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Jet/front Gravity Wave: Synoptic Environment 
(Uccelini and Koch 1987) 
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•  Observations: 13 documented cases of mesoscale gravity waves; L~50-500km 
•  Preferred region: exit region of upper jet streak; cold side of surface front 
•  Leading hypothesis of wave generation: geostrophic adjustment 



Gravity Wave Generation from an Idealized Baroclinic Jet 
Simulations with a mesoscale model with 10-km grid spacing  
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Div. at 13 km; Jet Streak >55m/s 

(Zhang 2004, JAS; Wang and Zhang 2007 MWR) 



28 : 2 ( , )Diagnosisof Flow Imbalace at km NBE J u v f ςΔ = + −∇ Φ
(Gray: pressure, D=5hPa; Bold: winds>55m/s; Thin: DNBE, positive, solid & shaded, negative, dashed) 

•   Increasingly larger imbalance in developing baroclinic waves 
•   Imbalance maximized at exit region of upper jet streak, near strongest tropopause fold  
•   Mesoscale waves are continuously initiated downstream of the maximum imbalance 
•   Balance adjustment hypothesis: larger scale flow continuously produce imbalance as   

 forcing gravity waves generated through spontaneous balance adjustment 
(Zhang 2004, JAS) 



Flow Imbalance and Gravity Waves: Analytical Approach 
(Plougonven and Zhang 2007, JAS) 
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Governing equations linearized upon larger-scale flow 
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Gravity wave equation forced by flow imbalance  
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Imbalance forcing (the divergence forcing, vorticity forcing and thermodynamic 
forcing) are balanced flow quantities that are substituted into full nonlinear 
dynamics.  

 The linear system can also be cast in a single equation of vertical velocity 

         Gδ, Gθ and Gζ are normalized forcing terms and can be computed directly from 
large-scale (balanced) flow that relates to the background baroclinicity, which can 
potentially be used to parameterize the source of jet-front-generated gravity waves.   

. 

Flow Imbalance and Gravity Waves: Generalized Forcing 
(Wang and Zhang 2010, JAS) 



Gravity Waves in the Baroclinic Jet-front  
Fourier decomposition and 3D ray tracing 

W (cm/s) at 114h and 13km 

W after a HP filter W after a BP filter 

(Lin and Zhang 2008, JAS) 



Wave source mechanism: linear responses due to large scale forcing  

•   Separate the flow into large scale background flow AB and   

perturbations A’,  A’ << AB 

                                     A = AB+A’ 
        A: winds, potential temperatures, etc. 

 Linearization about the large scale flow AB 

•  Expect wave generation if forcing projects to the wave mode 

•  The separation is not unique 

•  Large scale flow is also included linear wave operator 

L: linear operator from the large scale (balanced) flow 

(Wang and Zhang 2010 JAS; Wang, Zhang&Epifanio 2010 QJ ) 



Gravity Waves in the Baroclinic Jet-front: Propagation 
versus Forcing--Linear wave response to imbalance forcing 

Forcing above 4km 

Forcing below 4km 

(Wang and Zhang 2011, in preparation) 

With all imbalance 

With only NBE residual imbalance 



Airborne Measurement of Jet-front Gravity Waves during START08 
Horizontal divergence (red and blue) and jet speed (shaded) 

(Pan et al. 2010 BAMS) 



 A Jet-front Gravity Wave  
Event Observed from Space  

Radiance perturbations 
 on 20 Jan 2003 observed 

from different channels  
of AMSU-A 

Horizontal wavelength: 
300-600 km 
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(Wu and Zhang 2004, JGR) 



Gravity Waves Simulated with Mesoscale Model MM5 
Horizontal divergence at 80mb (red and blue) and jet at 300mb (shaded) 

•  Jet-exit region gravity waves with λx=300-500km; λz=6-10km; ω=2-5f 
•  Wave amplitude at 80mb: u’,v’=5-10m/s; T’=3-6K; w’=20-30cm/s 
•  Similar waves but weaker amplitude in simulations with no moisture effect  

(Wu and Zhang 2004, JGR) 



Jet (shaded) and height at 300mb and horizontal divergence (red and blue) at 80mb 
L-S Gravity Waves and UT Jet Streaks from 30-km MM5 Simulation 
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•  Jet-exit region gravity waves with λx=300-500km; λz=6-10km; ω=2-5f 
•  Wave amplitude at 80mb: u’,v’=5-10m/s; T’=3-6K; w’=20-30cm/s; local mean flow forcing 10-20m/s/d 
•  Similar waves but weaker amplitude in simulations with no moisture effect                  



Monthly Mean Gravity Waves and Jet Streaks of Jan 2003 
MM5 30-km Simulation AMSU-A Observation and NCEP Analysis 

Monthly mean gravity-wave KE at 21 km 
(shaded) and jet streaks at 12 km (dash line) 

Monthly radiance variance map at channel 10 
(shaded, 21 km equivalent) and NCEP analysis 
jet streaks at 200 hPa (dash line, around 12 km) 
*** AMSU-A data are provided by NOAA 15, 16, 17 

with same specifications 

    Favorite regions for gravity wave generations: 
• Jet-Front GW: northwestern Atlantic 

• Topographic GW: Rockies, Appalachians, Greenland and Scandinavia 

(Zhang and Zhang 2011, in preparation) 



Vertical Structures of Jet-Front Gravity Waves during Jan 2003 

Local mean of simulated KE (shaded) and local variance of normalized AMSU-A 
radiance variance (Channel 9, dashed) are calculated within the box region 

•  Main Jet-Front GWs came from the strong cases during Jan 18~25 

•  In the lower tropshere, those GW signals are well captured both by MM5 
simulation and AMSU-A observation 

•  Jet-Front GWs propagate from upper troposphere to lower stratosphere, 
with central value at around 21 km 
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Evolution of Jet-front Gravity Waves and Flow Imbalance 
15 km divergence (+ red, - blue) and 12 km wind speed (shaded) 

Large-scale Imbalance (ΔNBE) derived from low-pass filter, > 900 km 

Caveats: the NBE residual represents imbalance in the background flows as well as 
gravity waves, which can not be easily separated in real case after waves generated. 



Can waves in a 120-km run be parameterized with flow imbalance?  

00Z Jan 19 12Z Jan 19 00Z Jan 20 

Large-scale flow imbalance (ΔNBE, green) and frontogenesis function (red) 

NBE residual reflects flow imbalance maximized in both upper-level jet and surface fronts 
which may be a better index for parameterizing jet-front gravity waves than the frontogenesis 
function though there is some consistency 



Monthly Mean of Background Flow: Strong Jets/Fronts are often Wet    

MM5 simulated monthly mean (January 2003) of Jet Streak (solid orange), 
Vertical shear (dash green), Terrian height (brown) and Reflectivity (blue shaded) 

The northwestern Atlantic region is the mean exit region of the baroclinic 
Jet-front system (storm track) which features strong moist convection 
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Idealized Simulations of Moist Baroclinic Waves
(Zhang, Bei, Rotunno, Snyder and Epifanio 2007, JAS)

The same ICs as Zhang (2004 JAS) but with addition of moisture as in  
Tan, Zhang, Rotunno and Snyder (2004, JAS) 

except for the addition of D3 and D4 convection permitting domains 



Gravity Wave in an Idealized Moist Baroclinic Jet/front 
Simulations with a mesoscale model with 10-km grid spacing  
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(Zhang et al. 2007, JAS) 

The 7-km pressure (thick blue line, every 10 hPa), wind speed 
(greater than 55 m/s shaded, in grey every 5 m/s) and wind vectors 

(arrows), and 12-km horizontal divergence (red) 



Mesoscale Predictability of Moist Baroclinic Waves

(Zhang et al. 2007, JAS)

difference in v (Δ=2m/s) 



Difference Energy of Band-Pass Filtered Fields

[ 200 ]
[200 1000 ]
[ 1000 ]

S km
M km
L km

λ

λ

λ

= <

= < <

= >

[ ]t h →

EΔ

(Zhang, et al. 2007 JAS)



Difference Kinetic Energy (DKE) Budget Analysis for the MM5 system  
(VERY similar to TKE budget eqn)  
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d
DKE = advection + buoyancy + PGF - diffusion_h - diffusion_v

dt

Derivation of DKE Budget for Incompressible and Inviscid Flow 
(Zhang et al. 2007 JAS)



Difference Kinetic Energy (DKE) Budget Analysis  

Time evolution of the DKE tendency and each of the source/sink terms

Stage 1 Stage 2 Stage 3 

(Zhang et al. 2007 JAS)



Budget of Error Energy: w/ and w/o moist convection 
Heating turned off after 18h for both perturbed and unperturbed runs

(Zhang et al. 2007 JAS)



A Multistage Error Growth Conceptual Model 
Stage 1: convective growth (0-6h): Errors grow mostly from small-scale 
convective instability and saturate at convective scales on O(1 h). The 
amplitude of saturation may be a function of CAPE and its areal coverage 
determined by large-scale flows. 

Left: MSLP (blue), surface theta-e (gray) 
1h precipitation (colored), and difference T 
(red, every 0.5K) 

Right: difference 1h precipitation (only >0 
colored), T (red) and w (green, every 0.5m/s) 
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(Zhang, et al. 2007 JAS)



Stage 2: transient growth (6-18h): Saturated errors transform from 
convective-scale unbalanced to larger-scale balanced motions through 
balance adjustment with mesoscale error turation at time scale O(2π/f) 

500hPa geopotential heights (black), highly-smoothed difference PV (green, every 
0.2PVU), difference winds (blue arrows) and difference ageostropic winds (red arrows) 
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(Zhang, et al. 2007 JAS)



Stage 3: baroclinic growth: Balanced components of the saturated 
error at the mesoscale project onto the larger-scale flow and grow with 

background dynamics and instability at the time scale of O(1day).  

500hPa geopotential heights (black), highly-smoothed difference pressure 
perturbations (red, every 0.2mb), difference winds (blue arrows) 
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(Zhang, et al. 2007 JAS)
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Concluding Remarks 
●  Physically-realistic long-lived vertically-propagating gravity waves are simulated to originate 

from upper-tropospheric jet streak exit region during the idealized baroclinic life cycles, as well 

as in real data case studies, with and without moisture effects 

●  These waves are hypothesized to be generated through spontaneous balance adjustment (as a 
generalization of geostrophic adjustment) in which imbalance continuously produced by large-

scale flows are spontaneously adjusted through radiating gravity waves 

●  A linear model linearlized upon a nonlinearly balanced background state wave equation is 

developed to show that larger-scale flow imbalance may indeed force smaller-scale gravity waves 

though the imbalance (in this framework includes vorticity and thermodynamic forcings) 

●  Residual of nonlinear balance equation (and further the generalized imbalance function that 
includes residual tendency in the balanced divergence, vorticity and thermodynamic equations) is 

useful in diagnosing imbalance and may be used for parameterizing jet-front gravity waves 

●  Inclusion of moist convection add a lot more complexity to the jet-front gravity waves but the dry 

dynamics appears to be essential in selecting the wave modes.  

●  Stronger baroclicity in moist BWs and thus stronger flow imbalance, diabatic heating can force 
and enhance gravity waves in the moist jet-front systems. 

●  Balance adjustment and gravity waves play important  role in mesoscale weather predictability 


