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Ugs-'ggggh What 1s a Mountain Wave?
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 When Stably Stratified Air is Forced Over a Barrier a Disturbance is Created

» Energy is Carried Away by Internal Gravity Waves

» Buoyancy is the Restoring Force

. Downward Phase Propagation =» Upward Energy Propagation (Group Velocity)

15000 — . : ;
14000 Vertlca,l W I_ m
Velocity e Ny seaspoesenoJove TR

L

13000
12000
11000
10000

anoo

m
L]
I
L L]
L ]
£ v
hatt- 0] ™
= 1 lenticular clouds
27000 -
- -
L]
LA
LJ
———\WH—__
L

2
6000

__Lower Turbulence Zone ™

——— = (Durran1390) (Doyle et al. 2016)

» Gravity Waves May Steepen & Break
- Nonlinearity, Critical Levels
- Decreasing Mean Density
- Breakdown via Secondary KH Instability




A Mountain Wave Turbulence
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Normalized PIREPS (MOG/Total) Percent of MOG MWT to Total PIREPs
1995-2005 (Wolff and Sharman 2008) above FL180 (5.5 km) (12 YR)

Wolff and Sharman (2008)

 Major source of turbulence over the western U.S. is due to MWT

e Correlation of the normalized MOG MWT pattern is apparent with
topographic heights greater than about 1.5 km, consistent with previous
studies (Reiter and Foltz 1967; Nicholls 1973, Lee et al. 1984)
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 Mountain lee waves are generally laminar though can be turbulent occasionally
* Trapped wave generated by wave duct and flow over narrow terrain of Alps.

 Wave duct enhanced by upstream moist processes.

Doyle and Smith (2003) QJRMS



usnan Rotors: Sierra Wave Project
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- Sierra Nevada Range is well known for spectacular mountain wave phenomena and rotors
o

Mountain Wave Clouds, Dust & Rotor Clouds
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» Sailplane destroyed in mid-flight during
rotor encounter (~16Gs) at 4 km
e Surface gusts > 25 m s

Holmboe and Klieforth 1957
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Subrotor Vortices During the Terrain-Induced Rotor Experiment

Doppler Lidar Velocities COAMPS LES Simulation

2100 UTC 16 April 2007
[30 min. period, Ax=60 m]
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~ Large Eddy Simulations of rotors underscores the key characteristics

including flow separation, elevation of vortex street, and development of KH
billows or sub-rotors downstream
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How does the turbulence differ between hydraulic-like jump rotors and

lee wave rotors?
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,_Wave Breaking / Rotor Regime Hydraulic Analogue
— 6
8 5 . -
el : 4
26 2 =
%’ 5 g sl s 0051_
24 2% == = 2246 - =
<3 4 1 single wave response aloft
i2 6 T 1 \-—-ﬂ'
9 = — 2312
8 407, F 6
= k) = | jump face
=6 0 -§ _E 5t cloud top downstream
2 05 g 2 0 PGP gttty
24 - %
é 3 10 § é ab OG, \ turbtﬂem .
& g = N
! 0 2
9 3+
8 0.50 _
-7 0357
26 o 2
%5 0.22 3
£4 0.12 2
i 3 Q 1 1 1 1 L 1 1 1 1
2 - ——— =1 @ -25 -20 -15 -10 -5 0 5 10 15 20 25
] R 0.05 distance (km)
-30 -20 -10 0 10 20 30 40 .
Distance (km) Armi and Meyer (2011)

Strauss et al. (2016)

e Internal hydraulic jump vs. low-level wave breaking paradigms

« Characteristics of turbulence and relationship to vortex breakdown are
important




e Low-Level Wave Breaking
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Measurements of low-level turbulence in rotors and wave breaking

are rare
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SARJET (Alaska) LES Wind and Vertical Velocity at 400 m
UW KingAir Flight Path (Terrain in Red Contours) Ax=150 m
6.00h 0OBh 00m 00s 18 OCT 2004 10 m ter
6.00h 0OBh 00m Q0s 18 OCT 2004 AQD m w aobs -
NG & King Air Model 13
Juneau Federal ! ~ D TKE (m2 5-2) TKE (m2 S-z} :f
Douglas < ! _ ( 1 14.9 88.6 w0
: Ay 9
/4{;‘:{ S 2 39.0 19.2 :
s AR o= 3 53.4 20.5 :
eof e :
P ‘:%/‘/"’ d 4 37.3 1.7 ‘
\jxi’{‘:}'ﬁify ;
{/;5% e 5 5 | 158 13.3 :
e S5z iy 1
Bond et al. (2006{3 _ S Y ALy
Aircraft Observations of w . p .
15 - s 7 \ x -
== 10 — \J/iié/ % -6
v s 1 E ;%;;fé Vil g
E ¥ E yi / -
z 0 : y‘”/«f AT o
15 A T =y ”
: i W /
0 5 10 15 Vsl y 114 13
Distance (km) 30 /s
) all( O0€E J O aAVe DIec J all( cCONAaAdad ave gerieratio
al OPDSE allC al € ceued O J C 010 OpPE U 0 0 a o]0~

10



wwa Critical Levels and Wave Breaking

LABORATORY

19-02-2000

310" 315" 320° 325° 380" 335" 340" 345" 3507

COAMPS Simulation (5 km)

20000 pmy

25 2B0° 2B5° 300

UL [THHHTT

i T L B T

40000 44000 A

17500

]

15000

TKEQ

30 30

Height (m
[=]
Qo
o
(=]

7500

5000

1 1 i i 1 ' 1 1 1 1.1

2500

' ' '
- LI
e 0 o &

{ -
LE s 4
1l n"lml 1.

(65 .47 _505_83)

* Low-level easterly flow and critical
level (background) present.

» Sloping layers of wave overturning
and turbulent breaking.

Distance = 973.3 km

(85_44_.374_ED)

850 hPa

Lane et al. 2009
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DEEPWAVE Wave Breaking (29 June) FASTEX Wave Breaking
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Observed turbulent upper-level wave breaking (and mixing in UTLS)
Momentum flux diagnostics (including stratosphere - middle atmos.)

Real world complex flows (cyclones with time-dependent forcing)
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DEEPWAVE G-V Flight Over G-V AMTM Observations (~87 km)
Auckland Island
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Growing evidence that small islands may be important sources of

gravity waves and upper-level turbulence
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- State
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. .| Wave Breaking

h,=2000m =

* 2D ensemble initialized with a sounding from Jan 11, 1972 Boulder windstorm

* Maximum variance (uncertainty) occurs near the wave breaking threshold (h,,=1750 m)

Doyle and Reynolds (2008) 14
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Model Intercomparison of Wave Breaking [w (m s1)]

: : ARPS ASAM- BLASIUS - | : cm I

\’ %,‘74 \hlami * "!4"“" "
B | 1|

COAMPSv3 s ., i CQJ\MPS\I‘"- | —— ; ; DK - . EULAG l
" - nm . b 1 --
: ““h' ' i }* ‘:‘ J'__"f f ,%ﬂ"‘

= I L
Lo |

- .’[:lnstan;eqkm]o I oo I’*[c)rr.tanooo[kn: I - A -:;icmn:o[kn:]o - o Iziman;aqkm:? - E)O;/le et al. (2011)
« Explicit and LES 2D modeling of wave breaking and secondary wave generation

Height (km)

 Models still disagree radically for relatively simple problems (e.g., model error)

15



“?s'éﬁk’éh MWT Predictability

LABORATORY

Weak Members Strong Members

@ MWTWU o O .

Reinecke and Durran (2009)
« 70-member ensemble simulation of a large-amplitude mountain wave during T-REX

« Strong-member subset: Large-amplitude breaking mountain wave with an extensive
region of turbulent mixing directly above and to the lee of the Sierra.

« Weak-member subset: Wave breaking and turbulence are limited to a small region in
the upper troposphere lower stratosphere

 Differences in the synoptic-scale forcing are small




e, Summary
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» Measurements (research aircraft, PIREPS) and numerical simulations show a
rich spectrum of responses including MWT (wave breaking) that results from
flow over large-scale (e.g., Greenland) and complex terrain (e.g., Alps,Sierra).

* Rotors and hydraulic jumps occur when strong downslope flow in the
boundary layer along the lee slopes separate from the surface as a turbulent
vortex sheet (and subrotors) creating strong turbulence.

» The predictive skill of numerical forecasts of MWT observed in nature is
encouraging and has improved with increases in fidelity of the models.

 Ultimately, high-resolution ensemble methods that are capable of explicitly
resolving mountain waves should be used to provide probabilistic forecasts of
turbulence needed for aviation hazard mitigation.

17



Observation Impact on

Mountain Wave Launching
700-hPa U Sensitivity (36h) & Heights
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« Mountain lee waves are generally laminar though can be turbulent occasionally
 Lee waves are sensitivite to the PBL characteristics (stable vs. convective)

* Lee wave sensitive to land surface characteristics, diurnal cycle, upstream
conditions (stability, moisture, winds)

Jiang, Doyle, Smith (JAS 2006); Smith, Jiang, and Doyle (JAS 2006); Jiang, Doyle, Wang, and Smith (JAS
2007), Jiang and Doyle (JAS 2008); Jiang, Smith, Doyle (JAS 2008) 19
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Subrotor Vortices over the Medlcme Bow Mountalns
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Unique observations of subrotor vortices over the Medicine Bow Mtns
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