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—. Surface Roughness and Logarithmic Sublayer

Logarithmic wind profiles, u.=0.5 m/s:
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—. Surface Roughness and Logarithmic Sublayer

Aerodynamic bulk formula (r=0)c, v’

p-(u'w'), =T  surface stress Uz) =2 (Z)
Z
(u'w'), = ; 2 . 2 :
@, = 10 :
X -~
Z, u, =
- 1Og(2)
T=p (uw),=p V@] Z
oo
<o T=p0" CD U

drag coefficient C,




] Surface Roughness and Logarithmic Sublayer

Drag Coefficient (C,)

2
T=0" CD U surface stress

T In practice the drag coefficient is given usually
(u'w'), =— with respect to the wind speed at z=10m and
P for neutral conditions (Cpy10)

Typical values of the drag coefficient over the land are
significantly larger than over the water

Cp jang = 7%10

CD waterz 11 0_3




] Surface Roughness and Logarithmic Sublayer

Transfer Coefficients

° ' ' — o ° 2
T=p0 (Lt w )S =P CD U bulk formula for momentum

P (W'd')s =0 Ca . U(Z,,) . [CZO — a(zr)] bulk formula for scalar ‘a’

transfer coefficient for moisture

P (W ) =0 C U(Z) [ Q(Zr)] bulk formula for moisture

transfer coefficient for heat

p-(w8),=p-C, Uz) [60 _ H(Zr)] bulk formula for heat




—. Surface Roughness and Logarithmic Sublayer

Transfer coefficient over water surfaces
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Cyn % 103
Cen X 103
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Fig. 4.9 Drag coefficient Cpy, heat transfer coefficient Cyy and water vapour transfer
coefficient Cgn as functions of the 10 m wind speed. Curves A are for smooth flow: solid
curve Cpn (Eq.4.22); pecked curve, Cyn (Egs.4.10 and 4.26a); dotted curve, Cgn
(Egs. 4.11 and 4.26b). Curves B are for rough flow: solid curve, Cpn (Eq. 4.23); pecked
curve, Cyn (Eqs. 4.10 and 4.27); dotted curve, Cen (Egs. 4.11 and 4.28). Observational
data are from Large and Pond (1982).




] Surface Roughness and Logarithmic Sublayer

Transfer coefficient over water surfaces

T
+ C, (D)

45 o C,,(EC)
Smith [1980)
+=----- Large and Pond [1881)
ar — il [1988]
Charnock formula -~ Donsan tal. 1904
. x = = = Drennan et al, [1999b)]
35K % Donelan et al, [1987] Counter Swell| |
¢ Donelan et al, [1997] Wind sea

ZO=O . 0 1 6 U*/g afk { % S Rtk C,, (EC) Regression of this study | |
i ] i s . * .

TOGA-COARE formula
z,=0.11v/u.+ 0.016 u./g

Large and Pond (1982) formula '02- 5 ,:f‘.; A —|
Cp,p=12107, ford< V<11 ms'

. U, (mis)

Cpp=(0.4940.0657 }107, forlls V=25 m3'




] Surface Roughness and Logarithmic Sublayer

Transfer coefficient over water surfaces
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CD Coare i

4 .00E-03

Charnock formula 7 c0r.03 = CDLP

3.00E-03

z,=0.016 u./g

2.50E-03

CD

2.00E-03 +—

TOGA-COARE formula 1.50E-03

1.00E-03 1 e R P Ve
z,=0.11v/u.+ 0.016 u./g

5.00E-04 +—— 2 0

0.00E+00 +———F~ =" ——/—

0 1 2 3 4 5 6 7 8 9 10
Large and Pond (1982) formula Wind speed [m/s]

Cp,,p,=12:107, fords V<11 ms"

Cp.p=(0.49+0.0657 }107, forlls V=25 m3'




] Surface Roughness and Logarithmic Sublayer

Task 1

Knowing that the wind speed at 10m above the ocean surface is 12m/s
compute using Large and Pond formula:

-the aerodynamic roughness length (z,)

-friction velocity u.

-shear stress at the ground 1

-wind speed at 6m

(u'w"), = u;
T=p-(W'w),=p C, U

Cp,,p,=12:107, fords V<11 ms"

Cpp=(0.4940.0657 }107, forlls V=25 m3'




—. Neutral vs. non-neutral conditions

Is logarithmic profile universal?
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—. Turbulent scales and similarity theory

Velocity scales:

Q Friction velocity:
1

2 ——2Ta — o
U, = [u'w' +v'w' ] u’ = (u‘w‘) For one-dimensional case

O Convective velocity scale (Deardorff velocity):
1

_18°%

%

3
w6,

1%

z, — height of capping inversion (PBL height)
T, — virtual temperature
3 — potential temperture




] Turbulent scales and similarity theory

. Monin-Obukhov Length:
Lengih scales: Height proportional to the height
O Monin-Obukhov length L above the surface at which
O Stability parameter: ¢=z/L buoyant production of turbulence
O Height of capping inversion (PBL height): z first equals mechanical (shear)
0 Aerodynamic roughness length Z, production of turbulence.
O Height above the surface z
I —u’ B —u’ 4 I —u; Z, — hgight of capping inversion (PBL height)
kB Wk & (—4\ v~ virtual temperature
o W k (W Q)S 9 — potential temperature

_ —u; k — von Karman constant (0.41)
kL B,- surface buoyancy flux

B,=w'b,

For unstable atmosphere L < 0,s0(<0
For neutral atmosphere L—>,so0(= 0
For stable atmosphere L >0,s0( >0




] Turbulent scales and similarity theory

Length scales:

O Height of capping inversion (PBL height): z
U Aerodynamic roughness length Z,
0 Height above the surface z
0 Monin Obukhov length L

Lk -u
—I/t3 —u3 Z. = 3
L= LT W
kg(w'gv) we k when L-k=z So below z=L k mechanical production
§ s ’ (u*) dominates
u. =w,

z, — height of capping inversion (PBL height)
T, — virtual temperature

3 — potential temperature

k — von Karman constant (0.41)
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Universal similarity functions and eddy viscosities

Universal similarity functions relate the fluxes of momentum and sensible heat to
their mean gradients

b.(c)=F| 2 :
universal similarity " u. \dz) eddyviscosity K = —u'w U, u. k-z

function for momentum for momentum du ”*¢m(§) ¢m(§)
Iz k-z
k'Z 078 |
universal similarity 9:(¢) = 0 (a ) eddy viscosity - _ w0 w0 _u-kz
function for heat for heat 90 0.9,(s) $,(s)
07 k-z

¢,.(c) <1 for unstable conditions

b, ( g) =1 for neutral conditions

¢,.(c)>1 for stable conditions
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Other similarity functions

oU
0Z
Turbulent Prandtl number: ou  —u'w'
rt = =
Kh ¢m(g) _ —l/l3
B,=w'b'=—
L-k
Gradient Richardson number: -
b -w'b' u
(dl;) w'b! ) wo, o K LkK,
d B e e
Ri a i _Kh2 _L k4Kh _L f I;t*z =£¢—’; IRi|[<=1 shear production of sub-
du (u'w') U, . 9, L ¢, scale KE dominates
dz %2 K ‘uz’ |Ri] > 1 buoyant production

dominates




] Turbulent scales and similarity theory

Similarity functions:

O For momentum o¢,.;:

1

1+47¢  for 0O0=¢<1 (stable)

1

[1 - 16g]_4 for =2 < ¢ <0 (unstable)

¢, =1 1 for ¢ =0 (neutral)
1+ 5¢ for 0=c¢<1 (stable)

[1 - 15g]_4 for -2 < ¢ <0 (unstable)
=1 1 for ¢ =0 (neutral)

N

.

Y

Y

Note that for neutral conditions:

O =

dU
dz

1

k-z
u,

dﬁ_( U, )
dz k-z

So we come back to the logarithmic profile:




—. Turbulent scales and similarity theory

Similarity functions:
Q For heat ¢,;:

1

Pry(1-9¢)2 for-2<g¢ <0 (unstable) Pr\=0.74
¢, =1 1 for ¢ =0 (neutral)
Pr,+47¢  for Os=g<l1 (stable)

Y

f 1

(1-16¢)> for =2 < ¢ <0 (unstable) Pry=1

¢, =9 1 for ¢ =0 (neutral)
1+5¢ for 0=c¢c<1 (stable)

Y




—. Empirically determined similarity functions vs. stability parameter
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—. Eddy diffusivities as a function of Richardson number

For unstable stratification eddy diffusivity for scalars
is greater than for momentum (K,>K_ ) 4‘
i

1/ ¢y

For neutral and stable
stratification K=K,

—

1.0 0.8 -0.6 -0.4 0.2 o . 02
’
unstable stable




] Turbulent scales and similarity theory

In neutral or stable stratification ¢,=¢,, (1/K, =1/K,)

Pressure perturbations do not affect the eddy transport
of momentum relative to heat and other scalars Pr=1.

" 1 for ¢=0 (neutral)
" 1+ 35¢ for 0=c¢c<1 (stable)

1+ 5¢ for 0=c¢<1 (stable)

" _{ 1 for ¢c=0 (neutral)}




] Turbulent scales and similarity theory

In unstable stratification ¢,<¢_, (K, >K, )

Eddy diffusivity for scalars is more than for momentum
(universal similarity function for momentum (®_,) is
greater than for scalars (®,)).

P, = { [1-16¢] 4 for 0=¢<l (stable)}

@, = { [1-16¢] > for 0=¢<l (stable)}




] Conversion between stability function () and Richardson number (Ri)

(Ri for -2<Ri<0 (unstable))

= < ; >~
> " RSZR' for 0=Ri<0.2 (stable)
. 1-5Ri

Limiting cases:
1.Neutral limit: ®_,, ®,, > 1 as (>0 logarithmic profile

2.Stable limit: z-less scaling stable buoyancy forces tend to suppress eddies with a
scale > L:

K = k(;t*z « (velocity) x (length) < u.L => ¢ % —c ¢ « % —c

m

3.Unstable limit: eddy viscosity scales with the buoyancy flux

1 Y 1
K e (B2 g, 2] < (e

K

e, Uy




] Turbulent scales and similarity theory

Wind and thermodynamic profiles

O For all cases we can use one formula with stability correction function defined below:

o %) [lg(zz) i

W,, — stability correction function  _
L — Monin-Obukhov length v, = [[1-¢, (c)}s'/¢
0

4.7z Z
or —>0 stable
(42 -
Y, =1 0 for %= 0 (neutral)
I+ x 1+ x 1+x’ 1 T Z
—21In]——|-In —In|—— |+ 2tan (x) - 5 for T <0 (unstable),




—. Neutral vs. non-neutral conditions

Stability-corrected profiles

A A # Neutral
B 100 4 -
- /
100 + 10 4— :
E L E |
N
£ [ 2 1T :
B N -
5 50+ k= |
(0]
I — T
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—. Neutral vs. non-neutral conditions

Stability-corrected profiles
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—. Neutral vs. non-neutral conditions

Do we really have to take care about stability?
Air temperature and SST for buoy 46013 (July 2009)
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—. Neutral vs. non-neutral conditions

Stability-corrected profiles

Wind F)’OTI les for different aImospherlc stabilities
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—. Effect of atmospheric stability on drag coefficients

Stability-corrected/Nevutral drag coefficient as a function of stability

v -

Co/Con @ ClCon
15k I 1.5
10°
I |
1 1 1 -1 0.5 0 0.5 1
- -0.5 0 0.5 | Y/
unstable stable unstable staﬁle
=> <€ =>

Fig. 3.7 Values of (a) Cp/Cpx and (b) Cy/Cun as functions of z/L for two values of
z/zo as indicated. In (b), the solid curves have zg = zy, and the pecked curves have
zo/z1 = 7.4 (see Chapter 4).




—. Effect of atmospheric stability on the drag coefficient C

Drag coefficient vs. wind speed for buoy NDBC 4613 June 2001
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] Turbulent scales and similarity theory

Wind profile in non-nevutral conditions:

(1 For stable conditions:

e
ST N

14|

Py =1

22y
[u(“'zz) .

dU

k-z
U,

dz

0

BRSO R S

(neutral)

£ <0 (unstable)
L

(stableq

g




] Turbulent scales and similarity theory

Wind profile in non-nevutral conditions:

Q For unstable conditions: " =[1- 15_z)]4=(ﬁ)@
_ 1 Y L u. | dz
a0 _(w\ [ (152 o
dz \k-z) | UL 1+( ‘LZ) for %>o (stable)
1 Z
_ . 15 - 4 ¢, =1 1 for —=0 (neutral) ;
-5 =
k-z L TESE .
ll—(T)] for Z<O (unstable)

ﬁ(z)=(£)-< 4(1-153)4 + 1og(1-153)4 -1]- 1og(1-155)4 +1|-2 arctan (1-153)4 >
L L L L




—. Universal wind profile formula based on scale parameters

Final result: stability-corrected profiles:

_ y 7 z (but we need Monin-Obukhov length L) [ =% %
U(z)=|—]||log| = |+, | =
© (k) g(zo) wM(L)

A # Neutral
- @ 100 1 /o
— § Neutral 1 |
0T - i I

N B Unstable jif 7 N |

3 50 - Stable 2 | |

3 —

T B N 0.1- Unstable |
B |
| 2, |
L 0.01 ! -

0 VL

Wind Speed, V



—. Turbulent scales and similarity theory

The End




