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horizontal-vertical e Convenient for
2 /uA) A <, W
’ slope-aligned momentum budget
\ . equations:
s T U
7 L, U e Note: shear and
v .
gravity (always vertical)\@‘\ buoyancy mechanisms
' are not orthogonal

Stream-wise momentum budget

oU oU oU oU 1 OP AO ou’w’
o Ve Ve "W T e N9, T g
Slope-normal momentum budget
oW oW oW oW 1 OP JANG ow’w’
o PV TV W T e 9, csla)m

--Following Manins and Sawford (1979)
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Slope-Aligned Coordinate System

horizontal-vertical

Turbulence
Kinetic Energy (TKE):

e = 0.5u?

TKE budget equation:

72
ou,

ot

+T;

2
ou,

8xj

20U .

— 00 Owju?)  20(wP)

v (9517]' ({9in ﬁ (9561
--for flat terrain (Stull; 1988)
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Turbulence
Kinetic Energy (TKE):
- 12
e = 0.5u;

TKE budget equation:

ou?  —0u? g(u;0.) oU;  O(u;u?)  29(u,P')
7 _ (S 252 +fu . 2 /' /' t J - 7 L 2
((% + UJ 8xj t 3 9,0 UZUJ (9513]' (9in ﬁ (956,,, -

Variety of forms:
--Manins and Sawford (1979)
--Nadeau et al. (2013)
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Z, W slope-aligned
\ o Turbulence
s &0 Kinetic Energy (TKE):
g \ €= O5u'/1,2
(0

TKE budget equation:

ou?  —0u? g(u;0.) —oU;, O(wu?)  29(u;P)
7 U v 252 +fu . 2 o’ [ J - 7 L
((% + J 8xj t 3 9,0 UZUJ (9513]' (%j ﬁ (9561
General, orthogonal coordinate system: g(5¢1 sinay + 0428itnag + 52’3(303043)
Je — Oe u' 0 Uo0! U0
— +Uj— = —I—Sinalg( L v) + sinagg( 2 v) + casagg( 3 o)
375 8xj v v v
o 0U;  Olwge)  10(wP)

()

J c‘?xj 85133' ﬁ 6’33@
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\

Slope-Aligned Coordinate System

gw

slope-aligned

TKE budget equation:

ou? —
o + U;

General, orthogonal coordinate system: 9(5@'1 stnoy + 52'237;71&2 + 5@'3(308043)

oe
= U,

/2
ou,

8xj

Je

8xj

For flat terrain:
] = Qg = 0° (from horizontal)

a3:O°

= —I—SZM) -+ szw{a'@éﬁ;)

(%
(Y

(from vertical)

2 / /8U/L
— 2u-U -
" O,

0

—UuU;U,;

/ 187’1,

9 O,

Turbulence
Kinetic Energy (TKE):

e = 0.5u?

O(uju?)  29(u;P’)

(%j

p Ox;
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Slope-Aligned Coordinate System

For steep, complex, variable topography:

Part I: challenges for momentum fluxes
e Tilt correction methodology

Part Il: challenges for buoyancy fluxes

* Slope alignment
Stream-wise momentum budget v
oU oU oU oU 1 OP A, ou'w’
L4 U=+ V4 W= = ——— 4 g} sin(a) -
o Ve TV, " War T e g T
TKE budget equation: 4
de — Oe 0 .0 0
8—; + Uj(‘?—ai — H-sinoy (u_v o) + sinaom (UH% Y2+ cosas (Z;% 0)
w90 Oe) 1o
*7I Q o0z ; p Ox;
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.( Pﬂ. Part I: momentum fluxes

ECOLE POLYTECHNIQUE Revisiting tilt corrections for complex topography

FEDERALE DE LAUSANNE
1. Purposes (i.e. a sonic anemometer):
a) set acoordinate system for analysis
e typically assumed, aligned with terrain
* ‘terrain-following’ near the surface (--Sun,; 2007)
 w-component (z-direction) is surface normal
b) reduce cross-contamination between components for fluxes
2. ‘Planar fit’ tilt correction (PF)
 Fits ensemble of streamlines, (w) = 0 (but w; = 0 or w; # 0)
e ‘best fit’ minimizes S

oun

0.000
--Lorke et al., (2013)

---Wilczak et al., (2001)



.(Pﬂ. Part I: momentum fluxes

ECOLE POLYTECHNIQUE Revisiting tilt corrections for complex topography

FEDERALE DE LAUSANNE
1. Purposes (i.e. a sonic anemometer):
a) set acoordinate system for analysis
e typically assumed, aligned with terrain
* ‘terrain-following’ near the surface (--Sun,; 2007)
 w-component (z-direction) is surface normal
b) reduce cross-contamination between components for fluxes
2. ‘Planar fit’ tilt correction (PF)
 Fits ensemble of streamlines, (w) = 0 (but w; = 0 or w; # 0)
e ‘best fit’ minimizes S

S = Z(@Z — l'?ro — b@bg@i)z

Shift (m/s) Set the transformation
matrix such that:

--Lorke et al., (2013)

sina = —by/4/1 + b? sin 8 = by /4/1 + b3
Roll angle

pitch angle

---Wilczak et al., (2001)
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* For complex terrain: Sector-wise planar fit (SPF)
* Account for local terrain-induced perturbations
P ——-i.e.; Yuan (2011)
e How to choose the averaging time for the PF,Tpr ?
* How to choose the sector size, A ?
* Do these choices matter? (--Vickers and Mahrt (2006))

Hypotheses: Average time: TpF
* Not necessarily same as for fluxes, 7f
* Long enough for mean streamlines to converge
e Shorter times
* increase the maximum number of PF segments, IV
* increase statistical significance of the PF

Sector size: A
* Small enough to reduce the terrain-induced perturbations

e Large enough to encompass majority of fluctuations in
wind direction, ow D

Main hypothesis:
 We can derive ‘cost functions’
e create objective methods for decision-making
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Goal: Choose sector sizes, A and PF average times,TpF
* in an objective way
* know the implications/tradeoffs of these choices

ﬁ _ \/Zn(wz — bg — biw; — bov;)?
VN VN

S’rms —

Evaluates how well the L
streamlines define the fitting plane minmize > S"“ms — f(TPFa A)

Example: A 180 0.03

Wind sector centered at 160
85° from North 140 0025
(nighttime; downslope) — 1 oo

N* :;; 100
80 - 10.015

A helpful, but 60

not sufficient 40

Criteria! 20

20 40 60 80 100 120 140 160
TPF

N+
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Cost functions for SPF

Goal: Choose sector sizes and PF average times
in an objective way
know the implications/tradeoffs of these choices

Evaluate the sensitivity of the b-coefficients:

0(bo.1.2)

— f(TPFaA)

0(bo1.2)

— f(TPFaA)

OA OTpF
Example: by /OTpF
Wind sector centered at 180 : 0.02

85° from North

(nighttime; downslope) 140
120

Methodology: —

 Evaluate all cost functions =

e Look for global minima

Caution for main wind directions: 40
* Insensitive to increasing A 20
 Adding tails of the distribution S

e Use smallest reasonable A

TPF

0.018

0.016

0.014

r 10.012

r 10.01

- 10.008

0.006

0.004

0.002
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Example: Wind sector centered at 85° from North (nighttime; downslope)

sina = —by /4/1 + b? sin 5 = ba/4/1 + b3

pitch angle Roll angle

16.2
16

15.8
15.6

15.4

15.2

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
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ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE (from the optimization methodology)

Site Specific!

Planar-fit averaging time: Tpr = 45 (min)

35 T 11 r—1T 17717 T1T717T 1T T T[T T T T T 1] T 1 I I B

A = 30%9A = 309 A =40° A=60° A=257{A=35°A=140° A =657

1.5—

0.5—

00 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360

Wind Direction (deg. from North)

Nighttime winds daytime winds
Downslope flow Up slope/valley flow
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FEDERALE DE LAUSANNE Momentum F|uxe5 gowWwdde
—x— Select, 7pr = 45
PF
DDA Select, Tpr =5
T S O Qg Select, Tpr = 100
G002 e Select, TPF = 200
[Va)
o oo A A . AL s A ook A 10° sectors, TP = 45
(o] b/ A it - ¥ ;\ P A \/ \\ A ‘\ ¥A | J—
£ L ] v ‘~ AV A M Y Vs ) 60° sectors, TPr = 45
\5 -0.01— | \/ v Slngle PF' TPF = 45
0.02— p‘
-0.03—
-2_04 | | | | |
0, 12:00 21, 00:00 21,12:00 22, 00:00 22,12:00 23, 00:00 23, 12:00
)
O
C i
) | ,
E 102 — vy I !f 8 i" ’,"“ 3 f § -~\
-? j\\\ \l,’“‘;_q 4 i l"r ll“’ll A ; | 1“‘, L \i! ’:_: I‘I’, \ ‘r }, [\
X e LN X i B 2y L Vi Soicm AN i
Q ) \ . . ;
=)
o)
B 107
<C
| | | | |
21, 00:00 21,12:00 22, 00:00 22,12:00 23, 00:00 23, 12:00

Local time [DD, HH:MM]

Lower %-difference during day:
* Possible wind speed dependence
e Possible threshold velocity
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Implications of SPF decisions

Momentum Fluxes

0.04—

0.03—

0.02—

w'w' [m? /5%
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—x— Select, 7pp = 45

..... Select, Tpr =5

‘‘‘‘‘ Select, Tpr = 100

‘‘‘‘‘ Select, Tpr = 200
10° sectors, Tpr = 45
60° sectors, TPr = 45

—— SinglePF, TPr =45

i

-0.04
9% 2:00 21, 00:00 21, 12:00 22, 00:00 22,12:00 23, 00:00

23, 12:00
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Lower %-difference during da
* Possible wind speed depen
e Possible threshold velocity
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Implications of SPF decisions

Momentum Fluxes
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TpF=45

—x— Select, 7pp = 45
DDA Select, Tpr =5
T A ARSI Select, Tpr = 100
G 002 | Select, TPF — 200
$ N ¥ i« R i T A A 10° sectors, Tpr = 45
£ N AN A 7Y Vg V) 60° sectors, TP = 45
E ' | — Single PF,
S %.
a9t \ \ \ L
0, 12:00 21, 00:00 21, 12:00 22, 00:00 22, 12:00 23, 00:00 23, 12:00
Q
O
§ x10~°
o 10F
& ik
'-§ {14
X o | \
B 10 Vo 12k
=
o) 10
< Sector PF average time median mean
Definition (min) absolute % difference absolute % difference
select 45 0 0
select 5 9.70 84.56
Lower %-0 select 100 3.11 53.59
e Possibl select 200 16.57 109.08
. 36 x 10 deg 45 24.51 253.31
* Possibl 6 x 60 deg 45 6.11 49.92
Single PF 45 17.32 117.28
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TKE budget equation:

a_ - a_ / 9/ / 9/ / 9/
6’_(; + Uja_; = —I—Sinoqg(ugiv + sinagg(% ) + cosagg(ugiv )
)
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TKE budget equation:

e 0 | g0 | gy gl40))
— + U; — = |+sina; ———= Sin = coSyg 31
py + U, oz, + 1 7. -+ NGOy 7. + 3 7.
Night: Down slope flow TT. g Y
o — OO; a1 — 3 — 35.50 _u/.u,. aUZ — M — la(uzp ) — &
0x ; p Ox;

--Manins and Sawford (1979)
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TKE budget equation:

de — Qe "0 .0 0’

6’_§ + U; —a;j = |4-s1noq g(ugiv v) + Sinagg(% ) + cosagg(ueiv 0)
—0U;  O(uje)  19(u,P)

Day: up slope/up valley flow —U-U - — — — — — &

a1 = 30.2°%; ag = 16.8°; a3 = 35.5°
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Part Il: Buoyancy fluxes
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° w6 cosas (day)
_ o015 el _ .
g 2 T o w6 sina;y (day)
% 0.1 OQ@ OO
E’ 0.05— 5 oo s o v'0sin g (day)
2 B GSEE
8 : o w6 cosag (night)
ff -0.05 O@
] o o A7 . .
§ 01 o %9 o w6 sinay (night)
T -0.15— _
S o 00" sin oy (night)
' | | | | ‘ ‘
21, 00:00 21, 12:00 22, 00:00 22, 12:00 23, 00:00 23, 12:00
_ | | | | | |
<
5 300— 5 |
E T STRSTRETD TSR & SIS0 o
O 250— (0] (@] @) |
£ oy = 30.27; as = 16.87; = 35 5! ,
g 1 » 2 O3 Night: Down slope flow |
g Day: up slope/up valley flow oy = 02°; a1 = a3 = 35.5° i
g
g
' o e £, o ‘ R R ‘ 0 g ;
% 21, 00:00 21, 12:00 22, 00:00 22, 12:00 23, 00:00 23, 12:00

local time [ DD, HH:MM ]
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Implications for:

g . Y, . ! N/ ! N/
. (stnay ui 0, + sinag ubll, + cosas usbl)

Rip = 7 oU,
I _ui’ 0,

K g(sin oy u} 0! 4 sin ag ub0! + cos ag usf!)
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Clearly for SPF, the choice of sector sizes and average time:
e can greatly change tilt correction angles
e can effect momentum flux estimates

Methodology to objectively evaluate the degrees of freedom for SPF

Revisited governing flow equations for steep slopes:
* keep all the buoyancy components for TKE in theory
e AND in and practice
e implications for Riand L

9 : :
0 (w02 sin ai; + 0! sin aie + W', cos a3)
v

Results will be site-dependent
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