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What are WCBs? A brief historical perspective

Green et al. 1966 (QJ)

Isentropic relative-flow analysis and application of parcel theory from 

cumulonimbus to “large-scale convection”:

• “It appears that trade wind air may rise over a front into a jet stream 

…”

• “The model for the large-scale motion system is very similar to the 

model for the … cumulonimbus, except that the horizontal scale is 

very much greater.”



What are WCBs? A brief historical perspective

Green et al. 1966 (QJ)

• “The hatched area is a

cloud system formed where

… this air rises above the

isentropic surface,

producing low clouds liable

to small-scale convection in

the south, subsequently

middle-clouds, and finally

cirrus clouds near and to

the right of the axis of the

jet-stream …”
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Figure 2. Schematic representation of relative flow in a mature summer large-scale slope convection (trough- 
ridge) system over an ocean, in a surface of constant (dry-bulb) potential temperature (0 about 30°C). The 
height of the surface is shown by thin pecked lines labelled in mb. The major (cold) front is shown as a dot- 
dash line in the confluence between two principal air streams. The stippled area in the south shows air which 
has been modified by small-scale convection. The hatched area is a cloud system formed where some of this 
air rises above the isentropic surface, producing low clouds liable to small-scale convection (cross-hatching) 
in the south, subsequently middle-clouds, and finally cirrus clouds near and to the right of the axis of the jet- 
stream of the high troposphere over the front in middle latitudes. The cirrus cover diminishes where the 

flow turns north-westerly. 

except that the horizontal-scale is very much greater (Ludlam 1963; p. 16). In  the formula- 
tion of the ordinary parcel theory, involving only vertical motion through uniform and 
undisturbed surroundings, the concept of an ' environment ' is readily acceptable; in the 
three-dimensional cumulonimbus model, and still more so in the model of the quasi- 
horizontal large-scale motion system, the concept of the ' environment ' is inapplicable, 
but by virtue of the extended parcel theory given above, it becomes also redundant, since 
it is replaced by the height of the parcel, or in a virtually hydrostatic pressure distribution 
simply by the state of the atmosphere below the parcel, wherever it may be. 

It is difficult to construct trajectories for the air in which condensation occurs. O n  
charts for surfaces of constant dry-bulb potential temperature the flow in the area occupied 
by the major cloud systems seems to be pierced from below by more rapidly rising air, 
in which the wet-bulb potential temperature remains approximately constant. Some cloud 
systems are composed of a small number of distinct layers, the air within which can be 
traced back to particular geographical regions over which the potential temperatures in 
the layer of small-scale convection have distinctive characteristic values. Such horizontal 
inhomogeneity becomes a layering in the vertical in confluent frontal zones, and the 
soundings there show more or less distinctly moist layers associated with minor maxima 
of wind speed, whose presence is a help in following the air motion. 

The isentropic relative-flow charts show that the circulations of the large-scale 
middle-latitude convection extend near the surface into much lower latitudes than is 
perhaps generally appreciated. In  particular, amongst the trajectories for the flow through 

convection



What are WCBs? A brief historical perspective

Browning 1971 (Weather)

Detailed isentropic analysis, using data from radiosondes

• “… production of frontal precipitation occurs mainly within a tongue of 

warm air which flows ahead of the cold front before ascending above 

the warm front. The extent of this flow is well defined … because of 

the narrowness of this flow it will be referred to as a “conveyor belt” –

footnote: This term was used in a discussion at the conference on the 

Global Circulation of the Atmosphere, London, 1969.”

• Large-scale ascent within the WCB is of the order of 10 cm/s (à 8.6 

km/day), but this is modified by small-scale convection … often this 

convection is very weak with updraught velocities of about 1 m/s or 

less.”



which results from the release of potential instability continuously generated as 
mid-tropospheric air of lower wet-bulb potential temperature (0,) overruns the 
warm conveyor belt. Often this convection is very weak with updraught 
velocities of about I m s-l, or less. The relative humidity of the mid-tropospheric 
air entering the system from the west detennines the extent to which potential 
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Fig. 3. Model depicting the main features of the largescale flow determining the dis- 
. tribution of frontal precipitation. The top diagram is a plaq view; the bottom diagram 

is a vertical section along AB. Arrows depict flow rdatiue to the sysfem. The warm 
conveyor belt is stippled. Hatched shading depicts the extent of surface precipitation. 
(Redrawn from Harrold 1971) 

What are WCBs? A brief historical perspective

Browning 1971 (Weather) – figure redrawn from Harrold

convection



What are WCBs? A brief historical perspective

Neiman et al. 1993 (MWR)

Slantwise ascent (“escalator”) vs. convective ascent (“elevator”)

convection



What are WCBs? A brief historical perspective

Browning 1990 (Palmén Book)
“WCB is the primary cloud- and
precipitation-producing flow within
extratropical cyclones”

à WCB is airstream with max. 
cloud diabatic processes (e.g.,
maximum latent heating)

Browning 1997 (Met. App.)
WCB can have two branches
• W1 (anticyclonic)
• W2 (cyclonic)

W1

W2



What are WCBs? A brief historical perspective

Do trajectories confirm the existence of coherent airstreams in 
extratropical cyclones?

Mass and Schultz 1993 (MWR)
“… the rapidly rising trajectories based in the warm sector appear to 
fan out …. The airflow families that do exist are not belt-like in 
structure, but rather evidence more complex geometries.”

Wernli and Davies 1997 (QJ); Wernli 1997 (QJ)
Lagrangian selection criteria (e.g., max. ascent, max. latent heat 
release) lead to coherent bundles of trajectories reminiscent of WCBs



What are WCBs? A brief historical perspective

Lagrangian selection criterion of ascent > 600 hPa in 48 hours 
identifies (in some cases) both WCB branches

Wernli 1997 (QJ)
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What are WCBs? A brief historical perspective

• Coherent phase of WCB corresponds to period of strong ascent
• Strong confluence prior to and diffluence after the ascent

Wernli 1997 (QJ)

forward &
backward 
extension of 
WCB trajectories

WCB
trajectories



What are WCBs? A brief historical perspective
Convective vs. slantwise ascent in WCBs?
à km-scale simulations with explicit convection reveal both types

à good agreement between km-scale simulations and radar observations

Rasp et al. 2016 (MWR)

parcels start their rapid ascent in the boundary layer,
where they quickly rise around 150 to around 800 hPa.
This layer is also characterized by strong turbulence,
which is not present at upper levels. A cross section
through the frontal zone of the cyclone reveals an almost
vertical cold front from the surface to around 2km,
which corresponds to the extent of the CAPs up to about
800hPa (Fig. 10). This frontal structure is typical for a
‘‘rearward-sloping’’ WCB, associated with an ana cold
front, as described by Browning (1990, see his Fig. 8.8).
The rapid lifting at the surface front, also called line
convection, is forced by strong low-level convergence
even though small values of CAPE might also contrib-
ute. Above 2km the ascent is mostly gradual and phases
of rapid convective ascent are rare.
For the OCT case we first apply the separation into

convective and nonconvective parcels described in
section 4.With this, theOCTc parcels show similar ascent

characteristics as the JUL parcels, but with a more dis-
tributed CAP maximum. This implies that not all parcels
ascend quickly throughout the troposphere. Such a
broader distribution is not unexpected since a perfect
separation is not possible due to spatial and temporal
overlap of the two regimes (see Figs. 5 and 6).
From the OCT parcels that have been classified as

nonconvective, 49.5% undergo one or more CAP, which
is less than for the JAN case. In addition the histogram
in Fig. 8 reveals that the embedded convective motions
are much shallower. Small displacements at around
750 hPa make up most of the CAPs, but longer CAPs
with a vertical extent of 100hPa are also present at this
level. Despite some boundary layer turbulence, most of
the convective ascent is centered above the boundary
layer between 800 and 600hPa. Figure 9 shows a snap-
shot of the weather situation, taken when most OCTnc
have started their ascent (at the time of the maximum in

FIG. 7. Evolution of pressure with time for 10 randomly selected ascending trajectories for (top left) JUL, (top right)
JAN, (bottom left) OCTc, and (bottom right) OCTnc.
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3.5 CHARACTERIZATION OF EMBEDDED CONVECTION 53
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Figure 3.13: As Fig. 3.12 but at 18 UTC 23 Sep 2016. The GPM satellite track is shown in green
and the location of the displayed radar reflectivity cross-section in (b) is highlighted (lime).

The subtle differences between the radar observations in the northern and southern region of the
WCB illustrate the manifold facets of embedded convection. In agreement with the wide range
of updraft velocities for WCB-embedded convection, ranging from approximately 300 hPa in
2 h to more than 600 hPa in 2 h, also the radar reflectivity structure indicates the integration
of moderate to stronger convective plumes embedded in a large-scale, more stratiform cloud
band.

Oertel 2019 (PhD thesis)
Oertel et al. 2019 (QJ)

convective slantwise

GPM



What are WCBs? A brief historical perspective

How often do they occur? à Climatologies based on reanalyses
Eckhardt et al. 2004 (J Clim); Madonna et al. 2014 (J Clim)

Frequency of WCB starting points for 1979-2014 based on ERA-Interim
DJF JJA

Binder 2016 (PhD thesis), update from Madonna et al. 2014 (J Clim)



Why are WCBs relevant and interesting?
• (Extreme) precipitation in mid-latitudes

• Intense latent heating à cloud-circulation coupling

• Diabatic PV production at low levels à cyclone 

intensification

• Cross-isentropic transport of low-PV air à jet interaction, 

ridge-building, blocks, weather regimes

• Complex cloud system involving all microphysical process 

(warm phase, mixed phase, cirrus, below-cloud processes) 

and slantwise vs. convective ascent

• Strong cloud radiative forcing à climate dynamics

• WCBs can lead to reduced predictability / busts



Why are WCBs relevant and interesting?
• (Extreme) precipitation in mid-latitudes

• Intense latent heating à cloud-circulation coupling

• Diabatic PV production at low levels à cyclone 

intensification

• Cross-isentropic transport of low-PV air à jet interaction, 

ridge-building, blocks, weather regimes

• Complex cloud system involving all microphysical process 

(warm phase, mixed phase, cirrus, below-cloud processes) 

and slantwise vs. convective ascent

• Strong cloud radiative forcing à climate dynamics

• WCBs can lead to reduced predictability / busts

These – and other – asepcts will 

be addressed by talks and 

posters during this workshop



Joos and Wernli 2012 (QJ)

Open questions (1)

How well constrained are microphysical processes along WCB 

ascent? How realistic are cloud variables and latent heating in 

WCBs in models? Which processes are most uncertain?

Example from COSMO model:

416 H. Joos and H. Wernli

Figure 10. Evolution of the mean over all WCB trajectories of (a) hydrometeor mass, (b) DHR and (c) DPVR. In (b, c), the black lines show the DHR
and the corresponding total DPVR (TLH), and coloured lines show the contributions from the different microphysical processes to the total DHR
(DPVR): condensation/evaporation (TCE), depositional growth of snow (TSDEP), melting of snow (TSMELT), and evaporation of rain (TEV).

in the vertical cross-sections therefore contain also the
contributions from the horizontal derivatives of the DHRs
and the x- and y-components of the absolute vorticity.
Our qualitative consideration of only the z-component can
explain the observed features in first order but small effects
from the other components show up as well.

5.2. Evolution along trajectories

In order to investigate the influence of the various
microphysical processes on the PV evolution of the WCB,
the individual DHR and corresponding DPVR fields are
tracked along the trajectories. From the total latent heating
(Figure 4), the change in PV along the WCB trajectories
cannot be inferred directly. However, if the total latent
heating is separated into the contributions from the different
microphysical processes and the evolution of ηz along the
trajectories is taken into account, a meaningful analysis
of the PV modification due to the different processes is
possible. Figure 10 shows the evolution of the different
hydrometeor species, the DHR and corresponding DPVR
for the processes contributing most to the total DHR as a
mean over all trajectories.

As long as the trajectories are located in a region with
temperatures above 0 ◦C, condensation occurs and cloud
water forms (Figure 10(a), purple line). Additionally, falling
rain (or melted snow) is seen by the trajectories (turquoise
line). When the air parcels rise, more vapour is condensed
leading to an increase of cloud water and rain with height.
With further ascent, the temperature decreases and the
trajectories reach a region where snow is formed (yellow
line), and later, at lower temperatures, the trajectories cross
an area where cloud ice occurs (red line). Note that the
formation of the different hydrometeor species does not
necessarily take place at the moment when the ascending
trajectories cross this area. It is therefore not possible to

estimate the latent heat release due to a certain formation
process from the total mass of the considered hydrometeor
species. The hydrometeors that are seen by the trajectories
are to some extent already present during the passage and are
only partly formed while the trajectories pass the considered
region.

The latent heat release associated with the formation of the
hydrometeors is shown in Figure 10(b) for the processes that
contribute most to the total DHR. The trajectories are heated
from the low levels until a height of ∼ 400 hPa (Figure 10(b),
black line). Two different maxima appear in the total DHR
that can be attributed to different microphysical processes.
The first maxima is produced by condensation at lower
levels leading to the formation of cloud water. This process
is the main source of latent heating at these levels and
reaches values of up to 2 K h− 1 (purple line). With the
increase in height and the formation of snow, condensation
becomes less important and the depositional growth of snow
is the main sink for water vapour. The contribution from
the depositional growth is only slightly smaller than that
from condensation (red line). Furthermore, the temporal
gradients of these two DHRs are very similar and symmetric
around their particular maximum. Additionally, two cooling
processes are shown. The falling rain starts to evaporate and
cool the environment close to the surface (turquoise line).
The amount of cooling is relatively weak, however, and it
is confined to a narrow layer close to the surface. Another
important cooling process is the melting of snow when it
falls into regions above 0 ◦C (green line).

Figure 10(c) shows the evolution of the DPVR associated
with the different microphysical processes described above.
The total DPVR (black line) shows strong PV production
below 850 hPa. Above, the DPVR becomes negative leading
to diabatic PV destruction, which is less pronounced but lasts
upto a height of 400 hPa. If only the total DHR is considered,
the shape of the PV evolution and total DPVR cannot be

Copyright c⃝ 2011 Royal Meteorological Society Q. J. R. Meteorol. Soc. 138 : 407–418 (2012)
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from Christopher Rausch

Open questions (2)

What determines WCB–jet interactions? When is interaction weak 

(WCB dispersed along jet) vs. strong (formation of block)?

Example:

• explosive cyclogenesis in 

North Pacific

• intense WCB outflow

• formation of downstream 

block
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What determines WCB–jet interactions?



Open questions (2)

What determines WCB–jet interactions?



Open questions (3)

How do WCBs interact with orography? What is link to ARs?

Case study winter storm Iras (5-9 Jan 2017)

from Livia Näf



Open questions (4)

• How often are WCBs involved in forecast busts? And why?

• How do WCBs affect ensemble reliability? 

• How can observations (routine and from field campaigns) be 
used to reduce forecast uncertainty related to WCBs?

• How frequent is embedded convection in WCBs? How well is it 
captured by IFS with parameterized convection?

• How important is interaction with dry intrusions, e.g., above 
WCB inflow / underneath WCB ascent?

• How well do we understand processes near WCB outflows 
(cirrus, turbulence, strat-trop exchange)?

• How do WCBs look like in km-scale global simulations with 
explicit convection?

• How is WCB climatology influenced by climate change?



Summary

WCB research has >50 years of history and is facing new 
challenges and opportunities

• solid general understanding of the phenomenon …

• … but still important set of open questions

• unique observations from NAWDEX, AR reconnaissance, …

• new opportunities given by ensemble prediction systems, 
convection-resolving models, and refined microphysical 
schemes

• fruitful collaboration between ECMWF, research institutes 
and universities (this workshop, projects like waves-to-
weather, new field campaigns …)



Thank you very much for your attention and thanks to 

ECMWF for organizing this workshop!


