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NRL-MRY DEEPWAVE Research Projects 

1) Predictability: 

–Quantify initial state sensitivity & predictability of wave launching and GWs 

–Adjoint and ensemble tools (RF3, RF9, RF11, RF14, RF24, 25 June) 

2) Deep Propagating Gravity Waves and Gravity Wave Refraction: 

– Idealized and real-data simulations of GWs and GW refraction by shear 

–RF23, RF04, RF07, RF08, RF12, RF13 

3) Gravity Wave Source Identification: 

–Sources of “trailing” gravity waves near the New Zealand South Island 

–Sources of non-orographic gravity waves 

4) Synoptic-Scale Overview: 

–Summarize key synoptic-scale features for GWs over the DEEPWAVE 

domain during June-July 2014 & interpret in a climatological perspective. 

 

 

 



3 

1) Predictability 

2) Deep Propagating GWs and Refraction 

3) Gravity Wave Sources 

4) Synoptic-Scale Overview 
 

 

Outline 
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Summary of Predictability Missions 

RF IOP Date Flight Type Location Length Comments 

3 3 6/13/

2014 

Predictability Tasman 

Sea 

4.5 h Sampled short wave 

trough, LLJ 

9 8 6/24/

2014 

Predictability and SI 

Mountain Waves 

Tasman 

Sea and 

Cook 1b 

8.25 h 

5 Mt. Cook 

transects 

Sensitivity with cyclone, 

convection 

- - 6/25/

2014 

No flight, 3-h Hobart 

soundings (06Z-18Z) 

Hobart, 

Tasmania 

0 Partially sampled 

sensitive region. 

11 9 6/28/

2014 

Predictability Tasman 

Sea and 

Cook 1b 

6 h 

2 Mt. Cook 

transects 

Sampled active 

convection, very strong 

jet. 

14 9 7/01/

2014 

SI Mountain Waves 

with predictability 

dropsondes E of SI 

Cook 1a 

and SE of 

SI. 

0 h  

Transverse 

GW leg 

Sampled frontal 

passage. 

24 14 7/16/

2014 

S. Ocean Waves 

with predictability 

dropsondes 

S. Ocean, 

S-SW of 

the SI 

0 h – Flag 

pattern 

Sampled half of sensitive 

region 

3 
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700-mb u-sensitivity & heights 36 km 

12 km 

18Z 29 June 2014 (36 h) 

Predictability of Deep Propagating GWs 

AIRS 2 hPa (29 June 2014) 
700-mb u-sensitivity & heights 

What are the predictability characteristics of deep propagating GWs? 

COAMPS w 

5 hPa 

 

Evolved Optimal w 

7 hPa 

 

700-mb u-optimal perturbations 

•Adjoint is used to diagnose sensitivity using a 

kinetic energy response function (lowest 1 km) 

•Sensitivity located ~1200 km upstream near trough 

•Adjoint optimal perturbations lead to strong wave 

propagation (refracted waves south of NZ) 

Adjoint allows for the mathematically rigorous calculation of forecast 

sensitivity of a response function to changes in the initial state 
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Adjoint Optimal Perturbation Growth 

•Rapid growth for 24 & 28 June cases - slower growth for 13 June case. 
•Upscale growth of optimal perturbations over 24 h. 

RF03-04 (13-14 June) 

RF11-12 (28-29 June) 

RF09-10 (24-25 June) 

FFT Spectrum (0 h, 24 h) 

x10 

2500 km 

3200 km 

● 

● 
1700 km 

● 1200 km 
● x103 
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G-V Targeted Dropsonde Impact 

Adjoint Observation Impact Diagnostics 

Domain and Error Norm Region Total Impact 

Percent Impact Impact (Per Observation) 

AMDAR 
Sat. Winds 

Radiosonde 
Dropsonde 

Dropsonde 
AMDAR 

Radiosonde 
PIBAL 

Sat. Winds 

AMDAR 
Sat. Winds 

Radiosonde 
Dropsonde 

45 km 

•Adjoint (model/DA) observation impact on 12-h forecasts for 3 flights (pred.). 
•Dropsondes largest impact on per obs. basis, and 4th largest impact overall. 

12 h Forecast Error Norm Reduction (J/kg) 

12 h Forecast Error Norm Reduction (J/kg) 12 h Forecast Error Percent Reduction (%) 
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Ensemble Control 

Z = 13 km 

Z = 20 km 

Z = 13 km 

Z = 20 km 

Ensemble Mean 

Z = 13 km 

Z = 20 km 

Ensemble Standard Deviation 

Predictability of Deep Propagating GWs 

Energy Flux: 20 Member Ensemble (48h; 12Z 14 June) 
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1) Predictability 

2) Deep Propagating GWs and Refraction 

3) Gravity Wave Sources 

4) Synoptic-Scale Overview 
 

 

Outline 
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•G-V showed small amplitude wave over AI at 40kft, not as clear at 25 kft. 

Deep Propagating Gravity Waves Over 

Auckland and Macquarie Islands (RF23) 

40 kft 

w and q 

25 kft 

w and q 

G-V over Auckland Islands 
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•Over Macquarie, the small amplitude waves at 15 kft do not seem to be 
apparent at the 40 kft level. 

•The Macquarie terrain is likely too narrow to support deep propagation. 

Deep Propagating Gravity Waves Over 

Auckland and Macquarie Islands (RF23) 

40 kft 

w and q 

15 kft 

w and q 

G-V over Macquarie Island 
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Mountain waves generated by Auckland Is. Penetrate to high altitudes (45 km 
and above), while mountain waves excited by Campbell Is. do not. 

Deep Propagating Gravity Waves Over 

Auckland and Macquarie Islands (RF23) 

COAMPS Simulations of Auckland Is Gravity Waves 

•1.7 km resolution nest, 86 vertical levels 

•Model top:  58 km  

w at 20 km w at 30 km w at 45 km 

Auckland Is.  

(650 m) 

Campbell Is. (500 m) 
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Macquarie generates small amplitude waves that propagate to high altitudes. 

Deep Propagating Gravity Waves Over 

Auckland and Macquarie Islands (RF23) 

COAMPS Simulations of Macquarie Is Gravity Waves 

•567 m resolution nest, 86 vertical levels 

•Model top:  58 km  

w at 6 km w at 12 km w at 45 km 

Macquarie Is. (34 km x 5 km) 

150-200 m 
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Deep Propagating Gravity Waves Over 

Auckland and Macquarie Islands (RF23) 

AMTM Observations 



Valid at 1319 UTC 14 June 2014 

(2mb) 

W @ 30km from 15-km grid, valid 

at 1200 UTC, 14 June 2014 

Trailing Gravity Waves:  RF04 



Valid at 0230UTC 19 June 2014 

(2mb) 

W @ 30km from 15-km grid, valid 

at 1200 UTC, 19 June 2014 

Trailing Gravity Waves:  RF07 



W @ 30km from 15-km grid, valid 

at 1200 UTC, 29 June 2014 
Valid at 1318 UTC, 29 June 

2014 (2mb) 

Trailing Gravity Waves:  RF12 



CNTRL Ridge: Ly = infinity 

   3 peaks: Ly=400 km      4 peaks: Ly=200km 

Idealized terrain:  
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Trailing Gravity Waves:  RF07 



W @ 12 km ASL  

CNTRL NOTRN 

RDG 4PEAKS 

Lower Stratosphere (12 km) 



W @ 30 km ASL  

CNTRL: 

 0.8 m/s 
NOTRN: 

0.4m/s 

RDG: 

0.8 m/s 

4 PEAKS: 

1.8 m/s 

Stratosphere (30 km) 



21 

Gravity Waves in Sheared Flow 

Idealized Shear Experiments 

Initial  

U (m s-1) 

•Role of horizontal shear often is not considered in GW studies. 
• Idealized simulations of gravity waves in balanced shear (Dx=15 km) 
•Flow over Gaussian hill (north of jet) leads to vertically propagating 
waves that are refracted by the horizontal shear in the stratosphere. 

•Zonal momentum flux in the stratosphere shows refraction due to shear. 

    75 m s-1 

u-momentum 

flux (u’w’) and 

winds (24-h)  

Jet 

h 

70  

m s-1 

North South 

Initial U (m s-1) at 15 km 

Gaussian Hill  

(hm=1 km, a=60 km) 

x (3450 km) y
 (

3
4
5
0
 k

m
) 

w (m s-1) at 10 km w (m s-1) at 15 km 

z  

(km) 

w (m s-1) at 25 km 
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Weak Jet (15 m s-1) 

Gaussian 

Mountain  

(hm=100 m, a=60 km) 

Gravity Waves in Sheared Flow 

Idealized Shear Experiments 

Weak Jet (30 m s-1) Jet (45 m s-1) Jet (60 m s-1) Jet (75 m s-1) 

Vertical Velocity 

28 km (~10 hPa) 
Vertical Velocity (65 m s-1 Jet) 

28 km (~10 hPa) 

•Stronger shear leads to greater wave refraction and further propagation 
of the wave energy into the jet and downstream. 

•Marked asymmetries are apparent in the waves due to the refraction 
into the jet and absorption at directional critical lines. 

•None of these effects are included in wave drag parameterizations. 

3900 km 

3
6

0
0

 k
m

 

3900 km 

3
6

0
0

 k
m
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Gravity Waves in Sheared Flow 

Idealized Shear Experiments with New Zealand Terrain 

Vertical Velocity (70 m s-1 Jet) 

New Zealand terrain launches gravity waves that are refracted by the 
shear in a similar manner to the idealized hill. 

5 km 12 km 25 km 
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1) Predictability 

2) Deep Propagating GWs and Refraction 

3) Gravity Wave Sources 

4) Synoptic-Scale Overview 
 

 

Outline 
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Gravity Wave Source Identification 

Trailing Waves in IOP 3 (RF04) 

AIRS 2.5 hPa 1700 UTC 14 June w (m s-1)  at 25 km 

18h (18Z 14 June) 

Response  

Function 

North box 

South box 

Terrain Height (m) Optimal Perturbation KE at 2 km 

Initial Time (12-h Adjoint) 

North Box 

Maximum 

Optimal W Perturbation at 25 km 

12-h Evolved Perturbations 

North Box 

Optimal Perturbation KE at 2 km 

Initial Time (12-h Adjoint) 

South Box 

Maxima 

Optimal W Perturbation at 25 km 

12-h Evolved Perturbations 

South Box 

•Adjoint identifies most sensitive portion of the Alps for wave launching. 
•Trailing waves located to S of NZ are launched from S. Alps (south of Cook). 
•Excitation of waves by non-orographic sources for detached trailing GWs. 
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Gravity Wave Source Identification 

Non-Orographic Waves (RF24) 

•Adjoint identifies left exit region of mid-tropospheric jet as possible source 
•Waves may also be excited by decelerations in high-amplitude pattern. 

2 hPa 20 hPa 

w at 20-hPa 

Response 

Function 

500-hPa heights, winds 

Kinetic Energy 

Optimal Pert. 
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1) Predictability 

2) Deep Propagating GWs and Refraction 

3) Gravity Wave Sources 

4) Synoptic-Scale Overview 
 

 

Outline 
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Large-Scale Flow During DEEPWAVE 

NCEP/NCAR Reanalysis Anomaly 

10-hPa 

Zonal Wind Anomaly Geopotential Height Anomaly 

•Strong ridge at 10 hPa over New Zealand and extending to the west. 
•Weaker westerly flow (large anomaly) at 10 hPa extending to the west.   
•Polar vortex appears to be contracted and closer to pole near New Zealand. 
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Summary 

• Predictability: 

 Overview of adjoint results and linking sensitivity with weather 

• Need to incorporate dropsondes and MTP into analysis of sensitivity 

 Observation impact and data denial experiments using 4D-Var 

• Assimilate latest dropsonde dataset, compare waves between model and obs 

• Deep Propagating Gravity Waves and Gravity Wave Refraction: 

 Idealized gravity waves in lateral shear 

 RF23 study:  95 km top, compare w/G-V, AMTM, lidars, linear models 

 Trailing wave cases:  RF04, RF07, RF08, RF12, RF13 

• Sensitivity tests and real data simulations and comparisons with G-V 

• High altitude simulations and comparisons with AMTM, lidars 

• Gravity Wave Source Identification: 

 Demonstration of technique, comparison with linear ray tracing (Steve) 

• Synoptic-Scale Overview (w/ DLR): 

 Summarize key synoptic-scale features for GWs over the DEEPWAVE 

domain during June-July 2014 & interpret in a climatological perspective. 

• Collaborate with DLR and others… 
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Large-Scale Flow During DEEPWAVE 

NCEP/NCAR Reanalysis Anomaly 

700-hPa 

Zonal Wind Anomaly Geopotential Height Anomaly 

•Strong tropospheric ridge to SE of New Zealand 
•Weaker westerly flow than average over New Zealand extending to east 
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Large-Scale Flow During DEEPWAVE 

NCEP/NCAR Reanalysis Anomaly 

10-hPa 

Mean Zonal Wind Mean Geopotential Height 

•Mean polar vortex jet maximum just south of the South Island.  
•Annular vortex shape, strongest winds to the SW of South Island. 
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♦ Wind Profiler 

Gravity Wave Launching during DEEPWAVE 

June - July 2014 Upstream Wind Speed (Hokitika) at 1 km 

2 5 

6 

7 8 9 10 

11 

12 13 14 

15 

16 

P2 P3 

3 4 

P1 

1 

• COAMPS adjoint:  25-km resolution, 24-h sensitivity, forecasts every 6h 
• Mean wind speed (at Hokitika) at 1 km above surface shows active 

periods in June, quiescent after 10 July (S. Ocean flights) and then 
stronger flow after the end of the program. 

IOP # 

NZ Flight 

Tasmania 

S. Ocean 

Predictability 
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2 5 

6 

7 8 9 10 

11 

12 13 14 

15 

16 

P2 P3 

3 4 

P1 

1 

Moist Adjoint Sensitivity 

June-July 2014 Moisture Sensitivity Maximum (m2 s-1 (gKg)-1) 

• Maximum sensitivity of the low-level wind speed over the S. Island (1 
km deep response function) to the initial moisture. 

• Maximima correspond to the IOP periods in general.   
• Largest moisture sensitivity peaks:  IOPs 1, 8, 9, lesser 4, 10, 13 

IOP # 

NZ Flight 

Tasmania 

S. Ocean 

Predictability 
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Moist Adjoint Sensitivity 

June-July 2014 Mean for U1 km > 10 m s-1 

• Mean 700-hPa flow shows a weak trough near S. Island (strong cases) 

• Mean 700-hPa temperature sensitive regions are complex, with 

maxima to the southwest, west, north of South Island, New Zealand. 

700-hPa Wind Speed and Heights (24h) 700-hPa  Temperature Sensitivity (24 h) 



DEEPWAVE G-V Predictability Missions 

• G-V predictability flights (w/ drops) sampled initial condition sensitivity 

regions upstream of the S. Alps prior to gravity wave (GW) events (3 flights) 

• Sensitivities located in dynamically active regions (jet, front, convection).   

• Evolved adjoint perturbations are large enough to impact wave launching. 

• G-V gravity wave “verification” flights (following day) observed deep 

propagating waves and will be used to quantify the predictability relationship 

between lower and upper levels of the atmosphere. 

IR, 250-mb Wind 24-h Adjoint Sensitivity Evolved U Perturbation 

RF11 (28 June) 

GV-Track & Drops 

2-mb AIRS T’ (RF04) 
RF03 (13 June) 

AMTM OH (87km) (RF12) 

8 m s-1 

14 m s-1 

2 km 

2 km 

GV-Track & Drops 



RF13 RF18 RF4 

Deep Propagating Gravity Waves and 

Wave Refraction due to Shear 

•Several cases during DEEPWAVE of G-V measurements beneath trailing 
waves. 


