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The Challenge of Snowbands in Winter Storms

• Bands make 
Quantitative 
Precipitation Forecasts 
(QPF) difficult
• Localized heavy 

precipitation
• Extreme gradients
• Evolution

12 Feb 2006

12 Feb 2006

NYC
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Novak et al. (2004)

Conceptual Model for “Primary” Band
Plan-view

Novak et al. (2006)   
(adapted from Moore et al. 2005)

Cross Section

*Frontogenesis in the presence of weak moist symmetric 

stability and sufficient moisture*
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Xu (1992)

Band Ingredients and Transition to Multi-Bands 

Moisture

Courtesy Peter Banacos (BTV)Emanuel (1985)

Sanders and Bosart (1985)

Lift – Frontogenesis

Instability– weak moist (conditional or potential) symmetric stability
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700-800 hPa Frontogenesis vs Instability (neg MPV*)

Many Smaller-Bands Have Weak or No Frontogenesis
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Largest 1/3 bands Smallest 2/3 bands No Bands

Many bands occur with limited mid-level 
frontogenesis – Ganetis et al. (2018)

Ganetis et al. (2018)
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• Multibands & BOTH-Midsized were found to exist in weak frontogenesis
• Frontogenesis is theorized origin of primary/single snowbands

• Enhanced vertical wind shear (hereafter referred to as “shear”) was observed to exist in 
environments with multibands & BOTH-Midsized 

Ganetis et al. 2018

Importance of Vertical Shear for Multi-bands?



Other Possible Mechanisms?  “Snowbands” with Elevated Cells and 
Fallout; Organization from Vertical Shear and Deformation?

Rosenow et al. 2014; Keeler et al. 2016

Keeler et al. 2017



IMPACTS Case: 1930~2330 UTC 17 Feb

• Precipitation 
structures become 
band-like over time

• Sloping region of 
frontogenesis (purple 
contours)

• Cloud-top instability

• 2-km WRF section: 
possible fallout from 
generating cells

17 Feb 2022
Band Evolution



Predictability Challenges – Convective Resolving Models

L

Connelly and Colle (2019 WAF)

2-km WRF



More Convective-Plume Multi-bands Along Sloping Baroclinic Zone

1500 UTC 16 
Jan 2022

L



Multi-bands and PV Dipoles

MA

NH

ME

CT

2-km WRF 800-hPa Reflect. (shade), 700-
hPa hgt. (black; dam) and θ (blue; K)

• Multi-bands in some cases are accompanied by PV dipoles

• Use idealized models to better isolate processes

MRMS Composite Reflectivity
WRF 800-750-hPa PV (shade), 
w>0.5 m·s-1 (green), Wind Vectors

16 UTC 17 Dec 2020 16 UTC 17 Dec 2020

NH

MA

CT

Primary Band

Multi-Bands



Objectives

• Nested runs of an idealized baroclinic wave model are used 
to answer the following questions:

1. How do the precipitation structures in the comma head evolve as the 
cyclone develops?

2. How do changes in the ambient frontogenesis (forcing), vertical shear, and 
instability around the cyclone relate to changes in the precipitation 
structures.

3. What mechanisms cause the bands to elongate and persist? 

4. How sensitive is the development of the multi-bands to small changes in 
the initial conditions?



• Ran the baroclinic wave test case of WRF v3.4.1.  Used physics consistent with Norris et al. 2014 and 2017: Thompson 
microphysics, YSU PBL, and Kain-Fritsch convection.

• 20-km and 4-km nests added at 108 h (panel c).  

• 800-m added between 114 h and 132 h to capture the peak in band activity.  There are similarities between the 4-km and 
800-m, such that the 4-km will primarily be shown.

700-hPa Snow, 500-hPa Heights, and SLP of the 100-km Grid

Idealized Baroclinic Wave Model Setup



Idealized Band Activity and Evolution:  Band Structures

θ

g·kg-1



700-hPa Snow, Heights, and θ Cross-section Snow, θ, and Circulation Vectors 

g·kg-1

A

B

B

Pre-genesis Stage: 114 h 

0.5 m·s-1

60 m·s-1

A

L

Idealized Band Activity and Evolution: Band Structures



0.5 m·s-1

60 m·s-1

700-hPa Snow, Heights, and θ Cross-section Snow, θ, and Circulation Vectors 

g·kg-1

A

A

B

B

Genesis Stage: 120 h 

L

Idealized Band Activity and Evolution: Band Structures

Convection 
moves NW



700-hPa Snow, Heights, and θ Cross-section Snow, θ, and Circulation Vectors 

g·kg-1

A

B

B

Mature Stage: 129 h 

Band

Hybrid

Cell

Band Hybrid Cell

0.5 m·s-1

60 m·s-1

A

L

Idealized Band Activity and Evolution: Band Structures



700-hPa Snow, Heights, and θ Cross-section Snow, θ, and Circulation Vectors 

g·kg-1

A

B

B

Decay Stage: 138 h 

Idealized Band Activity and Evolution: Band Structures

0.5 m·s-1

60 m·s-1

A

L



Evolution of Large-Scale 
Environment and Forcing

Leonardo and Colle (MWR in press 2024)



• Assess the forcing/instability in the 
20-km grid.  Took statistics within a 
box following the band activity.  

• 700-600-mb fgen grows through 
genesis up to ~127 h.

• 600-500-mb SW (band-parallel) shear 
increases up to ~130 h.

• 600-500-hPa potential instability (PI) 
is largest 115-118 h, reaching 0 by 
135-138 h during decay.  Conditional 
instability (CI) is half of PI’s 
amplitude/extent.  

• PI/CI grow due to differential 
advection, from drier air aloft 
wrapping in from behind the system. 

Evolution of Large-Scale Environment and Forcing



Objectives

• Nested runs of an idealized baroclinic wave model are used 
to answer the following questions:

1. How do the precipitation structures in the comma head evolve as the 
cyclone develops?

2. How do changes in the ambient frontogenesis (forcing), vertical shear, and 
instability around the cyclone relate to changes in the precipitation 
structures.

3. What mechanisms cause the bands to elongate and persist? 

4. How sensitive is the development of the multi-bands to small changes in 
the initial conditions?



Band Formation and Growth Via Generation of PV 
Dipoles and Resulting Circulation



Band Formation and Growth Via Generation of PV Dipoles and Resulting Circulation
• Tracked a cell that later grows into a SW-NE band as it moves around the NE flank of the low.

• An upper-level potential vorticity (PV) dipole extends NE of the cell, along which new convection 
develops afterwards. 

• PV dipoles have been associated with the organization of warm convection (e.g., Chagnon and 
Gray 2009; Moon and Nolan 2015; Hitchman and Rowe 2019).

Zoom-in



123 h 50 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation

g·kg-1

700-hPa Snow, Heights, θ



123 h 50 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



124 h 00 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



124 h 20 min

Upward 
motion

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



124 h 30 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



124 h 40 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



• Diagnosed the terms in the 
600-550-hPa PV tendency 
equation as the PV dipole 
expanded.
• Time derivatives are 

approximated with CFD of 2-
minute output.

• Diabatic heating rate ( ሶ𝛉) is 
approximated by subtracting θ 
advection from the time-rate-
of-change in θ. 

• The diabatic term is 
contributing near the center of 
the dipole.

124 h 40 min:  600-550-hPa PV Tend. Terms (shade), PV (contour), Wind

Latent 
heating

𝜕𝑃𝑉

𝜕t
+ 𝑽 · ∇𝑃𝑉 −

1

ρ
𝜼 ∙ ∇ ሶθ = 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 0 

Advection Diabatic

𝝏𝐏𝐕/𝝏𝐭 -PV Adv.

Diab. Resid.

Band Formation and Growth Via Generation of PV Dipoles and Resulting Circulation



𝜕𝑃𝑉

𝜕t
+ 𝑽 · ∇𝑃𝑉 −

1

ρ
𝜼 ∙ ∇ ሶθ = 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 0 

Advection Diabatic

𝝏𝐏𝐕/𝝏𝐭 -PV Adv.

Diab. Resid.

125 h 10 min:  600-550-hPa PV Tend. Terms (shade), PV (contour), Wind

• Diagnosed the terms in the 
600-550-hPa PV tendency 
equation as the PV dipole 
expanded.
• Time derivatives are 

approximated with CFD of 2-
minute output.

• Diabatic heating rate ( ሶ𝛉) is 
approximated by subtracting θ 
advection from the time-rate-
of-change in θ. 

• The diabatic term is 
contributing near the center of 
the dipole.

• Advection corresponds to 
>90% of NE expansion of PV 
after it’s created from below 
(at the NE edge of PV dipoles).

Band Formation and Growth Via Generation of PV Dipoles and Resulting Circulation



m·s-1 10-4 s-1

600-550-hPa Wind Speed (shade) 
and Vectors

600-550-hPa PV (shade) and Wind 
Anomaly, 650-hPa QSNOW (green)

600-550-hPa Divergence (shade), w 
(green)

PVU

125 h 00 min

Original cell
Winds slow down in 
between dipole…

…Divergence where 
the winds speed back 
up exiting the dipole. 

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



m·s-1 10-4 s-1

600-550-hPa Wind Speed (shade) 
and Vectors

600-550-hPa PV (shade) and Wind 
Anomaly, 650-hPa QSNOW (green)

600-550-hPa Divergence (shade), w 
(green)

PVU

125 h 30 min

New upward motion 
beneath divergence…

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



m·s-1 10-4 s-1

600-550-hPa Wind Speed (shade) 
and Vectors

600-550-hPa PV (shade) and Wind 
Anomaly, 650-hPa QSNOW (green)

600-550-hPa Divergence (shade), w 
(green)

PVU

126 h 00 min

…New convection 
beneath divergence

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



m·s-1 10-4 s-1

600-550-hPa Wind Speed (shade) 
and Vectors

600-550-hPa PV (shade) and Wind 
Anomaly, 650-hPa QSNOW (green)

600-550-hPa Divergence (shade), w 
(green)

PVU

126 h 30 min

Band Formation and Growth Via Generation of PV Dipoles and 
Resulting Circulation



Objectives

• Nested runs of an idealized baroclinic wave model are used 
to answer the following questions:

1. How do the precipitation structures in the comma head evolve as the 
cyclone develops?

2. How do changes in the ambient frontogenesis (forcing), vertical shear, and 
instability around the cyclone relate to changes in the precipitation 
structures.

3. What mechanisms cause the bands to elongate and persist? 

4. How sensitive is the development of the multi-bands to small changes in 
the initial conditions?



Forecast Challenges
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Snowband Predictability Issues
(2-km WRF runs of Dec 2010 Event) 

Issues



Snowband Predictability Issues (2-km WRF runs of Dec 2020 Event)
MRMS Reflectivity 

WRF-ERA5

2-km WRF Simulated Reflectivity and SLP,  valid 1230 UTC 17 Dec. 2020 (forecast hour 12)

1230 UTC 17 Dec. 2020

WRF-NAM WRF-GFS

• WRF runs with same PBL and MP schemes, but different initial 
conditions.

• Each run generally produced multi-bands in this case.

• The extent of the banding and band orientation/morphology were 
sensitive to the initial conditions. 



100-km Control Initial 500-hPa 
Heights (blue contour; dam)

m·s1

Control – TGRAD-10 Diff. in Initial 
θ (shade) and U-wind (green 
contour; m/s), TGRAD-10 θ (grey)

A

B

K

A AB B

Control Initial U-wind (shade) and 
θ (grey contour; K)

• Perturbed the initial conditions of the control run by decreasing or increasing the horizontal temperature gradient at 
each vertical level throughout the domain by 10% (“TGRAD-10” and “TGRAD+10”, respectively).

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



• Decreasing the initial horizontal temperature gradient by 10% delays multi-band until ~138 h.

• Increasing the gradient causes the multi-bands to develop/mature at ~120 h, at least 6 hours earlier than the Control.  
The activity then weakens after ~129 h. 

114 h:  700-hPa Snow (shade), Heights (black contour), and θ (blue contour)   
TGRAD-10 Control TGRAD+10

g·kg-1

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



• Decreasing the initial horizontal temperature gradient by 10% delays multi-band until ~138 h.

• Increasing the gradient causes the multi-bands to develop/mature at ~120 h, at least 6 hours earlier than the Control.  
The activity then weakens after ~129 h. 

120 h:  700-hPa Snow (shade), Heights (black contour), and θ (blue contour)   
TGRAD-10 Control TGRAD+10

g·kg-1

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



• Decreasing the initial horizontal temperature gradient by 10% delays multi-band until ~138 h.

• Increasing the gradient causes the multi-bands to develop/mature at ~120 h, at least 6 hours earlier than the Control.  
The activity then weakens after ~129 h. 

129 h:  700-hPa Snow (shade), Heights (black contour), and θ (blue contour)   
TGRAD-10 Control TGRAD+10

g·kg-1

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



• Decreasing the initial horizontal temperature gradient by 10% delays multi-band until ~138 h.

• Increasing the gradient causes the multi-bands to develop/mature at ~120 h, at least 6 hours earlier than the Control.  
The activity then weakens after ~129 h. 

138 h:  700-hPa Snow (shade), Heights (black contour), and θ (blue contour)   
TGRAD-10 Control TGRAD+10

g·kg-1

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



• TGRAD-10 and TGRAD+10 shear >9 
m/s/km at ~136 h and 114 h, 
respectively.

• TGRAD-10 PI grows ~9 hours later, 
reaching -4 K/km by ~129 h.

Box-Avg. 700-600-hPa Frontogenesis

Sensitivity to Initial Conditions: +/- 10% change in Temperature Gradient



ζ<0  =>  PV<0 ζ>0  =>  PV>0
Updraft

• The 4-km baroclinic wave model develops multi-bands east of the surface low at 120-138 h.  The 
bands start as cells that elongate and deepen as they move northward around the low.

• The activity coincides with a growth in 700-500-hPa PI east of the low and an increase in 600-500-
hPa vertical shear.  The activity dissipates after the instability is depleted.

• Bands expand northeastward due to a feedback between PV dipoles and ambient flow.  
• A cell updraft below 600-hPa tilts the 600-550-hPa horizontal absolute vorticity into the vertical.  Latent 

heating in the updraft changes the local θ gradient, resulting in a PV dipole at 600-550-hPa.

Summary of Conceptual Model



• The 4-km baroclinic wave model develops multi-bands east of the surface low at 120-138 h.  The 
bands start as cells that elongate and deepen as they move northward around the low.

• The activity coincides with a growth in 700-500-hPa PI east of the low and an increase in 600-500-
hPa vertical shear.  The activity dissipates after the instability is depleted.

• Bands expand northeastward due to a feedback between PV dipoles and ambient flow.  
• A cell updraft below 600-hPa tilts the 600-550-hPa horizontal absolute vorticity into the vertical.  Latent 

heating in the updraft changes the local θ gradient, resulting in a PV dipole at 600-550-hPa.
• Southwest winds ~550-hPa advect the PV northeastward as it is continuously generated from below. 

Summary of Conceptual Model



• The dipoles affect where the new convection develops- a line NE from the original cell.

• The circulations from the 2 PV poles cause a NE flow anomaly in between them, opposing the 
large-scale 600-550-hPa SW flow.  Thus, the total wind slows down entering the dipole and speeds 
up exiting it.  The latter corresponds to divergence (closer to 550-hPa) extending NE from the 
dipole.  New upward motion and snow develop from beneath this divergence.

• The band dissipates over ~2-3 h after it moves away from the PI and shear.  Gradual PV 
destruction from evaporative cooling north and south of the band.

Summary of Conceptual Model (continued)

=
-PV

PV
Original 
Cell

Merges 
w/cell to 
form band



Conclusions and Takeaways for Forecasters

K·km-1

K·km-1

MRMS Reflectivity (shade), HRRR ANL 
700-hPa height (black contour) and θ 
(blue), valid 1500 UTC 16 Jan 2022 

HRRR ANL 750-550-hPa dθe/dz (shade) 
and Wind Shear Vectors, valid 1500 UTC 
16 Jan 2022 

GA

AL

AL
GA

L

• PI east of the surface low 
is the dominant 
instability in the 
development of multi-
band convection.

• Mid-level vertical shear is 
crucial in the 
organization/growth of 
the multi-bands. 

• The development of both 
parameters in forecasts 
can be highly sensitive to 
the initial conditions.  

dBZ
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Extra Slides





K·km-1m·s-1  
·km-1

600-500-hPa Vertical Shear (shade and 
vectors), 600-hPa Snow (grey contour)

600-500-hPa dθe/dz (shade), 700-600-
hPa θ (black contour) and Fgen. (red 
contour), 600-hPa Snow (green contour)

126 h 20 min



K·km-1m·s-1  
·km-1

600-500-hPa Vertical Shear (shade and 
vectors), 600-hPa Snow (grey contour)

600-500-hPa dθe/dz (shade), 700-600-
hPa θ (black contour) and Fgen. (red 
contour), 600-hPa Snow (green contour)

128 h 00 min



K·km-1m·s-1  
·km-1

600-500-hPa Vertical Shear (shade and 
vectors), 600-hPa Snow (grey contour)

600-500-hPa dθe/dz (shade), 700-600-
hPa θ (black contour) and Fgen. (red 
contour), 600-hPa Snow (green contour)

129 h 30 min



K·km-1m·s-1  
·km-1

600-500-hPa Vertical Shear (shade and 
vectors), 600-hPa Snow (grey contour)

600-500-hPa dθe/dz (shade), 700-600-
hPa θ (black contour) and Fgen. (red 
contour), 600-hPa Snow (green contour)

131 h 00 min



K·km-1m·s-1  
·km-1

600-500-hPa Vertical Shear (shade and 
vectors), 600-hPa Snow (grey contour)

600-500-hPa dθe/dz (shade), 700-600-
hPa θ (black contour) and Fgen. (red 
contour), 600-hPa Snow (green contour)

131 h 00 min



• PV equation:  𝑃𝑉 =
1

ρ
𝝎𝒂 ∙ ∇θ =

1

ρ

𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧

𝜕θ

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
−

𝜕𝑤

𝜕𝑥

𝜕θ

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
+ 𝑓

𝜕θ

𝜕𝑧
 

• PV tendency:  
𝜕𝑃𝑉

𝜕t
+ 𝑽 · ∇𝑃𝑉 −

1

ρ
𝝎𝒂 ∙ ∇ ሶθ = 𝑟𝑒𝑠𝑖𝑑.

• Diabatic Term:  
1

ρ
𝝎𝒂 ∙ ∇ ሶ𝛉 =

1

ρ

𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧

𝜕 ሶ𝛉

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
−

𝜕𝑤

𝜕𝑥

𝜕 ሶ𝛉

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
+ 𝑓

𝜕 ሶ𝛉

𝜕𝑧

where 𝑽 is the 3D wind, 𝝎𝒂 is the 3D absolute vorticity, and ሶ𝛉 is the diabatic heating rate.

• Derivatives are approximated with CFD, using 2-minute output.

• Next 4 slides:
• Left:  600-500-hPa 𝜕PV/𝜕t (shade) and PV (black contour > 0 PVU, grey dash < 0 PVU), and 600-hPa 

snow mixing ratio (green contour; g·kg-1).

• Middle:  600-500-hPa PV advection (shade), PV, and wind vectors.

• Right:  600-500-hPa diabatic term (shade), PV, and diabatic heating rate (dark green contour>0, light 
green dash<0; 10-3 K·s-1).



10-4 
PVU·s-1

600-500-hPa ∂PV/∂t (shade), PV 
(black contour>0; grey dash<0), 
600-hPa Snow (green contour) 

600-500-hPa PV Adv. (shade), PV 
(black contour>0; grey dash<0), 
Wind Vectors

127 h 00 min

Evaporative 
Cooling

Positive PV 
tendency*

* 
𝜕 ሶ𝛉

𝜕𝑦
> 0;

𝜕𝑢

𝜕𝑧
> 0 ⇒

1

ρ
𝝎𝒂 ∙ ∇ ሶ𝛉 =

1

ρ

𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧

𝜕 ሶ𝛉

𝜕𝑥
+

𝜕𝑢

𝜕𝑧
−

𝜕𝑤

𝜕𝑥

𝜕 ሶ𝛉

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
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𝜕𝑧
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600-500-hPa Diab. Term. (shade), 
PV (black contour>0; grey 
dash<0), Diab. Heat Rate (green 
contour>0; green dash<0)  



10-4 
PVU·s-1

600-500-hPa ∂PV/∂t (shade), PV 
(black contour>0; grey dash<0), 
600-hPa Snow (green contour) 

600-500-hPa PV Adv. (shade), PV 
(black contour>0; grey dash<0), 
Wind Vectors

127 h 10 min
600-500-hPa Diab. Term. (shade), 
PV (black contour>0; grey 
dash<0), Diab. Heat Rate (green 
contour>0; green dash<0)  

Evaporative 
Cooling

• While the diabatic cooling weakens, it has a cumulative impact on the temperature field, increasing 
the cold anomaly and thus the northward temperature gradient (and PV). 



10-4 
PVU·s-1

600-500-hPa ∂PV/∂t (shade), PV 
(black contour>0; grey dash<0), 
600-hPa Snow (green contour) 

600-500-hPa PV Adv. (shade), PV 
(black contour>0; grey dash<0), 
Wind Vectors

127 h 20 min

Negative PV pole 
weakens and 
backs away…

600-500-hPa Diab. Term. (shade), 
PV (black contour>0; grey 
dash<0), Diab. Heat Rate (green 
contour>0; green dash<0)  



10-4 
PVU·s-1

600-500-hPa ∂PV/∂t (shade), PV 
(black contour>0; grey dash<0), 
600-hPa Snow (green contour) 

600-500-hPa PV Adv. (shade), PV 
(black contour>0; grey dash<0), 
Wind Vectors

600-500-hPa Diab. Term. (shade), 
PV (black contour>0; grey 
dash<0), Diab. Heat Rate (green 
contour>0; green dash<0)  

127 h 30 min

…Positive 
PV envelops 
band



%

600-500-hPa Ice Mixing Ratio 
(shade), Diab. Heat Rate (blue 
contour>0; blue dash<0)  

600-500-hPa Cloud Mixing Ratio 
(shade), Diab. Heat Rate (blue 
contour>0; blue dash<0)  

600-500-hPa RH W.R.T. Ice 
(shade), Diab. Heat Rate (blue 
contour>0; blue dash<0)  

127 h 00 min

10-3 
g·kg-1

10-1 
g·kg-1

Cooling
Dry air

• Region of cooling on outer fringes of band, within QCLOUD and QICE extending into the subsaturated 
air.



600-500-hPa Vert. Abs. Vort. (ζz; 
shade), PV (black contour>0; grey 
dash<0)

600-500-hPa W-wind (shade), PV 
(black contour>0; grey dash<0)

127 h 00 min

10-4 s-1

Subsidence

10-1 K

600-500-hPa θ Anom. (shade), PV 
(black contour>0; grey dash<0), θ 
(green contour), Shear Vectors  

10-1 
m·s-1

• Subsidence within cold air anomaly.



600-500-hPa W-wind (shade), PV 
(black contour>0; grey dash<0)

127 h 30 min

10-4 s-1 10-1 K

600-500-hPa θ Anom. (shade), PV 
(black contour>0; grey dash<0), θ 
(green contour), Shear Vectors  

10-1 
m·s-1

• Cold subsidence redistributes horizontal absolute vorticity into the vertical in a dipole opposite of the 
one created by latent heating and ascent-> cancels-out the negative absolute vorticity.

Negative 
pole in ζz 
shrinks  

600-500-hPa Vert. Abs. Vort. (ζz; 
shade), PV (black contour>0; grey 
dash<0)
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