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Reynolds Stress

Stress
Force per unit area (e.g. dyne cnt?2 or g cm1 s2)

Reynolds stress

Stress that causes a parcel of air to deform during turbulent
motion of air

Fig. 8.1. Deformation by vertical momentum flux wai¢
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VAN

Stress from vertical transfer of turbulent u-momentum

t x =T aWG (81)

ZX = stress acting in x-direction, along a plane (x-y) normal
to the z-direction



Momentum Fluxes

Magnitude of Reynolds stress at ground surface
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Kinematic turbulent flux terms
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Heat and Water Vapor Fluxes

Surface vertical turbulent sensible heat flux

Hp= racp,d(wThgc)S (8.3)

Surface vertical turbulent water vapor flux

Ef = ra(qu\g;)S (8.4)



Surface Roughness | ength for
Momentum

Height above surface at which mean wind extrapolates to zero

0 Longer roughness length --> greater turbulence
0 Exactly smooth surface, roughness length =0
0 Approximately 1/30 the height of the average roughness

element protruding from the surface

M ethod of calculating roughness length
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Parameterizations For Surface
Roughness L ength for Momentum

Over smooth ocean with low wind speed

Zom » 0.11ng/ t (8.6)

Over arough ocean with a high wind speed (Charnock relation)

Z)m>»a Cu*2 / g (8.7)

Over urban areas containing structures

Zo,m » 0.5heS/ Ao (8.8)



Roughness L ength for Momentum.

Canopy Height, and Displacement

Height
Table 8.1.
Surface Type Zo,m (M) he (M) | de (M)
Smooth sea 0.00001
Rough sea 0.000015-
0.0015
Ice 0.00001
Snow 0.00005-
0.0001
Level desert 0.0003
Short grass 0.03-0.01 0.02-0.1
Long grass 0.04-0.1 0.25-1.0
Savannah 0.4 8 4.8
Agricultural crops 0.04-0.2 0.4-2 0.27-
1.3
Orchard 0.5-1.0 5-10 3.3-6.7
Coniferous forest 0.28-3.9 10.4- 6.3-
27.5 25.3
Tropical forest 2.2 35 29.8
2500 m2 lot w/ a building 8-m| 0.26 8
high and 160 m? silhouette
25000 m? lot w/ a building 80-| 5.1 80
m high and 3200 m? silhouette




Roughness L engthsfor Heat and
Moisture

Surface roughness length for heat

_Dp

Surface roughness length for moisture

D
== 8.9
20y KU (8.9)

Molecular diffusion coefficient of heat

Dy, = _Kg (8.10)
MaCp,d

Molecular diffusion coefficient of water vapor

__ 3 |RTmg&m, +m,0 (8.10)
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Fluxes From Bulk Aerodynamic

Formulae

Vertical kinematic momentum fluxes

(waid), = - Cofon(z)[alzr)- olzo,m)

(Wq)s =- Cplvn (z )|[\7(Zr) - Y(zom )]

Vertica kinematic heat flux
(werg), =- Cnlwn ) o (z )- av(zo, )]
Surface vertical turbulent sensible heat flux

Hf » raCp dCH |Vh (Zr )|[av(20, h) - Qv (Zr )]

Vertical kinematic water vapor flux
(werg), =- Celn(z )| av(z) - av(zo)|
Surface vertical turbulent water vapor flux

Ef » raCelvh(z )| av(20.v)- ()

(8.11)

(8.11)
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Eddy Diffusion Coefficients From Bulk
Aerodynamic Formulae

Eddy diffusion coefficients for momentum from K-theory

W o
Km,zx = - M » CDl\_/h (Zr)l(zr - ZO,m) » - M = Km,zy

To/91z T/Mz
(8.15)
Eddy diffusion coefficient for heat from K-theory
(weg),
Khzz =- W » CHth(Zr)l(Zr - ZO,h) (8.16)



Smilarity Relationship

Dimensionless wind shear

f—lfl == (8.17)

Parameterization of dimensionless wind shear from field data
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|ntegral of Dimensionless Wind Shear

Integral of the dimensionless wind shear
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M onin-Obukhov L ength

Height proportional to the height above the surface at which
buoyant production of turbulence first equals mechanical (shear)
production of turbulence.

) u? Qv _ UgEIv
ko(werg)_ koo

(8.21)

Vertica kinematic heat flux

(qu\c;)S » - Us (8.22)



Potential Temperature Scale

Dimensionless temperature gradient

fh, 2z Jy
" » 3 1z (8.23)

Parameterization of dimensionless temperature gradient
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.;..Prt TZ_ =0 neutral

Integrate (8.23) fromzp ,, to z,

O = k[(_q\,(z;)- avﬁjo ) (8.25)
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|ntegral of Dimensionless Temperature
Gradient

Integral of dimensionless temperature gradient
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Scale Par ameterization

Friction wind velocity

K (z )
" W zom) "

Potential temperature scale
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Example Problem

Zo.m =0.01m
Zn ~ =0.0001m
uz) =10mst

av(z) =285K

[on (2 )
Rip
Gm
Gh
U
e
L
< - volz)
= (e (m0112)
Cpe e
" (1au/1e)

Km, =/ Kh,zz

Pr¢ =0.95
k =04
v(z,) =5msl

Qv(zon) =288K

=11.18 msl

=-8.15x 103
= 1.046

= 1.052
=0.662 m st
=-0.188K

=-169m

=0.39m?s?

=0.41m?sl

=0.95



Gradient Richardson Number
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Table 8.2. Characteristics of vertical flow of air for different
values of the bulk or gradient Richardson numbers.

Vaueof Ripor Rig[ Type of Level of Turbulence |Level of Turbulence
Flow Due to Buoyancy Due to Shear

Large, negative Turbulent Large Small

Small, negative Turbulent Small Large

Small positive Turbulent None (weakly stable) Large

L arge positive Laminar None (strongly stable) Small

Laminar flow becomes turbulent when RIi g decreases to less than
the critical Richardson number (Ri;) = 0.25

Turbulent flow becomes laminar when Rig increase to greater
than the termination Richardson number (Ri1) = 1.0




Heat and Water Vapor Fluxes From
Smilarity Theory

Vertical kinematic heat flux
(waig)_ =-
Surface vertica turbulent sensible heat flux

Hsf » racp,d(wct]\gt)s =- T aCp, du+g* (8.31)

Vertical kinematic water vapor flux

(werg)_=- v

Surface vertical turbulent water vapor flux

Ef = ra(wcq\gt)s =- I g (8.31)

Dimensionless specific humidity gradient

f
‘9_21q9
K "o 1z (8.32)
Specific humidity scale
k{Clv - Qv ZOV]
g* = > Iz (8.33)



Eddy Diffusion Coefficients From
Smilarity Theory

Substitute
(Waig_ = - Cpfvn (2 )[alzr)- Tlzo,m) (8.11)
(werd_ =- colwn (2 )[¥(z) - (zom) (8.11)
into
.. , ya
U = g(wmc)§+ (we 5‘5 (8.5)
Solve for drag coefficient
W2
xe " (0]
Cp = +
> "ol ls
Substitute drag coefficient into (8.11)
(weig)_= L uzr) (8.35)
S* n(z) |
— u?
(wag)_=- V(z) (8.35)

Vh (z )



Eddy Diffusion Coefficients From
Smilarity Theory

Eddy diffusion coefficients as afunction of friction velocity
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(8.36)
Wind shear
¥l | _ 19nl
Tz z-7m
Dimensionless wind shear
fry_ 2 9|
—m_ <Nl
< w1 (8.17)
Combine expressions above
KZUk
m

kz = mixing length = average distance an eddy travels
before exchanging momentum with surrounding eddies



L ogarithmic Wind Profile

Dimensionless wind shear
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Logarithmic Wind Profile

Neutral conditions --> logarithmic wind profile

Uk z
Vh(z] =—In—— 8.45
Fn(e) = = (845

Fig. 8.3. Logarithmic wind profileswhen us =1 m s'1,
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Vertical Profile of Potential
Temperature

Dimensionless potential temperature gradient

fn, zfoy

2o (8.23)
Rewrite

Ty _ @ _ G (q

el kz[l (- 1)) (8.39)

Integrate --> vertical profile of potential temperature
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I nfluence function for momentum
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Vertical Profilesin a Canopy

Momentum
€ &.g4.0 - d.ab
(2] = ding = - y s (8.47)
Ka éZom g L g
Potential temperature
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Specific humidity
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Fig. 8.4. Relationship among dg, he, and zgm.
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Diffusion Coefficient Above Surface

For momentum under stable / weakly unstable conditions

.2 S
" K & k O u@2+8d3v52 Ri.- R
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For heat under stable / weakly unstable conditions

Km,zx » Kmzy » Prt Kh,z



Heat Conduction Equation

Heat conduction equation

Te__1 1z T

= — . 8.51
it I‘g(‘GﬂZ%SﬂZﬂ (8:51)
Thermal conductivity of soil-water-air mixture
K= maxgilse' logsoly ol 2-7,0.172;? (8.52)
Moisture potential
s, O 659
Yp=YpseT = D
% Wy g
Density x specific heat of soil-water-air mixture
rgCG = (1- Wg’S)I‘SCS +Wgl wCw (8.54)

Rate of change of soil water content

Twyg g€ &y, ou qe wg 0

o N5 o, 2=1% Mo, ¢ 8.55
89S TR TR (559




Heat Conduction Equation

Hydraulic conductivity of sail

Coefficient of permeability of liquid through soil

2w 2b+3

g .
Kg —Kgs@ =
gsz

Diffusion coefficient of water in soil
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— Wp_ bKgsYps®Ewg O
g~ "g - + -
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Rate of change of ground surface temperature
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(8.56)
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Rate of change of moisture content at the surface

eWVg,sg

(8.57)
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(8.59)
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