
atmospheric, 315
amplitude, 331, 334
co, 331
coherence, 332
cross, 329-335
discrete, 312-313
inertial subrange, 167, 390
line broadening, 326
mixed layer, 393-394
nonlocal, 336-340
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of wrbulence, 4, 29, 166
of two variables, 329-335
periodogram, 335
phase, 332, 334
presentations, 315-318
process, 338-340
quadramre, 331
qualitative shape, 29-33
stable boundary layer, 70, 532-534
surface layer, 391-393
transport, 337-338
velocity, 393
wave, 532-534
Spectra shape, idealized, 533
Speed-up, height, 604
Speed-up ratio, 603
Speed-up wind, 604, 606

Stable boundary layer, (SBL), 10, 15, 16, 499-543

bulk measures, 502-504
buoyancy (gravity) waves, 526-534
covariance, 501
definition, 10, 15
depth, 10, 502-504, 513, 518, 519, 520
evolution, 516-518
interactions of processes, 537-538
potential temperature, models for, 505, 518
profiles, 500, 504-506
radiation, 506-508
response time, 509
strength, 502, 520
structure, 499-502
variance, 501
Stable stratification, 427, 601
Stability,169, 182, 186

{also see Static stability or Dynamic stability)

conditional, 547
Stagnation of air, 16
Standard deviation, 42
Standing lenticular clouds, 602
Stanton number, 263
State equations, 76, 81, 87
Static

energies, 8, 545-548, 554

stability, 157, 169-172

determination, 171

Statistical

methods, 29-74, 35, 295-345

moments, 198

stability, 407
Steam devils, 448
Stefan-Boltzmann

constant, 259

law, 258
Stevenson screen, 414
Stochastic methods, 19, 36

Stomatel resistance, 274
Storage term, 86, 152, 153, 253
Stratocumulus clouds, 570-576
decoupling, 574-576
entrainment into, 575-576
Stratification (also see Static stability), 19
neutral, 603
stable, 427, 601
Strata, 527
Strength, SBL, 502
Stress, 63-67
components, 64
pressure, 63
Reynolds', 65-66, 97, 524
surface, 383
viscous shear, 66-67, 78
Structure
buoyancy length scale, 510
function, 330
definition, 300-301
example, 302
method, 431
parameter, 300-301
Subcloud layer, 10
Subgeostrophic winds, 10
Subgrid scales, 420425
Subsidence, 85, 514
daytime mixed layer, 484-487
nocturnal, 106-107, 514-515
synoptic conditions, 9
Summation notation (Einstein's), 57
Summer solstice, 258
Sun angle, 258
Superadiabatic, 12
Supergeostrophic wind speeds, 15
Surface
based free convection, 572
convergence bands, 446
energy
balance, 253-256, 273
budget, 272-282
flux parameterization, 262
forcings, 2, 253
layer, 10
averaging, 37
mixture, 475
plumes, 443-446
scales, 67-68
similarity, 390
spectra, 391-393
stress, typical, 65
unstable, 441, 442-449
values for K, 208-210
measurements, 265
radiation budget, 256
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radiative flux, parameterization, 259
Rossby number, 270
roughness, 512
stress, 381-383
well-watered, 277
Synoptic variations of BL, 9, 10, 32,33

T

Tank
experiments, 19, 425-426
towing, 426
Taylor's hypothesis, 5, 6
TDBU diffusion, 458
Temperature
cycle, diumal, 610
daytime, 104
distributions, joint, 463
gradient, 5, 384
instruments, 407
inversion, 13, 449
max/min, 21
measured, 514
potential , 7, 13, 16, 17, 217, 218, 460, 546
profile, 284, 285, 500, 566--568
scale, 67-68, 356
sensors, 407
tendency, 238
variables, 546
variance budget, 131-133
variations, 2, 7
Tennessee, 46
Tensor, 50
alternating unit, 57
compare, 61
summation notation for, 57
Terrain slope, 534-547
Tetens' formula, 275-276, 551
Tethered balloon (kytoon), 415
Tetroon, 414-416
Theory
closure approximations, 199, 204
closure problem, (see Closure problem)
similarity, 19
Thermal
diffusivity, 284
internal boundary layer (TIBL), 596-599
conveclive, 599-601
depth, 600, 601
growth of, 599
stable, 601
structures, 461
waves, 477
wind, 522-524
Thermals, 4, 12, 13, 169, 461-467

cores, 465
effects of, 156
idealized, 12,461, 462, 465
Thermistor (thermometer), 407
Thermocouple (thermometer), 407
Thermodynamiic
clouds, for, 545-555
method for ML growth, 454-456
graphical, 473
state and water content, 548
Thermometers, 407
Third-order closuare, 224-225
Thunderstorms 3, 4, 22
TIBL depth, 600
Time
average, 35
period, 27
scales, 356, 509
series, 295-345
of divergence, 448
of heat flux, 54
of wind, 30
TKE (see turbulence kinetic energy)
Top down/bottom up diffusion, 368-369, 458-459
Topographic
effects, 587-618
model, 588
Total derivative, 6
Tower, instrumented, 5, 414, 415
Towing tanks, 426
Trade-wind
cumuli, 566
inversion, 566, 567
Transfer coefficients, 265, 267, 268, 269, 389
Transilient
matrix, 226-227, 229
mixed layer models, 460-461
mixing rate coefficient, 237
turbulence theory, 225-240
a-priori method, 234, 241
boundary conditions, 211
closure, 234-236
constraints, 228-229
discrete form, 225-236
continuous form, 237-240
flux, 229-230, 338
process spectrum, 339
rate coefficient, 237
transport spectrum, 338
Transition between [BL and PBL, 598
Transmissivity,
paramelerization, 257
Transport
processes, 1
spectrum, 337-338
turbulent, 4, 160-162
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velocity, 261 TKE budget, spectral, 167

vertical, 22 Turbulent
Triple correlation, 198, 218 departures, prognostic egs. for, 115
Tropopause, 1 diffusivity transfer function, 240
Troposphere, 1, 2 flux, effective, 54, 251, 509
Turbulence kinematic flux, 229

as category of wind, 3 mixing term, 240

bulk, 504, 512 transfer coefficient, 204

clear air, 4 transport, 152, 160

classification, 509 wakes, 4

closure problem, (see Closure problem) Turbulent structures, idealized, 412

continuous/contiguous, 511 Turbulent wake layer, 610

convective, 426 Two-layer approximation, 285

decay, 14 Two-layer force response model, 286

discontinuous, 513 Two-layer force restore method, 287, 288, 289

equations, (second-order), 220

ergodic, 38 U

flux, 54-56, 251

frozen, 5-6 ue ("u star"), 66, 283

gustiness, 4, 22

homogeneous, 36

hysteresis, 176

intensity, 42-43

interaction with the mean wind, 168
mean flow in, 87-97

(also see Friction velocity)
Undular bore, 534
Unresolved waves, 321
Unit vector, 57
Up-incline, 591

mechanical, 158-160, 426, 572 Updrafis, 466446 47
nonlinear interactions, 4 Curtal_n 5, :
paichy, 512 velocity skewness, 462

Upward longwave flux, 508

signature, 29 Upwelling, 213, 256

spectrum, 4, 166 e
stationary, 38 U rb?nd.lamn, 256
statistics, 44
transport, 160-162 boundary layer, 612
trigger, 176 canopy layer, 612
wave interaction, 528 canyons, 607
Turbulence kinetic energy, (TKE) divergence dipole, 598
29, 45-47, 151, 153-156 heat island, 609-612
advection, 152 plume, 609-612
budget, 152, 155, 156, 166
surface layer, 182 V
buoyant production/loss, 155, 158
definition, 45-47 Valley
dimensionless form, 156 floor, 591
dissipation, 164 inversion, 590
equations, 214 wind, 588, 591
spectral decomposition, 340 diurnal evolution, 589-592
spectral representation, 341 Vanes, 408
turbulence, 532 Variance, 362, 370
flux, 160 biased, 42, 312
mechanical production, 166 budgets, 120-134
models, 480 cloudy, 569
pressure correlation, 152, 162 co-, temperature-moisture, 224
shear production, 152, 158, 160, 166 equations, 215
stability, effect on, 169 explained by component n, 312, 336

storage, 152-154 explained by wavelength, 389
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explained by waves, 312
flux, range of, 569
humidity, 129-130
prognostic egs. for, 119
parcel displacement, 207
stable boundary layer, 501
temperature, 131-133, 215, 218
total, 313
unbiased, 42
velocity fluctuations, 313
vertical velocity, 125-127, 374-376
Vector, 51
operations, 61-63
summation notation for, 57
unit, 57
Velocity
entrainment, 262, 476-480
scales, 355
variance
budget equations, 124-128
variation, 125-128
vertical
probability density, 462
joint distribution, 463
Velocity-azimuth display (VAD), 483
Venting mixed layer air, 471, 563
Venturi (anemometer), 408

Virtual potential temperature, 7, 13, 16, 17, 131-

133
derivation, 645-648
dry static energy, 547
evolution, 16-19
example, 8
Viscosity
bulk, 65, 78
dynamic, 65
eddy, 204-206, 210
kinematic, 66, 78
molecular, 205-206, 251-252
neglect of, 93, 97
valug, 93, 206
Viscous
dissipation, 122, 152
shear stress, 66, 78
Volume average, 36
Von Karman constant, 181
Von Karman voriex street, 607-608

W

wa ("w star™), 118
Wakes
turbulent, 4, 602
urban layer, 612
Wangara, 105-108, 129, 218, 131-133

138, 141-144, 218
Water Variables, 546
Wave
buoyancy, 7, 131, 473, 526-534
convection, 476
displacement, 530
frequency, internal, 530

gravity (also see buoyancy wave), 125, 501

drag, 263, 603

KH (Kelvin-Helmholtz), 12, 172, 174, 474

linear theory, 529-531
multiple, 327
nonlingar, 531-532
occurrence, 3
pericd, 527-528, 531
perturbation analysis, 530-532
phase averaging, 531
pressure correlation, 162
simple, 319, 320
spectra, 532-534
thermal, 476
unresolved, 318, 321, 323
Wavelength, 6
Wavenumber
definition, 6
horizontal, 530
integral over, 240, 241, 341
of the eddy, 240
Wax thermostat (thermometer), 407
Weather stations, 16
Weighting factor, 311
Well-mixed layer, 448
‘Well-watered surface, 277
White noise, 322, 325
Wind, 3
along valley, 591
anabatic, 588, 590
angle, 13, 213
anti-mountain, 591
anti-valley, 591
budgets, 109
categories, 3
change-in-roughness, 597-598
cross
isobaric flow, 13, 22
valley flow, 588
drainage, 16, 534-536, 587, 591
examples, 97
ficlds, 446 .
geographically-generated, 587
geostrophic, 13, 15, 22, 269
gusts, 35
katabatic, 16, 588
local, 587
logarithmic profile, 13, 376-378
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low-level jet, 15, 520-525

mean horizontal, 4-5, 106

mean vertical (see Subsidence)

mountain, 591

power, 21, 23

profile,
log, 376, 597-598
diabatic, 384-386

sensors, 408

shadow, 604

shears, 4, 15
dimensionless, 183, 189
observations, 384

slope, 588

speed, 5, 6, 30, 32, 34, 377, 382, 521
up, 604, 606
profiles, 500
variation, 30, 376

stress, 23

subgeostrophic, 13

supergeostrophic, 15

trace, 30

tunnels, 19, 426-427
simulation, 605

turbines, 21, 23

valley, 588, 591

vane, 409

variation, 216

‘Windstorm, 607
Wisconsin, 78

Z

Zero-order closure, 203, 348
(also see Similarity theory)
Zeta (z/L), 181, 192
z; (top of mixed layer), 10, 12, 13, 118

Z-less scaling, 358, 502, 513



