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Conceptual Model of the ABL—review

I Free atmosphere

PBL Structure
Surface Fluxes wind, T, q profiles
latent sensible
heat heat

momentum
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horizontally homogeneous
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Turbulence
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Zo - surface roughness




Vertical Layers—review

Free atmosphere: pressure gradient vs. Coriolis

PBL height , __ _
(~1km) Ky
Outer BL: Outer (Ekman) tayer

pressure grad vs. Coriolis vs. friction
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~ e e i i i e Sl e it e i
(~100 m) (z=01h) X A
Inner BL (surf | ): Inner (surface) Inertial
€ surtace efye_r ] layer sublayer
pressure grad vs. friction _l
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Turbulent fluxes vary by <
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height
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Garratt (1994)



Vertical Layers—applying stability

Free atmosphere: pressure gradient vs. Coriolis

PBL height , __ _
(~1km) kY

Outer BL: Outer (Ekman) tayer
pressure grad vs. Coriolis vs. friction

<€/
(~100 m) T S —— -

Inner (surface)

Inner BL (surface layer): layer

pressure grad vs. friction

el D — ——

Obukhov Scaling

applies in surface layer
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sublayer
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(Review) Logarithmic Wind Profile (neutral)

ft: QKM %’%; write as dimensionless shear
€Uu2=€\<u4?:d_k1 kdU 1
dz u, dlinz
U U MO Similarity Hypothesis
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W)= Us lnz + C s=const
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Logarithmic wind profile (Law of the Wall)
Adjust Winds at Neight z, to height 2,
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... otability in the Atmospheric Boundary Layer

Free Atmosphere

Entrainment

Cloud Layer Capping Inversion

Zone
Entrainment Zong
é 1000
= .
o Convective Residual Layer
3 Mixed Layer

Convective
Mixed Layer

Surface Layer

! !

Noon Sunset Midnight Sunrise Noon
S1 S2 Local Time S3 54 S5 S6

FIGURE 1. Schematic of the structure of the atmospheric boundary layer in high pressure regions over
land, showing daily variations. SOURCE: Wikimedia Commons.




There are other types of inversions— Trade Winds
Nonhc

Pole

ON THE STRUCTURE OF THE TRADE-WIND MOIST LAYER 17
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Range Height Indicator Scan 4 March 2013 0910:05 UTC
Azimuth = 750

Kahuku Wind Farm (Oahu

inversion
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Mean and Turbulent Kinetic Energy
MKE/m = L] (Uz + "\72 + Wz) Mean KE
2
2

e = _%_(u'z + v' o+ W'2) Instantaneous KE

Turbulent Kinetic Energy

1({ 2 2 2 -
= —|lu’ + v + w = e




Turbulent Kinetic Energy Budget
(Stull Ch. 5)

I I I11 IV \% VI Vil

Buoyant Production Mechanical/Shear Turbulent Pressure

Storage Advection Or consumption Production/Loss Transport Perturbations

Dissipation



Stability enhances or suppresses turbulence (and fluxes)—
determines the capability for buoyant convection

unstable
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4— note higher vertical scale
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R “dag, (km) Lidar images of the aerosol-laden boundagolayer. obtained during
the FIFE field experiment in Kansas. (a) Convective mixed layer
2, - observed at 1030 local time on 1 July 1987, when winds were
B i ®S. generally less than 2 m/s. (b) Slightly-stable boundary layer with
shear-generated turbulence, observed at 530 local time on 7 July
1987. Winds ranged from 5 m/s near the surface to 15 mvs near the

t? of the boundary layer, Photo&r)aphs from the Univ, of Wisconsin
lioar are courtesy of E. Eloranta, Boundary Layer Research Team.
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Fig. 517 Static stabiiitiy as a function of the 8, profile
Dotted lines denote parcel movement.

* measure of capability for convection

e considers buoyancy only (does not consider wind/mechanical turbulence)

* |ocal lapse rate (stability) insufficient - need the look at the whole profile or measure the

buoyancy flux

Stull 1988



Static Stability
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* measure of capability for convection
e considers buoyancy only (does not consider wind/mechanical turbulence)
* |ocal lapse rate (stability) insufficient - need the look at the whole profile or measure the

buovancy flux
’ ! Stull 1988



Static Stability

0 @ L © 2y O
!
Unknown Unknown Unstable
{
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* measure of capability for convection
e considers buoyancy only (does not consider wind/mechanical turbulence)
* |ocal lapse rate (stability) insufficient - need the look at the whole profile or measure the

buovancy flux
y y Stull 1988



Static Stability

(h) (i)

r 4 Z
Sta ble Stablo
Unstable Unstable - Unstable
0, 8y 0,

* measure of capability for convection
e considers buoyancy only (does not consider wind/mechanical turbulence)
* |ocal lapse rate (stability) insufficient - need the look at the whole profile or measure the

buovancy flux
y y Stull 1988



Stability enhances or suppresses turbulence (and fluxes)

unstable neutral stable

(km) (km)
°"-.‘ Unstable 2 Neutral ¢ Stable

:
: . 70%
" 4=12' | SC Clouds

0 1 '4L. 0 1 2 4
TKE/m (m %/ 8%) TKE/m (m %/ 8%) TKE/m (m* 8%)
(a) (b) (c)

e TKE is suppressed during stable conditions
* confined to shallower layer near surface Stull 1988



Richardson Number, Ry

Dimensionless ratio of buoyant suppression of turbulence to shear generation of turbulence.

buoyancy forcing

R ~ ,
Eddy diffusivity analogy to molecular diffusion: shear f OI'ClIlg
momentum T — _,0 U w ox —
0z
3T We can define different Richardson numbers....
e all ——
heat H = pprT X a— g 00,
Z —
. 9. 0z
Gradient %dno\.rclwnj K, R = —
o oU \2
yancy weo

v 0z



(Gradient) Richardson Number, R

K < e  Zonsexr of turbulence

K> e = tubulent o lawmwnay

QC. = O'L\ 0.L G gh\lg-l'e(eg\j

Rr = )

\_AMINAR
I
R _7\ l} Kr = |
JukeULEN T l‘ LAM|NAR (ﬂo _1_‘”\336() E?Dlj{lom
(trigaer - existiny |
fucbilence) VIR T-R1-
(Kd onset - ’TF\33€(>

|
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Problem B: Given a fictitious SBL where (g/8,) = 0033 m 52 K-1, 9U/0z = [u, /
(0.4 2)] s}, u, =04 m/s, and where the lapse rate, ¢,, is constant with height such that

there is 6°C 0, increase with each 200 m of altitude gained How 9¢cp is the turbulence?

Proolew B P |0

Gwen: g/Qy= 0.033wms I
VU/oE= Uk/odz s
Upr= O w ¢~
lopse rate tonstant @ 16 C / 200m (S)‘&Hb




below 1S
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Introduce the Bulk Richardson Number Rp

Bulk Kichard son

o 3rﬁd\€f\+s V\O‘l‘ O\\WC_\-{ S O\VC(\:\qlol{
* Approxiwiate 9vridients LFrom dvsoate

MecaSUremen S
28y ~ 2By , U~ A
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&y ( 244V’

"(:or H’\\N\lf \ml&r& RL =0.15S
e Yhicleer \a»lu-s average 0Vt Smcl{m’rs



Ri time-height section
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Height (m)

21 3 6 9
| Time (h)

ig. 5.20 Example of the evolution of local Richardson number with height and
time during one night. Regions with Richardson number less than
1.0 are shaded, and are likely to be turbulent. After Mahrt (1981).

e Qgrey areas turbulent
* Ri>1 so stable yet sufficient shear for turbulence
e near surface turbulent stable layer

Stull 1988



Stability —introducing the Obukhov Length (L)

- >
l_. - @_Q_V__QLL O 'OU\Q\/"UV LCV\D‘H\ Don’t forget that minus (-) sign!
‘31( (W'e;l I

hear forci
I~ shear forcing

buoyancy forcing

LLO pnstable
LYo Stuble

f

@y >0, L<O pnstable

w
* W'y <0b LYo Stauble

J

. buoyancy forcing
R~ —M————

shear forcing



-
L = = QV_U’_I:* meters
§l< (W Gv 'y

* | negative during daytime
(unstable) and positive at night
(stable)

e larger L magnitude corresponds to
more shear and/or less heat flux

| blows up when surface heat flux
transitions pos/neg or neg/pos

Physical interpretation: scale height
where buoyancy dominates over shear

Obukhov Length

200

150

100§

- 100

| 150 ' A

0 3 12 18 0

. m——tﬁw—_._ﬁm -

Local Time (h)

Fig. 5.21  Typical ranges of Obukhov length (L) evolution over a diurnal cycle.

Stull 1988



Similarity Example— dimensionless variables to collapse curves

0
we' /wo'

Fig. 9.1 Raw heat flux data from a simulation of Wangara Day 33 (a) repiotted
in a dimensionless framework (b). The empirical straight line estimate
from similarity theory is also shown in (D).

e soundings of buoyancy flux at different times of day

* profile structure: positive at surface, decrease linearly with height, goes slightly negative, returns to zero
 normalizing height and flux collapses curves

* seeking “universal” relationships Stull 1988



Obukhov Length—relate to TKE Equation

Obuldhov Leng i 152 BOUNDARY LAYER METEOROLOGY

Normralize TKR oy dwidiig by _ug
IKE

€ = Us/ke (50"":6\(2, (ajer>

TermI  represents local sforage or tendency of TKE
K= Von Karmiun$ Comstant = 0.4 Term II___describes the advection of TKE by the mean wing
| is the buoyant production or consumption term. It is a

S+A = -kz a (w 8v> 4+ kz(V ( ) EU + k2 E, ’ production or loss term depending on whether the heat flux ui'Gv' is
Ov u* L(:t ot 'U\q- positive (during daytime over land) or negative (at night over land)
I TV VI is a mechanical or shear production/loss term.,The momentum
) flux ui'uj' is usually of opposite sign from the mean wind shear,
Teem TIL because the momentum of the wind is usually lost downward to the
; = Z - -kz 9 WRN dimensinn less groupd: Thus, Term .IV rf:sults in a positive contribution to TKE when
— multiplied by a negative sign.
L By U represents the turbulent transport of TKE. It describes how TKE
is moved around by the turbulent eddies uj'

° % is k.\-' L1 ¥ Bre. Té€ prreiaiion ierm at desCribes now . 18
v redtstnbuted by pressure perturbations. It is often associated with

e TGN f’) Yermg Uniks LC“ f))"\" oscillations in the air (buoyancy or gravity waves).

Term VII represents the viscous dissipation of TKE; ie., the conversion of
TKE into heat



Monin-Obukhov Similarity, z/L

e MO Similarity accounts for relative importance of shear (mechanical
turbulence) and buoyancy in the generation of turbulence and affects on
surface fluxes and surface layer profiles

e z= height above the surface

e ratio z/L is dimensionless

e can be described as a surface layer scaling parameter
e when z/L is small, buoyancy is less important

* as z increases, buoyancy increasingly important



Diabatic (hon-neutral) wind profile
nevtral @ =1

V(@)= U Wz/z)  logwnd profile
3 “Vaw of Hae wall”

¢ for non-Nevtral (A‘OL\DO-*':Q ¢m#l
¢M: 0, (Z-/L) Sutfuce layer

) %(z’:@ determined ew\P\}-tm\\j



20 w] e

where the function Y(z/L) is given for stable conditions (z/L. > 0) by:

Vp (%) " “'Z - (9.7 5h)
and for unstable (z/L. <0 ) by:
1+ 2
Vm (-E) - -ZIn[( 2x)] - ln[(l;x )] 4 Ztan"(x) 121 (9.7 51)

where x =[] - (ISZ/L)]IM



\N\v\.A Pro(—i\(
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U(z}agg_(\n 2z -\—l[/m(?:/:.)>

K 2y

: LPVV\ =0 V\QU‘\’((A.\

Yo (RIL) Stable, uns

How @ relationships are used in
stability

Integrate ®m(z/L) to get wind profile

(a)

7

-u‘ole g(‘OW\ P«vISDV\ (H—]Z)

- °l/4

for % > (0 (stable)

for {- =( (neutral)

for -E-<O (unstable)



Obukhov Length
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Relationship between Ri and z/L

Unstiable BL

-

25

10

e e e e -

2 C(0.74 + 4.7C

20 2 30 3
! C='E'
Fig. 5.23
The dependence of the

Richardson number on Z/L in
the surface layer. Solid lines

corr nd to the equations,
while :ge shaded reglon

Indicates the range of values
observed in the data. After
Businger, etal (1971)

A -



Diabatic Wind Profiles

1 km
100 m
Fig. 9.5 1om
Typicalwind .
speed profiles  §, ,
vs. static o -
stabilityinthe X
surface layer 10 em
lemp{”
 mm |
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/ e
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\ &
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.
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f e e T
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Wind Speed (m/s)

17

12

Stull 1988



Putting some things together....



t ASRC Roof, 09/25/2017
Filled Contours: Wind Speed
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Can you predict when surface inversion will erode?
A homework problem!

LiDAR Wind and Vertical Velocity Time-height Cross Section at ASRC Roof, 09/25/2017

One Full Wind Barb =6 - 10 m/s Filled Contours: Vertical Velocity (m/s) T k 1 973
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Note: most flux stations in grassy areas—using Schuylerville here (previous slide)



Can you predict when surface inversion will erode?

Height (m)

1000 1500 2000 2500 3000

500

A homework problem!

LiDAR Wind and Vertical Velocity Time-height Cross Section at ASRC Roof, 09/25/2017

One Full Wind Barb =6 - 10 m/s Filled Contours: Vertical Velocity (m/s)
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Note: most flux stations in grassy areas—using Schuylerville here (previous slide)

strength, what is t?



