Lecture 4: Surface Parameterizations

Announcements
e Homework on Boundary Layer Module
e due: Monday Feb 6t
e returned: Monday Feb 13t
e guestions on homework: by appointment
e Readings: Stull Chapter 7
e Midterm exam: Monday March 6t

Today’s Lecture
1. Bulk aerodynamic formulas

2. Drag coefficients, surface roughness
3. Energy Balance
4. NYS Mesonet—wind profiles

1 February 2023
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About that Problem
Number 4....

Make sure you convert flux units (VW m-2) given
in the time series to kinematic units (ms-! K)

Hint: see Stull pages 47 -50!



Conceptual Model of the ABL

Free atmosphere
------------------------------------------- Turbulence

PBL Height

PBL Structure

wind, T, q profiles

Surface Fluxes

latent sensible /l
momentum heat heat At/

Vo3

AAAAAAAAAAAAAAAAAAL 2 - surface roughness

horizontally homogeneous
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Stability enhances or supresses turbulence
(and fluxes)

Stable Unstable

Turbulence, R.W. Stewart (1968)
6 Photos: J. Freedman




Stability enhances or supresses turbulence
(and fluxes)

Stable Unstable

' 2021 -13°F

Turbulence, R.W. Stewart (1968)

6 Photos: J. Freedman



Stability enhances or supresses turbulence
(and fluxes)

Stable Unstable

Lake 30 January 2021 -13°F

Turbulence, R.W. Stewart (1968)

6 Photos: J. Freedman



Stability Parameters

Gradient Ri Obukhov Length
(9/6,) 80,/0z 0, u;,
R’i _ g (¥ (V) L — [ *
(OU /8z)? gk (W'@),
Ri buoyancy forcing I shear forcing
I — ~ :
shear forcing buoyancy forcing
e predicts turbulent/laminar flow * requires turbulence

e applies any height in PBL e applies near-surface layer



Monin-Obukhov Similarity, z/L

e MO Similarity accounts for relative importance of shear (mechanical turbulence)
and buoyancy in the generation of turbulence and their effects 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
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Law of the Wall
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Bulk Flux Parameterizations

PBL height b B R R T e e P
(~1km) k3

Outer (Ekman) tayer

r<h
- s R RSN S P SN
(~100 m) (7=01h i
Inner (surface) Inertial turbulent transport
surface layer ~ constant flux layer layer | sublayer
o 0l e ' e i i — —1— i [nterfacial

(roughness) molecular
sublayer transport

Garratt (1994)
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(Km)

Fig. 7.1

Bulk Flux Parameterizations

Total
elfoctive
turbulent

02 e
w'o'(Kms")

(a) The effective turbulent heat flux using daytime convective
conditions as an example, may be nonzero at the surface. (b)
This effective flux, however, is the sum of the actual turbulent flux
and the molecular flux.,

e total flux is constant with
height in surface layer

e at surface (“wall”), turbulence
vanishes (no slip condition)

e away from surface (wall),
molecular diffusion relatively
small

e bulk methods attempt to
avoid these complexities

Stull 1988



Bulk Fluid—away from interface
—encompasses all processes

U(z)

U
e
pu = horizontal momentum
u-pu = horizontal advection of
horizontal momentum
T = Cp-[u-pu]
Cp = fraction of horizontal momentum

“lost” to surface
Typically, Cp ~ 0.001 - 0.005

Bulk Flux Parameterizations

e T constant with height
e Cp, U vary with height
e select ref height, say 10 m

-
2 2
; — U, = CD]-O Ul()



Bulk Heat Flux Parameterization

H —
[/
oW T" = —Cgio - Uio(T10 — Tp)
P Cp T \ y
vertical turbulent mean horizontal advection of
heat flux heat at 10 m height
vertical turbulent flux
CHip =

bulk horizontal advection

e fraction of horizontal heat flux transterred to surface
o cfficiency of transport to surface




Drag coefficient vs stability
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Drag Coefficient (Cp) versus Stability

vertical turbulent momentum flux

Cpio =
bulk horizontal advection of momentum
| Stable
(a)
=
(=
& z, =0.1cm
~ 10
&
—
¢y 05 0 - 0.5 1.0
z/L
unstab neutr stabl

Stull

~0.001 (efficiency 0.1%)



Bulk Flux Parameterizations

vertical flux = Coeff - [horizontal advective flux|

momentum:

heat:

moisture:

Cp, Cyq, Cg

7T = Cpio- [Ulo ' anlO]

H = Cyi9-|Usp - Pan(es — 910)

Hy = Cgio|Uyp PaLv(C.Is — Cho)

depend on zo, Z/L, ...

17



Example drag coefficients

Table 7-3. Sample drag and bulk-transfer coefficients. After Garratt (1977), Anthes and

Keyser (1979), Gadd and Keers (1970}, Deardorff (1968), Verma, et al (1986), and Kondo
and Yamazawa (1986a).

Coefficient Conditions
Con=14x107 10 m winds over plains, daytime
C(_) - 160 x 107 10 m winds over deciduous forest
Cp=400t0 1?0.0 x 103 10 m winds over coniferous forest
Con = [0.75 + 0.087'M] x 107 10 m winds over water

Roughly 0.1% to 4% of horizontal momentum advecting over surface

Is transferred down to the surface Stull 1988



Drag and Roughness, zo

-
;:UEZCDUQ
u;

Cp = —

Intuitively, the more rough the surface " more drag

_ Uz
Recall, for neutral conditions: U(z) = —In— (Tzo, {U)
<0
] U < —1
Rewrite as = k[In—]
U(z) 2

s N

Co = k“[In—]"* (Tzo, TCbp)

B U (Z)z ()



Surface Roughness

Getting it right crucial to accurate wind resource assessment
While working on the Deepwater Offshore Wind Project off of Block Island, RI....

Existing: NLCD/Landsat

Site Photography —

High Resolution Z, (m)
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Comparison of Model Roughness Fields—from WRF

Block Island — Roughness (cm)

Look-up Table Derived Estimated from Imagery/Measurements
41.2EN :
41.24N - 41.24N -
125
471.22N - 41.232N A
100
i »
22N 75 41.22N 1
1.21N 50 41.21N
1.2N 75 41.2N 1 @
18N - 110 41.19N - l
a
18N A 5 41.18N - I =
A7N 2.0 41.17N -.I
] r I
-1EN A 41_1EN -
0.1 i &
15N - 41.15N - 4 l B ®
0
14N 4N ]
12N A
12N

) ) J ) ) 41.12” ) ] \J ) )
71.625% 71.6% 71,979 71.50W 71.525% 71.09%W 71,625 71.6% 71,979 71.90W 71.525% 71.59W

~1 m difference in model roughness fields — Variabillity
within land cover classes
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This can certainly affect power
production estimates as surface
roughness has great influence
over the wind profile (shear) in
the lowest 100s of meters
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Height (m)

Results — Wind Speed Profile (KBLI)
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Energy Production Estimates

Use of new roughness map increased capacity
factor over 8% in southern sections of Block Island
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Surface Energy Balance—Radiation Components

600
rig. 7.5 stull 1988
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126 NYSM standard sites measure incoming solar
18 NYSM flux sites measure all 4 components (radiation)



Surface Energy Balance—Fluxes, Bowen Ratio
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Surface Energy Balance—NYSM Leafout
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Observing the ABL: vertical structure

remote: lidar, microwave radiometer

temperature/moisture profil ~10 k
vertical wind profiles to ~3-5 km emperature/moisture profiles to ~10 km

30



Height [m]

Height [m]

Height [m]

Height [m]

Feb 1-2 2020

| Mesonet 4-Panel Lidar P(I:cl\altRfor Albany, NY

i 1 U

. . e g
| N e i f w,ﬂ I.uﬂr"mn.r"mi‘.n ”I!IIMH.’]'I ——

TR, ) 8 |mu' i b i) i T -u"“‘

i
LFII‘I 1 'II”II'

Feb. 1, 12PM Feb. 1, 3PM Feb. 1, 6PM Feb. 1, 9PM Feb. 2, 12AM Feb. 2, 3AM Feb. 2, 6AM
Horizontal Wind Speed

‘|u‘\|u[n||‘|| ||"' ‘ H‘ AL ‘I LA 1 W O TR TN TN ‘uh |[“| T )y | NN '\\‘I\ i ”\H\I '|' LA Y ‘ 1 ||‘f i i i ‘m" I, N il | Yy 1 vgynf ‘n ringr” “ ‘ (I H‘n"“‘l‘
I | [II I\IIIIIIIIIIIIII 11:|Il\ll ! I"I II IIIIIII:I‘\IIII‘I I[ I I II|| III I III I I I‘IIHI”I[”I III ) IIII; \I I‘I\I\I IlI\II\ ) ‘IHI M II‘II III ‘ L" :\II‘II:'\I\I I III'I "II ‘\ :I \II\I IIIIIII”I I‘\II[ I ‘\‘ \I‘I II IIIIH ‘I III‘I : ‘ ! IIII| I[\ I‘I I [ I‘ \l W IIII I [ | ”” lle\l Il IH \II\ I\I ‘I’II\II ) I\’I‘II‘H\ IJI| I ”‘ | \HI“H‘II\I II I"I‘ I\ [‘I I‘ III”III ‘ II”II“IIIIII II II , HII IH II I\I \IH i II HI HI I I ! I ” i I\ II ‘HI i I”II‘ | ‘I
[l

L} I II II‘l‘H I, IIII ! ! " o ‘\ \II IIHH'I‘I”WIWI J”H“\II \‘IIIIIIII‘I\ ‘f | \ H “ Jud “ |” ¥ ‘II ] ’IIH‘ HIII II ‘H IIHI I H | IHI IHH‘ I\ III IHIIIIH ) Ih | II I | I \l\l i ‘
Joee i \ Ii\ Ill\ |

| \HIIIII \I Iu ||u I L] ! | I URE Ll il
" IHI I[I \IJ [\III IIH IH il HI\II‘ TR |I ‘H \I i\ \I[ II l \H Il

\I\II\II\ | | | II I i
\I I III II III‘ \I [I\ | \‘ \IIIIHIHI 111 |I”||| IIIII

||| IKIH\I TR Y bl i un|||I|| '|”\\'\'|‘I\'|I'I 1" ') |"n ity (!

] W) IHI‘I
I | [\t!

I IS I Hu'\[”,'x Wb I tl Al Y M P ”‘IH”IIIIMl"\” ' [ m \I

|||||, ,||,um|
i w'H'\u i

81 S o | il |[ I
m'“|'||‘ Ay |I ! || |Iﬂ||u‘\\r i ||‘ il \|[|'II f) L Ll \IIII\H[ a0 Sl G IH\‘\II\[II Iurluu i i (R |m‘\ ol |||I[|’||”‘|I '|”I‘ i ! ||\||| \I\H | 'I‘\‘ud”"\ ‘| h I ST A T T '”"”I“\I [T
II 10 | II[III IIIII Il || IH I[ [BAN 1| | LB | I II L I | [III I | I Ly i I 1] Il L H I | 1| II H | 1| ] 1 LT | L I II 1] LUL
ImI | L] PI Il | ‘ ] ) ‘ ] IIIII | IIH. III |1 L | III” I I [ II IHII .I‘ I‘ II‘ | ‘ (L ’III ‘IH‘ J ’\ | I’ III‘II\ [ I ‘II | ’II \|I| | II‘M Il I II I[‘ H*‘y H‘“ L ‘ | I’I Ii 1 IIII I] ‘} II I ' III I‘I | I’I I I FIII 'III 11 I If IIJ (L1} I ‘IHI I\
|

1 1 i l | III ' 1" | [ I ) l II i | i) W |
I' \ | I\ I \ 1 i) \HI\ I I I I III I I\ I ! I 1) | iyl il \HH I 1 | | \ | \II | H | \ ! [ ] H | ! | \ H 1] I\I\
‘I |[ ” | I"| IIIII\ IIII II‘HI ' lI”I [I II‘ I‘ "‘I II” I|||ﬂI .I. II IIH I\IIHIII || ‘\U\‘hI [ | |I| ! IIhII IJ IIH Il | | I" I\l IIIII- ‘ !||1| \I\II | || ‘I Ih II” \‘I[‘II‘ | | \‘ o II‘ “ :I\IllH o thll' :II \]‘\III I IHIIH ‘ |I \ | III IJ“" " . H‘I#’h I “ ” I{ ‘I'I\I ‘I |\I ‘\‘ Il\ I 'II‘LI.III'”‘III‘I ‘I I \HI\I II[IIII \ ‘I II\ | HI ! ‘ l ! ‘ I‘II :,\ \" H“‘ "II II ‘\:\II‘ ‘ ‘:\‘\‘ \h‘\ ”III lI i II\l“: \,\ III i II H ‘I I\ ‘IIIII | II‘I‘“ lH\‘I‘\|IH

‘ h I"I|" .I||||I i JLI I m '”III'\ il w“ | I|‘ ‘II' " iy h ‘I' \I| il n' I”n ‘\‘ ! "I' I\‘[ ||”I‘I\'I'I| Lxl ‘lll Iy '|,” |I IIII\I '|I'\ fi |‘\ | IMII | ‘I ) II‘ ‘\‘ \H iy i :Ill I'-I'I‘ III “‘U‘ | \ W" ) il ”HH I‘I IIII‘II | u‘q ‘\ Iu” I|“ “n‘ 1‘14 pmeI IIIIIIHW IH[III !Iu ‘le‘” “:[ i \‘ \mqul ‘u‘ \[I 11 |I ;m ”f“’ I m’\ 1 |'|‘ ‘\“l:‘h ‘ ‘.“ ‘\ ! |“\¥‘ ‘

[II III I | 11 IIII i II'I [ 1 III | Illl\l | ‘ I\“ L IIIIII :I‘I " IH”\‘I‘HH“‘I L[ | [IIH LIl ! I IIII I I‘ \I\IIII H | ||II\ [H [I II[ll IIII Il I| IIII I\ f IIII![ III 1 Ill[I 1) I I H H \]‘ A Il \l‘ I\IIII IHIIIHIII ”l \‘ I | IHIIIHI ‘I‘II‘HI I'II\IIHHIIlIIIlIIHI\‘ HIIHIII‘\‘II‘H il ‘ IH'I\ 0,1 el I\
[I\ e 1 I" IH I”IIM”I“HI[‘IHH‘I \‘ [I \I II 1l \l 1 I] Iy [II IHH “r lfI \'\ | H 3 IIIHIIIlld

A A i LA LA Y s Ll LTI
'I I||| |} mi i [I\l ‘ ‘

i IH I IIIIIH“HIJ |'II ||\| m |””||‘|'|'\_ I || || w\‘ ”\‘\‘l‘u m”ll \I HHHIIIM)H M”‘u I\m"”” I B0l I]HH\IHI' T unﬁuiﬂl IIlIHHIIIIIII i |\I

| 1 T Ry LA AT [ITETRITY afl
LM b I.I { i el [] 1LY L iy Iy, 1l I \H M I\IIH ! | i N T L W I
a 'y

IIII \II II III’IIII[[I‘II I I‘.IIIIIIIIII | IIIIIII I\I IIH | | |I II IIIII IIII IIIII\ I H IIIIII\IIIIIII K[II IIII::I [IIIA‘IF‘III”I)!I Hn ||IIIIH1I!II IVII III I ‘III IIIIIIIllllI\:H I\I II HIIIII’HII‘ I\II II ”I III JI[[” II ‘ IIII \‘I\II‘ I I\ I\ III[I\[Ii III |IIJ \I\III;III IIII II\IIIIIH\I I I:II‘II‘I II”H ” I\ IIII \III: III‘II H\ ‘IHIIII‘\’ IIIII“ ‘IIHI:III‘] :! [II\ :I IHIII‘\IIIIIIIIII: IIJI[I”I:I‘I I‘IIII I‘I\‘III HIIIIIII \HII I\Illllll;\ IIHI h I ;H‘I‘I ‘I‘HI IIHI‘I : H‘IIH il HI:II‘ l I‘\‘I:I\’II
11 i | | I I 1l [ |

(L) I L ! I‘ III
IIIIII\II ||| P[I’ HH | II I HI\ | ’ | ‘I ’ JII l I\ IIHII J‘\ IIIIII \” i | i\ HI 1 | | AL \ [ ’\I\H “ A T ‘ ‘ i
h W I I ' J J | l I y jII 'y II\ | ] LU} I | II IH\II II II *Hll “Il\ J l;l I‘LI “ \I IIIl *II]II ‘\ \“I ‘ k If lﬁ' ] II I Rl I‘ HII | II”IIM L i | |:F I b I \‘H Il L |

1]
b

| 1
\IIIHHII‘II | JIIII \Ilk‘l IJII HI\, I\II\I IIIH Il II‘I I II ll\ | IIIII U A AT LI (U |IIIII|I |

| n | LR (| 1 I i |||| IR SRS T 1l uII ||I I II I|I | ||1||| 1|| || | 1 1
H:[ JIHI II‘ | h IJI I!”I I | “HH I\I [ IIIIHIllII ‘”I II‘Il IHIJJ‘ il III\”II |IH|I||JH|H1I Illll I|III"I”1I \:Il:lll I| f HIII 1 IIII | II III|H IIIIII IIIIIIIIII u! I‘IIIIII I | I ” ! III | ||| III ||||I IIIIIIII |II IIIIJII III U1 I I II | ||I I H

I JIIH III“ I I I ‘j \IIII H\IIHI II Il I‘\ I\IIIHIIIII\ ‘

g L)

f HI | JI\ II IIIIHI III\IH\ | II SII \\I\ I I H\ \H h | H | [ I HI H!III ‘ I II Il 0 HI I IIIIJI! I\I\ IH‘IIIII ‘II.I}III”II [ A IIIIII‘IIIHIIIIl I II HII i IIII LA III II III[!I III\II II III'IIIIIIIHJ:.IJI I I LY il I JII ‘IIIIII i . |II r IIIIIII I| IILI I‘III ¥ I IIIII ! IIIIIIIL (1T TR ”II I\ II\II 1| IIIIIII”IJ M

I |1 Il | ” III!III 101 U | I\

' IH II ! ”JIIH\I\I 1 (I} II | LRI | AL, b (8l .u‘ Ll HI‘ |I|lI 1y |l'\I [ II ] R | n LU I!l||||| |

1 |
L5 1 IIHII M, 111 1|||||m L DT || I AL IS S STV A e ||| |||||

i ) | I
| (i | LTI ¢ ““\‘\H‘ ! ‘Il\l‘\ 0 o ‘\ A i 0] \|h1|‘ { 'I v 1" AL i ‘ i "‘|I |1I|| |||H|” I‘ o EI e | (RN T 1H|I '|' i i i nj ‘I JI i | LN |||\ ||||| 1y IRALEE 1Y iR QP

'I‘ ! \II' IHI 1! [ | 'HI ol L III‘ it i I||I|||\ | | i III i II‘ ‘ b 'I /! HlII III\' ”'lIl !n‘IIiIIH'll I[II“I III' IJ”\“ \I IHI I ' I ul i I'”Illl IIII ] IIII il ||“‘I|II| ‘uI”I I'H"‘Hll I||I |!|I I |I ! Im I||'I“I‘II Il I'I "I I 1 'Iu' ! uI iy AN I|"||| IIII|['|lI i I' '[IIII ||II\I|| II || |||II|I |

I IIIIHI IHII II[ |‘H\III‘I‘|I|| I, ‘n IHII ‘, \IIIIIIHIIII‘I i I" T I." ‘,‘,.I.I ! f IIIIII "‘HI‘IIII;UI \II', 'III " "m III \“\II\ | I |I|I‘I II |III|I i II” ! I‘ Hgug I II'HI ”l III ! ‘IH"I'II h ‘IJIIIII I |I i I IIJIIIII II|I|I\'|'uI ||I |I| ) hithl III”' II"[ Wi |”'|I W' |[ 1l |'I||]I|I| ”_ ‘I | I 'I IIII ! 'I 'II '”IIII '[III 'II_'”'I ' I\I |I|I," I[[I' \II'|I‘V

il eyl I'I'H‘IIIII | I“I \lm L [ ‘H A | ] Hll il \“H e’ |\ 1 I'IIIJI ‘llllu‘”\ |J 1y Tl |‘| i IIJII 1 ;I I||| i I N l]"ll'\'l ';'I'lllllulllll IIIIJ”:‘ H”!H 1 |‘|I|| III"[IIHII I|| : II |||||I| ||||f | ”" | |I" | !ll ||||I\|H||I |||| ||||I| 1| llu |||uI ‘I'II“I'I

LT A il e | L |0 I LU R RLURER R
I IIIHIH I IIIHJIIIHi \IIH\ J\\HI I fl HI L III !
! I I aetin oL il

‘1I \HH Il II‘IJ \ A \III JIE 1 LN LR Y III

1
] H| I I 14l II!H
1 [ 1 III LIbAS (Rl |l I ) I el i 1 I \
| 1 I ) II\ 1) I "

b {! 1 Ly [N} I“"II'[IIIIII ‘II HII 5 o T M !

Iy
\” ”I""' ¥ A I‘I‘"I'ﬁ {1 IIIII“lIHIIHHI jng v|I II IIII‘\ 1 ||||I| |:I1|| N I|I|| II\“III |\|;|IIIH|II |“I|:Illllt ||II" \ ’\ i |I| | ”IH‘\II ! | 'I 1 [III[I ol W u1 '['l'\"l"l'"I'I o I ' I
II.\I\IIIH TG g LG ML |I | A T A SRR et ‘|,,,1 UL 1 u gl o 1 e il | | I 1)) ,_'lll”'\" “IIIIII it 1, 1 il ,','IIII!mI|,'| i ”['u'”' II Ll IIIJI I
i fii { i W tah 1 I i : i ; 1 e ] i i : II T 1F #3 3R = 1 T i
| | II I\I I\ HIIII I II II\III III II \I IIIIII \IHI IIIIHI | !‘ y II\IJ‘ f II I“ I‘I‘I‘| | 1 II\ II II ] { IIII 1 1 IIIIII I | IIII|I I\ 11 I IIII I\II I II III 1 II IIII 1 I III [II i III‘II I IIIII IIII”:II | I|I \II II III IIII ”I: \ IIII III 1 Il I IIII II‘ |II [I I I” | II IIII II

| I (I ) 1! I
\ | I A I | LN | I [ LI | LOe Ll [ B | L [INmINAIY | [ g e III lI Rl I8l II Il i 1} Il
(L | II I II\I\ i 1l HH | I LI ||} \I | II i I| IIIII |

II\ IH L | ‘ 1\ | IIE | ] II
.I\ | W) II' l”\I :l | | | I ."I " T i ” ' 1} I |I|J I:Ii‘hl I IIIIIIIIIIIIIIIII\ | I 'l |I|”EM IlwlI i IlI.[ I I|I| I:IIH Il‘ I :I||,[| I

I J H III |

Feb.1, 12PM Feb. 1, 3PM Feb. 1, 6PM Feb.1, 9PM Feb.2, 12AM Feb.2, 3AM Feb.2, 6AM
Wind Direction
TR fih ” i M;.\ T [z”‘u.h\'u‘ (BRI T H"!‘HI{‘ VT FIIII”I'I (Il H[ ';”'"“w”“.*."."‘ T e TR J [y }n ",‘,‘,wm".' R T I‘,”HH..IMI I "‘!}‘I”II]"I”'[” T

1)
it ol I I”‘ II\ Ul | i I
‘I IW \ A

| I
IHI II\I\II HH” I " ” I I\II H\H IHI‘”\I \]\ III‘\‘I‘IlulII U‘H

IIIII IIII lIIIIIIIIIH || H\H H\_\I\I \H

A

I HIH | I.I IHI II II\HH‘ IH[IIHIIH I HIHII H | IIIHHHI JURUR0 H Ul I[l\H HI IIII ] Uil Hl\ IIII I H I II\I 1 I\ I II fuy L i

I\IIH II Juul IHIII ul” I|1I| \”IH III Il | II II“II[ HI III T ||II lI\I \ I' bk ! IIII IHH 'IHII\III I H i IIw [HII‘ ” H I IIIII I IHHI[ v II I Uiy N I II”IHI‘ I”\Il

| r ' k| III I‘ Il —, ‘ | 1‘ H‘IHIiI I'I I I” HI IIr II I II 1 ‘ F ; IHIII\ \'JI} \H III M [1 \III‘”IHIII\UHL I‘I :H||IIJ \|” IH l] ’\ | \I'\I {I | Il III’IIIIII ‘!I £ IIIJ! IIIII Il ulI ‘ \\\ FIJ IIII " ‘[ I(II II I\I “I II i [ IHI I ‘IUKH \If I%JI\ IIIILl IHIJ\}II:"IIHHJ J\I‘

i ‘I‘IIIHHHH i 11 \I\ all |\|HI|I L \HI NI | " M) l! [ILE] |1 [” IH HI\IHI ” ‘H‘\‘ b e \‘ ‘H {1 H‘HI\I‘I 00 Tuk 1Lyl \J Ill I| h I I\”Il 1| IHHJH ]HlHI | I‘H] "l | | 3 ] ]‘H l‘\ II \IH | ‘,\‘ I‘\ hLI | HH | L Il

” ‘ I ! ”II IIwIH I I" \I\Ili” III | \ \IIII\ III I I‘ l‘ln'\II ”\IJIMII\I\ HIIII} IHI II ”\ III HI II"JI‘III I] 1‘ IH &I‘ M ” I | \IIIIHII III\ I I\ u I I I I'H\ I \In ‘H II[II {id \I \‘I\ II IIIHI\WIH]H I IH \IIH\III\I \I‘II\ I IH I\ I\ I J IJI\ \I\ } ) Hul [ Ik II I II\III\I IJI |I‘I|I II H I II ¥ I[m IHI‘I |:"I\I \IInl iI!I |Il \JHWII‘IHW \‘IIII I

IIIIHI] I I | III”II [IHI ”III IH ‘HI:‘I“HII[F II”I IF II I | I I | \ I[II I ]II i | I l I\I IJ\\ I\ \”l th‘\ I” “I[ IHII”I J’ I‘ ‘”‘I III” II b' JM Ii: IUII f i ‘u IGI‘H[‘I 'IHI‘ \I i HI”"II HII\ IIH I IrI ” Hl‘III\ \‘ I1I‘H Ill I II\I|I\I| A II! [IIIH\ \ll | I”I\ 1| \H \”I[ I!\ \Il[ H [‘ \ \” L III[“ f‘ I H IT‘lHl | \Hll[l ) IIII IJIH II
II I \u \ h [ Ilu 1 I H H I Iu | A || ‘[ A Hll I " \I\ I“l | I i U “[ I. i 1 1o | \‘ \‘\‘I fl lIlHH lelwu IIIIHII” ‘ | | I |IJI‘ hlml\lI

I\Ill \‘ LI

|n\|wH”u i "\‘ IH\ [Tl I I

II e ’ ‘I I H i IIII IIIII IHII L ‘ I II | 4 III ‘\ | III ! I II\ \ A 1 III H III I\ IH A IIIIIH II\II”I III i I Mg e I 4 I i I IIII f \IIIIII H\I\'ll III\ HII\ ITII II\ IIII U \I \II IiI [ A ENL] Ii\ BUDUR )
I.‘H” 'j'}'u*{.;.“ it f I ”\ i ””I ' “.“”‘ wIwI'm \J.‘ .'H .4‘ I'.. IL.H M [II | ,,“'_”" IIII \{ M, I "H,p \”qu ". JM HHM,I, L I'“'I'I'I.,'W,'.f.\zj m‘up "II'I””\ e .hm‘;‘ | [’lf fitr J; 1 III“ IIH it ,HI i Iim g M Iw,w ';‘M ]w.
! H}_w;v luuf;q: | ik ".“lm' i ‘1 tl H} ‘w' ‘ ‘;.H‘. L,| ,[ { wr' HI‘HP “:w ) [}”. |w/|f” |.I‘ il 'J,'LII':. ‘;I; I ql"“, I"IIIII i "I"‘I”,";I".'I L ,ll_*j" | IIIIII" ,1 u L[‘I' “m‘ R 'I i (LR "m. il H.)'}th ‘ ‘\]H iy “\H‘ W il ! ”IWII
I\I\II i IIIH IIH HHII\IJ I\II II JILT (I} IFH II I HII I H\II H II ” i H II' I[II GR R !II | \HIII[I ¥ I I. L L) IH I I II i ! IIH I il I[ [IHIH \I | HIII | I i I\ i III il Im” I IIIII 1900 [ | II[ \IJIII U f HIIII HIJI III III. il IIIHJI\II\ \II [0 II VH
‘1 M‘ ‘HHI ‘HII‘l |IVIIHI |I||||nI‘|‘”IIIi IIIHHIHIIHI IIIII I “ I‘JH A HI Hllp ] I‘ ! I‘II‘| IIIIIII \{II l I IIII"I" hI}II 1 iI ‘IIII \I II‘\ I III! H I*IHHJ Il[I\I III( l)l‘”” \ “I” 1 I . ‘I‘IIJ HIFII‘]H[I\IH IIl i | r IIll 1 IIn III ‘_I,H HIII ‘|‘II|‘ I]‘l‘“‘ ‘ ”H‘Irl

||| I H | 1IN R | I il f | j l TII'I | AN 1 A1)
! b ! M ’”‘”.”.‘1‘1,‘ b |f I \wl 'HIHHII::I”“ i "I‘.w.u’II fiiy ,IUH, ! I’III‘ G il ek ot i g0 W L J”I m.‘”. L L e

III\II\ I‘ IHI \PIH l IHMJ [‘ H I II\II

Hl II

|IIH‘I MH {!1H0 H ”un:d’ T |III\|I\I‘|'“II IIJIII‘ IIIIIIIII‘”I nH“ H ‘\ if U
L \ |
II mnu \1 ) H[‘H il h h iads A

II\II \II\I I
‘” III ||l |

| 11 {iy
L] |u||jn yiL Il

"y | \l‘l !IIII\‘I ) IH\

I" \lIH '|\|\mww

it |\|‘1|[|| il L A 0t I

HI I N LU
i \|| 1!

I\ il u‘n‘"I IIIHII\II\H
! 0

il
A

Feb. 1, 12PM Feb. 1, 3PM Feb. 1, 6PM Feb.1, 9PM Feb. 2, 12AM Feb. 2, 3AM Feb.2, 6AM

100

ON
o

knots

S

wm
direction



Diurnal Profile evolution

2000

Free Atmosphere

—

Entrainment
Zone

Cloud Layer Capping Inversion

Entrainment Zone
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s1 52 Local Time S3 S4 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.

30 Stull 1998



Bounadary Layer evolution

JOURNAL OF HYDROMETEOROLOGY LiDAR Wind and Vertical Velocity Time-height Cross Section at ASRC Roof, 09/25/2017
One Full Wind Barb =6 - 10 m/ Filled Contours: Vertical Velocity (m/
6 June 0600 - 1800 LT 8 August 0600 - 1800 LT _ ne Full Wind Bar m/s illed Contours: Vertical Velocity (m/s)
o _ .
o = 10-minute Averages _ 1.0
M Blue barbs: Voorheesville NYSM station I
o Looking at vertical velocity....again, lots of directional shear
0 § — Example of growth of convective boundary layer (with directional shear!) - 0.5
N Note positive vertical velocity (larger eddies) beginning at 1200 UTC with
rapid growth between 1500 and 1700 UTC)—overshooting thermals—
o growth by entrainment! w &
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Fig. 4. BOREAS soundings from ThOIIlpSOIl, MB, Canada, for (a) 6 Jun 1994, first day after a Hour Of Day (UTC) IUsers/jfreedman/Dropbox/R/ASRC_LiDAR_timeheight.R(20170925) Mon Oct 16 09:15:10 2017
frontal passage, and (b) 8 Aug 1994, second day after a frontal passage.

Freedman and Fitzjarrald 2001
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Early morning channeled LLJ

NWS ALY High Resolution Sounding and LiDAR Wind Profile
Date = 10 Aug 2015; Time: From 11:03 To 11:07

NWS ALY High Resolution Sounding and LiDAR Wind Profile
Date = 26 Aug 2015; Time: From 11:02 To 11:07
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LiDAR Wind Profiles From CESTM Rooftop
Dat'e =26 Aug 2015
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A lot going on here....

LiDAR Wind and CNR Time-height Cross Section at ASRC Roof, 05/28/2017
One Full Wind Barb =6 — 10 m/s

Filled Contours: CNR

10—minute Averages
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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)

10-minute Averages
Blue barbs: Voorheesville NYSM station [

Looking at vertical velocity....again, lots of directional shear
Example of growth of convective boundary layer (with B
directional shear!)

Note positive vertical velocity (larger eddies) beginning at 1200
UTC with rapid growth between 1500 and 1700 UTC)
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Leosphere Windcube 100S at Kahuku, Oahu
28 August 2013 0900 - 1500 UTC
Elevation angle = 100°

Disruption of Trade
Winds

Persistent ENE winds
(towards LIDAR—

warmer shading)

Become more N, NW
flow (away from LiDAR
—cooler colors)

Gﬁogle :

. " Imagery¥®e2013 . DigitalGlobe  GeoEye. U.S Geological Su?\)e USE@S
Courtesy K. Rojowsky, AWS Truepower



Next Class (Monday 2/6 —Lecture 5)

Offshore Wind and the Marine Atmospheric
Boundary Layer (air-sea interactions)

Homework #1 DUE!!!

Zoom office hours (10 - 11:30 AM Monday)



