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Introduction

o Intensification of extratropical cyclones
e.g., Davis and Emanuel (1991, MWR); Stoelinga (1996, MWR); 
Binder et al. (2016, JAS)

o Evolution of surface fronts
e.g., Lackmann (2002; MWR); Forbes and Clark (2003, QJRMS); 
Crezee et al. (2017; JAS)

o Modification of tropopause structure
e.g., Zierl and Wirth (1997, JGR); Pomroy and Thorpe (2002, MWR); 
Chagnon et al. (2013, QJRMS); Saffin et al. (2017, JGR)

How do individual physical processes modify potential 
vorticity near the tropopause? 
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trajectories, again based on the hourly output fields. For each point on the three-dimensional tra-195

jectory starting grid, we compute three Lagrangian diagnostics: the accumulated PV, the advective196

PV, and the net change of PV, to be defined in this section. These diagnostics each construct a197

three-dimensional Eulerian field.198

For an air parcel trajectory following the curve x(t), the accumulated PV (APV) that the air199

parcel has experienced in the time interval [t, t0] is given by the integral of instantaneous PV rates200

along the trajectory,201

APV(x(t0), t) =
Z

t0

t

PVR(x(t),t)dt , (2)202

with t < t0 for backward trajectories. This integral is approximated by the sum of all tendencies203

along the trajectory at discretized hourly time steps (Dt = 1h):204

APV(x(t0), tn) =
n

Â
k=1

PVR(x(tk), tk)Dt, (3)205

with tk = t0�k Dt. APV is computed for each process (i)–(iv) defined in section 2b separately and206

the budget of the individual APV of each process yields the total accumulated PV:207

APVtot = APVls +APVconv +APVturb +APVrad. (4)208

Additionally, the reverse domain filling technique is applied to compute the conserved, advective209

PV (PVadv) at each point (similar to the approach by Wirth and Egger 1999), by projecting the PV210

value of the air parcel at an earlier time t to the position of the backward trajectory at t0 (i.e., the211

starting point). The PV that has been conservatively advected to the point x(t0) in the time interval212

from t to t0 is given by:213

PVadv(x(t0), t) = PV(x(t), t). (5)214

This quantity conceptually corresponds to the so called advection only PV tracer of, e.g., Gray215

(2006) and Chagnon et al. (2013).216

11

Lagrangian accumulated PV along trajectories: 
following Crezee et al. (2017, JAS)

Direct diabatic PV modification

à for each parametrized process

Reverse domain filling: Backward trajectories from each grid point
à 3D-field of APV
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Physical tendencies:
Large-scale cloud
Moist convection
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Methods: Model simulations

Simulations with the global model of the ECMWF

• Horizontal resolution ~16 km

• Output of all instantaneous temperature & momentum
tendencies from parametrized physics 

> One case study simulation

> Three monthly simulations (DJF)

Physical tendencies:
Large-scale cloud
Moist convection
Long-/short-wave radiation
Vertical diffusion and gravity wave drag

In NWP, parametrized diabatic processes affect dynamics, e.g.:
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Spreitzer et al. (2019, JAS)
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II. Systematic analysis: Jet streaks

o Three monthly simulations

o Identification of jet streaks

o Composite cross sections across jet streaks
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II. Systematic analysis: Vertical profiles

o Three monthly simulations

o Identification of ridge/trough area

o Tropopause-relative vertical composites of accumulated PV (similar to Saffin et al. (2017; JGR))
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II. Systematic analysis: Vertical profiles

Ridges: 
Turbulent PV erosion in lower stratosphere 
à weaker vert. PV gradient
Contradicting Saffin et al. (2017; JGR)

Composite vertical profiles 
of accumulated PV
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II. Systematic analysis: Vertical profiles
Composite vertical profiles 

of accumulated PV: Residual
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II. Systematic analysis: Isentropic profiles

o Three monthly simulations

o Identification of waveguide on isentropes (2 PVU)

o Average isentropic profiles of APV  

Isentropic distance from 2 PVU [km]

Large-scale cloud
Convection
Radiation
Turbulence

A
cc

um
ul

at
ed

 P
V

Troposphere Stratosphere

distance

2 PVU



II. Systematic analysis: Isentropic profiles

o Three monthly simulations

o Identification of waveguide on isentropes (2 PVU)

o Isentropic profiles of APV  

Isentropic distance from 2 PVU [km]
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Tropospheric side:
Negative PV due to clouds?
cf. Pomroy and Thorpe (2000)
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“WCB” outflow near the waveguide

Cloud outflow region: Cloud-diabatic heating of > 5 K in 24 h
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“WCB” outflow near the waveguide

54 CHAPTER 4. DIABATIC PROCESSES IN THE NORTH ATLANTIC TROPOPAUSE REGION

Figure 4.9: (a) Frequency of occurrence of cloud outflow and negative PV as a function of
distance from the tropopause. (b) Contribution of individual processes to the PV budget at
grid points with negative PV within 200 km of the waveguide. The percentages below each
process indicate how often it was the dominant one. Medians are shown as orange lines,
boxes indicate the interquartile range and whiskers show the 5th to 95th percentile. (c) PV
distribution in cloud outflow regions (orange) and at all grid points (blue). (d) like (c) but for
PV�APVls�APVconv. Boxes in (c) and (d) indicate the interquartile range, medians are shown
as horizontal black lines, means as green crosses. The whiskers show the range between the
5th and 95th percentile. Outliers are shown as coloured dots. Note that in (d) some values are
outside the displayed range. The position of the boxes is slightly shifted along the x-axes such
that the blue (orange) box is to the left (right) of the corresponding x-value.
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Cloud outflow grid points

All other grid points

Significantly lower PV in cloud 

outflow regions,

cf. Pomroy and Thorpe (2000)

Cloud outflow: Cloud-diabatic heating of > 5 K in 24 h
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Figure 4.9: (a) Frequency of occurrence of cloud outflow and negative PV as a function of
distance from the tropopause. (b) Contribution of individual processes to the PV budget at
grid points with negative PV within 200 km of the waveguide. The percentages below each
process indicate how often it was the dominant one. Medians are shown as orange lines,
boxes indicate the interquartile range and whiskers show the 5th to 95th percentile. (c) PV
distribution in cloud outflow regions (orange) and at all grid points (blue). (d) like (c) but for
PV�APVls�APVconv. Boxes in (c) and (d) indicate the interquartile range, medians are shown
as horizontal black lines, means as green crosses. The whiskers show the range between the
5th and 95th percentile. Outliers are shown as coloured dots. Note that in (d) some values are
outside the displayed range. The position of the boxes is slightly shifted along the x-axes such
that the blue (orange) box is to the left (right) of the corresponding x-value.

“WCB” outflow near the waveguide

Distance from tropopause

Cloud outflow grid points

All other grid points

Significantly lower PV in cloud 

outflow regions >> caused by direct 
cloud PV modification
cf. Pomroy and Thorpe (2000)

Cloud outflow: Cloud-diabatic heating of > 5 K in 24 h

PV distribution with effect of clouds and convection removed



Summary

o Lagrangian PV-tendency diagnostics: PV budget and process attribution                            

>> Case study                                                                                                                

>> Systematic analysis:

o Mesoscale PV anomalies near jet streaks 

o Turbulent mixing in ridges relevant for vertical PV structure

o PV dipole in troughs (clouds and radiation)

o Direct PV modification due to clouds enhances negative PV anomaly in WCB outflows
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