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1. Introduction transport upwards across isentropic surfaces determining
the level where either cyclonic or anticyclonic breaking is
In the classical conveyor belt paradigm for extratropicaiore prominent. The objective of this contribution is to
cyclones Browning 1971 Harrold 1973 Browning 1990, investigate the local influence of diabatic processes on the
ascent in the vicinity of the cold front is described in termsplitting of a warm conveyor belt. We aim to improve the
of a warm conveyor belt (WCB) which transports warmnderstanding of the structure of the WCB1 and WCB2
low-level, low-latitude air both upwards and polewardseThlows and of the potential impact of their outflows on the
ascent is viewed as being gradual and continuous, albgdpopause structure. We will present evidence that aspect
sometimes enhanced by small-scale embedded convecyprhe splitting may be related to details of the diabatic
that may be organized into clusters within the warm secigiocesses taking place along the WCB. Diabatic processes
or as line convection along the cold front. A more detaileggem to be important in differentiating the two parts of the
description of the warm conveyor belt flow emerged frogWwCB not only as the WCB overruns the warm front, where
studies of satellite imagery frorfounget al. (1987 and the split is traditionally assumed to take place, but also at
others (seeBaderetal. 1995 for an overview). In this earlier times within the WCB air stream, along the trailing
description the warm conveyor belt splits into two partse Tlrold front.
primary part ascends more strongly, turns anticyclonycall It should be stressed from the outset that the split of
within the stronger upper-level flow and emerges intothe WCB does not require diabatic processes in order to
downstream tropopause ridge. The secondary part tugesur. Indeed, the split occurs even in dry simulations of
cyclonically around the cyclone centre within the lower tharoclinic-wave life-cycles, the two branches correspogd
mid troposphere. These primary and secondary parts @rébranches C and D ifhorncroftet al. (1993. It may
often simply referred to as WCB1 and WCB2 (or W1 anglso be worthwhile to notice, however, that the split
W?2 as inBrowning and Robert1994) for example). is an important feature in mediating the interactions of
The conveyor belt paradigm was first introduced dsaroclinic waves with other physical mechanisms in the
the basis of isentropic analyses and inspection of radamosphere. Again even in dry simulations, the existence
and radiosonde observations and satellite imagery, buioina distinct lower branch to the WCB is important
recent years it has also been shown to be fully consisténtthe interactions between baroclinic waves and an
with more detailed trajectory modelling based on thenderlying turbulent boundary layee.§. Adamsoret al.
output of numerical simulationse(g. Wernli and Davies 2006 Plant and Belcher 200 Binclairet al. 2010.
1997 Eckhardtetal. 2004 Joosand Wernli 20%2 It is well established that the effect of moist processes
Martinez-Alvarado and Plant 20).3 Although there is on the evolution of baroclinic-wave life-cycles is more
an extensive literature on the airflows within a range ofvolved than a simple enhancement of the baroclinic
simulated cyclones, the questions of how and when ftingtability growth rate due to latent heat releadéaltin
warm conveyor belt splits has been relatively unexploré@06 Pavaret al. 1999 Boutleet al. 2010. Nonetheless
alongside questions of how the evolution of the air strearthere are long-standing debates on the role of moist
compares between the two branches. Diabatic processepereesses within extratropical cyclones and especially
expected to produce local diabatic heating, which enabtes the question of whether latent heat release critically
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2 O. Martinez-Alvarado et al.

modifies the development of the large-scale circulation or
whether it produces only localized modifications within
large-scale circulations the structure of which is esaéinti
dictated by the dry dynamicse. Whitaker and Davis
1994 Ahmadi-Givi et al.2004 Bracegirdle and Gray 2009
Daviset al. 1993 Stoelinga 1995

At least to some extent the relatively little attention
devoted to the warm conveyor belt split and the role of
diabatic processes within it may be due to the lack of
suitably detailed diagnostics that are normally available
with which to address the issues. Very recent work by
Joos and Wernli(2012 and Martinez-Alvarado and Plant
(2013 has helped to rectify this difficulty by developing
sets of diagnostics to integrate potential temperature
tendencies from different model processes in a Lagrangian
framework. We combine and expand on their approaches
in the present article. Specificaljoos and Wernl{(2012
have developed a suite of heating diagnostics for
unpicking the various contributions to the microphysical
tendencies, accumulated along trajectories, occurring in
the COSMO (COnsortium for Small-scale MOdelling)
model, while Martinez-Alvarado and Plan{2013 have
developed a suite of heating diagnostics for unpicking
the various contributions to diabatic heating from all of o )
the separate parameterised processes, accumulated IS . NS SSele 1mage (10D chane 22l o 0747 UTC
form of tracer fields, in the Met Office Unified Modelstation, bundee University, Scotland, http:/www.satdee.ac.uk/). The
(MetUM). The diagnostic methods are complementaffygntal structure, the position of the low-pressure ce(ree star) and the
as we will demonstrate, with the MetUM diagnosticgositionofacentreofhigh MSLP (HIGH) are based on MetO_f:ﬁna_lys_is
proing & compehenshe icue of th e sofi L 10 T L I 8 o
of all parameterised processes while the COSMO MOo@glce1) and cyclonic (WCB2) branches; the light blue line iradés the
diagnostics provide a more detailed description of thgproximate location of the cold conveyor belt; the greeaiticates the
d|abat|c heat|ng Caused by mlcrophySK:al processes durﬁ)ﬁgtlon of the upper-level ridge (ULR)The letters 'CHdlicate the cloud
the formation of clouds. The effects of diabatic heating gad
the development of potential vorticity are also investghat
These novel diagnostics are put into their full context for
the present aims and are suitably interpreted by also using
trajectory calculations which allow the WCB and its split
into WCB1 and WCB2 to be cleanly identified. 2009 as an alternative option. The corresponding simula-

_Our analysis is based on case study simulations with tyiens are useful in revealing to what extent differences in
different models, which are configured in as similar a waynvective activity between the models are a function of

as possible and forced with the same input data. The cgse -ovection schemger seand to what extent they are

was chosen as a typical cold-season North Atlantic cycloalg endent on the behaviour of the large-scale microphysics
with clear WCB1 and WCB2 features readily apparent in P 9 phy

the satellite imagery (for example see Figdravhich is parameterisation and the dynamical environment to which a
discussed further below). The case benefits from a resedi@fivection parameterisation responds.

flight that enables direct comparison of the numerical

simulations with a section of dropsonde observations asthe remainder of this article is organized as follows.

well asin-situ measurements that reveal the actual structwg tion2.1 describes the numerical models used and their
of the cold front. This data is valuable in allowing us t onfiguration for this study. The diagnostic methods used

ensure not only that the two models are able to provide
accurate simulations of the case in comparison with t| the MetUM and the COSMO model are presented

available observations but also that the simulations asecln Sections2.2 and 2.3 respectively, while the trajectory
enough together that the study of each can be used ifogputations are defined in Sectidh4. A synoptic
complementary fashion to provide additional informatiomnalysis of the case is given in Secti@n including a
about the case. validation of the models’ performance against observation
For the most part we use each model in hindcast magigta. The two branches of the WCB are identified using
with each having its default numerical weather predictiqfhjectory calculations in Sectioh and differences in the

settings, including its normal choice of parameteris&iog; patic heating along the two branches are noted. Such

.(SEE SeCtIOQ.l). We focus on th_e results of two SInwlat'onﬁifferences are investigated systematically in Sechiamd
in the following. Other simulations were performed, how-

ever, to check on some of the interpretations and possijI§" €ffects on potential vorticity (PV) are considered in
sensitivities. Most notable for the presentation here @ tPection5.1 A summary of the main results can be found
each model can be run with the Kain—Fritsch convei Section6 alongside further discussion focusing on their
tive parameterisation schemiegin and Fritsch 1990Kain wider implications.
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Figure 2. Met Office surface analyse&fCrown Copyright, left column) and potential vorticity on tB&5 K isentropic surface in ECMWF analysis
(right column), valid at 0000 UTC on (a,b) 23 November, (c,dN&¥ember and (e,f) 25 November 2009.

2. Methodology nesting from the global model. The parameterisation of
) physical processes includes longwave and shortwave radi-
2.1. Numerical models ation (Edwards and Slingo 1996 boundary layer mix-

Two models have been used in this work: The Metuff9 (Locketal. 2009' convgction Gregory and Row_n'gree_
(Davieset al. 2009 version 7.3 and the COSMO modeilggo' and cloud microphysics and large-scale precipitation
(Steppeleet al. 2003. (Wilson and Ballard 1999

The MetUM is a finite-difference model that solves The COSMO model is also a non-hydrostatic, fully-
the non-hydrostatic, deep-atmosphere dynamical equatié@mpressible LAM. It also uses rotated Arakawa C
with a semi-implicit, semi-Lagrangian integration schenfaggering in the horizontal and a terrain-following, higibr
(Davieset al. 2009. The model uses Arakawa C staggeheight vertical coordinate, but this has Lorenz staggering
ing in the horizontal Arakawa and Lamb 19j7and is (Lorenz 196(. The physical parameterisations include sub-
terrain-following in the vertical with a hybrid-height cab-  grid-scale turbulenceMellor and Yamada 1982 surface
nate and Charney-Phillips staggeririgh@rney and Phillips layer exchange Louis 1979, longwave and shortwave
1953. A rotated horizontal grid is used in the limitedfadiation Ritter and Geleyn 1989 convection (iedtke
area model (LAM) configuration, which has one-wa$989, and cloud microphysicdomset al. 2007).
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4 O. Martinez-Alvarado et al.

The simulations have been performed on the samgis the specific heat of dry air at constant pressure and
domain in both models. This domain covers nearly g _ < » ) isthe Exner function. whereis pressuren, —
of the North Atlantit; and Europe, extending from easte ?) O(ﬁ’lg; is a reference pressur;a aﬁ’dlf thz gas c?r(n)stant
Canada, and including most of Greenland and the north IQ

part of North Africa. The domain extends approximate rdry air. The i”?p"c“ a;sumption n this calgule}tion Is
from 25°N to 75°N in latitude and from70°W to G0°E at water vapour is all being transformed into liquid water

in longitude. The MetUM uses a horizontal grid spacinﬁither cloud or rain). This assumption is largely valid _in
of 0.11° (~ 12 km) and820 x 500 grid points. There are e boundary layer but there will be a small error due to ice
38 \}ertical levels with a lid at arourgh km. Thé cosmo effects. The contribution due to mixing is then computed as

model uses a horizontal grid spacingf25° (~ 14 km)

and has 40 vertical levels. The spacing of the vertical fevel AbpLmix = Afpr, — AfpLin-

in the MetUM (COSMO model) is- 60 m (~ 70 m) close ) .

to the surface and increases 40800 m (~ 600 m) at a Latent heat_gffects in the boundary layer are in fact part

height of 7 km. of the modification of§ due to cloud microphysics as
Both models have been initialised from the ECMwihey are caused by the same part of the model code in

operational analysis at 0600 UTC 23 November 2009. TH¥o different calls (inside and outside the boundary layer

MetUM has been run from these initial conditions in itBarameterisation). Therefore, from this point we shakref

global configuration to produce lateral boundary condgiofP the contribution of cloud microphysics as the sum

to be used by the LAM simulation. The COSMO model, on

the other hand, takes lateral boundary conditions directly Abmp = Abmp outBL + ABLIn,
from the ECMWEF operational analysisterpolating these
in time every hour...? where Af,, outpr, IS the tracer accumulating the heating

_ . ~associated with the cloud microphysics parameterisation
2.2. Tracers for potential temperature and moisture in theill outside of the boundary layer code.
MetUM

The tracer method for potential temperaturé) @nd 2-3- Diabatic heating rates in the COSMO model

moisture variables (specific humidigycloud liquid content ) ) o
o, and cloud ice contente) used in this work has The cloud microphysics parameterisation in the COSMO

been previously described Martinez-Alvarado and PlantModel is & detailed scheme with prognostic variables for
(2013. In that work the tracer method was applied tyater vapour, cloud water, cloud ice, rain and snow and the
investigate the balance between parameterised and resof@fvection is parameterised accordingTiedtke (1989.
convection in an extratropical cyclone. The method ¥hen clouds are forming, latent heat is released due to
similar to the partitioned PV integration developed bi?€ transfer of mass between the different hydrometeor
Stoelinga (1996 for the investigation of latent heat ofSPecies. These diabatic heating rates (DHR) are calculated
condensation and surface friction in a case of inten§¥ all microphysical conversion processes within the niode
cyclogenesis. It is also similar to the PV tracers uséfld the instantaneous values are stored at every model
to study cross-tropopause transpo®rgy 2009, the PV output (every hour in this study). The total DHR caused
of convective stormsGhagnon and Gray 20p%nd the by microphysical processes is then given by the sum
diabatic modification of PV in extratropical cyclone§ver all single processes. In the case study presented
(Chagnoret al. 2012). The method is described as followshere, the DHR caused by condensation/evaporation (TCE),
Each variables is decomposed into a complete set d¢fepositional growth of ice (TIDEP), depositional growth of
tracer components such that= ¢, + >, A¢p. Each SNow (TSDEP), melting of snow (TSMELT), evaporation
tracer componentA¢p accumulates the changes in Of rain (TEV) and convective heating (TCONV) are the
that can be attributed to the parameterised prodeésg most important heating/cooling processes. For a detailed
is modified by (i) boundary layer, (ii) convection, (iii)description of these processes and a complete list of all
cloud microphysics and (iv) short- and long-wave radiatiomicrophysical processes sésos and Wern((2012) and for
whereas the water vapour and cloud liquid water agecomplete description of the COSMO model microphysics
modified by processes (i)—(iii) only. The remaining tracéeeDomset al. (2007
component, is used to transport the initial distribution of Potential vorticity is modified by these diabatic processes
¢ with the flow. By definition, this tracer is not modifiede.g. Hoskinset al. 1985. The main effect of DHR on
by any parameterisation but it is, nevertheless, subjectthe PV evolution in a WCB is the concentration of PV
advection. below the maximum of the DHR and the depletion of PV
The decomposition of,; enables the separation of th@bove (Vernli 1997. For each microphysical heating rate
boundary layerd tracer into two sub-components whictdiagnostic, we also calculate and record the corresponding
otherwise would be difficult to differentiate. These sulwiabatic change in PV (DPVR) according to
components are the contribution due to turbulent mixing
AOpr.mix and the contribution due to latent heat effects D 1, =
AfpLm, both restricted to changes in the boundary layer DPVR = EPV - ;Ti VDHR @
(although the tracer itself is not confined). Thus,

L AqapL where% denotes the material derivative afithe absolute
AbpLim = 771_[, ; vorticity vector. Changes in PV due to frictional processes
Cp . .
are not accounted for by this method. The total change in PV
where Agq gL is the change in, due to the boundary due to microphysics is given by the sum over all individual
layer parameterisatiot, is the latent heat of condensationDPVRSs.
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The dichotomous structure of the warm conveyor belt 5

2.4. Trajectory analysis

Output from both models was used to calculate offline
trajectories with the trajectory tool LAGRANTO
(Wernli and Davies 1997 In order to investigate the
WCB associated with the cyclone in this case study,
forward trajectories were initialised from every grid poin
around the warm sector of the cyclone below a height of
1500 m at 1500 UTC, 1800 UTC and at 2100 UTC on 23
November 2009i(e. 9, 12 and 15 hours after the start of the
simulation). Only trajectories exhibiting ascent greaian

600 hPa in 48h were selected. It has been shown in different
studies €.g.Wernli and Davies 1997Eckhardtet al. 2004

that this selection criterion is sensible to select WCB
trajectories if the ascent occurs in the vicinity of a cy@on
The three sets of trajectories were analyzed separately and
yielded similar results irrespective of the initializatiome. S -
For the presentation here, we therefore show results only ¢
for the trajectories initialised at 1800 UTC 23 November & ;
2009.

In order to filter out trajectories belonging to a second,
short-lived low pressure system located to the south of
the system of interest, an additional criterion was applied
to the bundle of trajectories. Specifically, only trajeer
that were located to the north of5°N at least once
within their 48-hour ascent were retained. This criterion
removes those trajectories that start close to the southern
low pressure system. Once trajectories were computed
and selectedp, ¢, 0 and PV were interpolated onto the
trajectories in both models. Additionally, PV- afidracers
were interpolated to MetUM trajectories; and DHRs and
DPVRs were interpolated to COSMO model trajectories.

Variables along trajectories are presented in the follgwin
sections in terms of percentile curves. These curves are
computed from the distribution belonging to the particular
variable on display on slices of constant values of the
independent variable (this being either time or pressure).

3. Synoptic overview of case-study

During the period 23 to 25 November 2009, an extratropical
cyclone formed in the North Atlantic and moved eastwaFfiyure 3.(a) RGB composite satellite image (MODIS channels 1,
across the British Isles and Western Europe. The surfécé) at 1127 UTC 24 November 2009 (Satellite image courtesy of

: NERC Satellite Receiving Station, Dundee Universitgottnd,
low, with a central pressure that fell below 960 hPa on %;\fp://www.sat.dundee.ac.uk/), and (b) Met Office radenived precipi-

November, amplified in concert with an upper-level trougyion rate, valid at 2100 UTC 24 November 2009. .
An overview of the synoptic evolution of this system is
presented in this section.

A sequence of surface analyses from 23-25 Novemlerisentropic surface. By 0000 UTC on 25 November
2009 is shown in Figur@. This period spans the phasefrigure 2f) the eastern edge of the primary upper-level
of development of the primary low, including initialtrough was located over the Irish Sea. The downstream
formation, amplification, and maturity. On 23 Novembeaidge extended far to the north over Scandinavia and a
2009 (Figure2a) a mature barotropic low was situated nortthownstream trough had elongated far to the south over the
of Scotland. This system, which is not the focus of our WC&astern Mediterranean.
analysis, moved northward and eastward in the subsequeW/hen the system had reached maturity, a south-to-
two days. An east-west oriented baroclinic zone extendearth oriented cloud band running along the surface
across the North Atlantic behind this mature low. By 000ébld front was evident in the composite satellite imagery
UTC on the 24th (Figur@c) a surface cyclone had formedFigure 3a). The cloud band split into two segments at
along the baroclinic zone in the North Atlantic. The primarys northern extremity, one turning cyclonically (westajar
low would wrap up and become occluded by 0000 UT&hd one turning anticyclonically (eastward). The cloud
on 25th November (Figur@e). The cold front and WCB tops within the anticyclonically-turning branch extended
cloud band moved across the UK during the afternotm higher altitudes than in the cyclonically-turning branc
on the 25th November. The deepening of the surfaBedistinct shadow was cast by these higher cloud tops
cyclone and formation of the WCB was accompanied lipmmediately to the west of the cloud band edge associated
an amplification of the upper-level trough. Figut€right with the anticyclonically-turning branch. The radar railhf
column) presents the potential vorticity (PV) on the 31f%te composite (Figurdb) indicates that large amounts of
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Figure 4. Dropsonde sections across a cold front of (a) equivalerrpiai temperature and (c) meridional wind component on 24 Mdiez between
1700-1800 UTC ab1°N. The corresponding sections valid at 1700 UTC 24 Novembe8%) from the MetUM forecast are shown in (b,d). Locations
of the WCB trajectories intersecting this section are ptbitethe model sections (black circles correspond to WCB1; girejes correspond to WCB2).

precipitation continued to fall along the cold front withirthe sparsity of the 7 dropsondes distributed across 6 degree
the WCB cloud band at 2100 UTC 24 November 2009 afwhgitude. Whenin-situ measurements across the front at
continued to do so for several hours. 1000 ft are considered instead, a drop laf ms~! in

The cold front associated with this system was ttmeridional wind over just 600 m, equivalent to a horizontal
focus of a research flight conducted on 24 Novembshear of0.02 s—!, is found. The 600-m frontal width
2009 Knippertzetal. 2010. The FAAM (Facility for is supported by measurements of other variables such as
Airborne Atmospheric Measurement) BAe-146 launchedvértical wind and ozone. Therefore, the models are correct
dropsondes across the front between 1700 and 1800 UmGimulating a tight front and in fact are underestimatitsg i
south of Ireland at approximatehi°N (approximately 900 sharpness, limited as they are by the grid spacings employed
km upstream along the WCB from the frontal triple poinin the simulations presented here.
for further detail about the flight track sémippertzet al. These minor differences aside, the comparison confirms
(2010) A comparison of the observed frontal structurthat the simulation provides an accurate representation of
in the dropsonde section to the simulated structure thre frontal structure. Furthermore, the section indicates
the MetUM is presented in Figurd. The intersection that the WCB trajectories at this location (about half-way
of WCB trajectories (see Section 4) is also depicted lretween the southernmost and northernmost extremities of
the model sections in Figuré(b,d). The comparison ofthe front) was split into two bundles: one which had already
the simulated and observed cross-frontal sections confirassended above the surface front and was characterized
that the general characteristics of the froetg( frontal by warm 6. values, and one that was primarily located
slope, change in horizontal winds and equivalent potentibng the surface front and had not yet ascended. The split
temperature,.) across the frontal interface) were simulateldetween these WCB trajectories will be analysed in detalil
accurately. The surface front is located slightly farthé@r Section 4.
to the west in the model, by approximately 100 km, in Figure5a shows mean sea level pressure (MSLP) and the
comparison within-situ measurements across the front &PVU isoline ( PVU =1 m? s~ K kg~!) on the 315-
low levels (000 ft) during the FAAM research flight. K isentropic surface according to the ECMWF operational
This position error is regarded as acceptable for a 35-hamalysis at 1800 UTC 25 November. Figugb,c) show
forecast. The horizontal gradient across the frontal fater the corresponding forecasts (T+60) from the MetUM and
appears sharper in the model section than in the dropsotidte COSMO model simulations, respectively. The cyclone
observations. However, these observations are limited dgpears approximately 4 hPa deeper in the forecasts than in
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The dichotomous structure of the warm conveyor belt 7

cyclonic and anticyclonic branches at its northern exttgmi
Precipitation was heavy and continuous along the length of
the cold front during the period 23-25 November 2009. As
such, this is an ideal case for examining diabatic heating
WCB as well as the mechanisms driving its split into
two separate air streams. The upper-level trough assdciate
with the primary low amplified in concert with the surface
low. The downstream ridge and downstream trough also
amplified during this period.

4. The two branches of the WCB

The WCB splits up into two branches that turn anticycloni-
cally (WCB1) and cyclonically (WCBZ2). Satellite imagery
clearly shows a difference in cloud-top height between
WCB1 and WCB2 (Figurea). Although the split is only
evident in satellite imagery close to the cyclone centreraft
the original WCB has apparently risen above the surface
warm front, we shall show that the split actually starts
further south and along the cold front. To define the split
of the WCB into two branches the value 6f acting as

a vertical-coordinate variable, at the final trajectorynpoi
was chosen as separating variable. Thus, WCBL1 trajecto-
ries were defined as those trajectories for which,.; =
48h) > 307.5 K whereas WCB2 trajectories were defined
as those for whictf(t..; = 48h) < 307.5 K, wheret,,,;
indicates trajectory length from 1800 UTC 23 November
20009.

The resulting trajectory bundles representing WCB1 and
WCB2 are shown in Figurés. In the COSMO model,
WCB1 consists of 32240 trajectories and WCB2 of 21014
trajectories. In the MetUM, WCB1 consists of 33466
trajectories and WCB2 of 3322 trajectories. As can be seen,
a complete separation of the trajectories into a cyclolyical
and an anticyclonically turning branch based on their final
f value is not possible in either model. However, the
majority of trajectories contained in WCB1 do belong
to the anticyclonically turning branch. Furthermore, the
presence of a few cyclonic trajectories in WCB1 does not
meaningfully change the statistical properties of this air
stream. This statement has been tested by separating the
branches with different final values.

Figure 5. Tropopause trough/ridge structure in (a) the ECMW -The trajectories in Figuré are Comured by pressu.re.
operational analysis, (b) the MetUM and (c) the COSMO modeinsng Elgure 6 also shows MSLP at the trajectory s?art_ time
the 2-PVU isoline on the 315-K isentropic surface (boldjinad MSLP (1800 UTC 23 November) and the 315-K 2-PVU isoline at
every 4 hPa (thin lines) at 1800 UTC 25 November 2009 (corredipg the trajectory end time (1800 UTC 25 November). Every
to T+60 for MetUM and COSMO model forecasts). trajectory starts in a region to the west ti°W and to

the south of50°N and the vast majority of them start

to the east of the cold front in what was the system’s
the operational analysis and there is an error in the locatigarm sector at 1800 UTC 23 November 2009. There
of the cyclone low-pressure centre of approximately 2(9 no obvious difference between the starting regions
km. Moreover, the upper-level ridge on the 315-K isentropi WCB1 and WCBZ2. This has been tested further by
surface appears more wrapped-up in the forecasts than indfiémpting the separation of branches by the values of
analysis. This feature is especially noticeable in the MétUdifferent variables such as specific humidity, potential
simulation (Figurebb). However, considering the long leademperature and equivalent potential temperature at the
time of these forecasts (60 hours), these differences dretgiectory starting time. None of these attempts produced
surprising and the model results can be considered ag geparation as clean as the one obtained by usatghe
plausible and an acceptably accurate representation offfhgl trajectory time.
state of the atmosphere for the purposes of this study. WCB1 shows an ascending pattern which starts to

In summary, the extratropical cyclone that occurrade south of the cyclone centre so that most of the

between 23-25 November 2009 was chosen as an exanvglgctories constituting this branch are at low pressfoes
of a typical cold-season cyclone in the north Atlantic imost of their evolution (Figuré(a,c)). These trajectories
which a distinct WCB formed. Satellite imagery providesontinue to travel to the east bordering the upper-level
clear evidence for a WCB cloud band along the surface caotdpospheric ridge, as marked by the 315-K 2-PVU isoline.
front extending from south to north, and then splitting int®his behaviour is in good agreement with the findings by

Copyright(©) 2013 Royal Meteorological Society Q. J. R. Meteorol. So€@0: 1-16 (2013)
Prepared usingjjrms4.cls
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Eckhardtet al. (2004 regarding the final position of WCB Indeed, the change in potential temperature is slightly
trajectories after 48 hours of ascent. WCB2, on the otHarger in WCB1 (Figure7(m,n)) than in WCB2 (Fig-
hand, remains at high pressures for longer, starting iesssaire 7(0,p)). There are differences between the two models,
further northeast, closer to the cyclone centre and to tgpecially in WCB1. While the median change in potential
warm front (Figures(b,d)). temperature in WCB2 is' 18 K in both models, the median
To highlight the differences between the two branchegflange in potential temperature in WCB1~N28 K in the
the time evolution of pressure, latitude, specific humidiiletUM and lower ¢ 22 K) in the COSMO model. The
and potential temperature is shown in Figidrevhere time enhanced heating in WCBL trajectories causes this branch
zero is defined as the time of maximum vertical velocif@ reach higher isentropic surfaces, turn anticyclonycall
(wmax) OCcUrring during the ascent for each trajectory. Aand contribute to the ridge formation downstream of the
can be seen in Figuré(a,b), trajectories in WCB1 Staycyclone. The motion of both branches is largely moist-
relatively close to the surface and start to rise rapidlyacb adiabatic: WCB1 trajectories between the 25th and 75th
the time of wmax. In contrast, WCB2 air parcels start td€rcentiles remain within a 10-K. band throughout their
ascend more slowly and earlier, in general showing a Ié&kh development whereas the equivalent WCB2 trajecto-
abrupt ascent than WCB1 (Figuic,d)). This effect is ries_ remain within a more restrictive 56g_band th_r_oughoqt_
perhaps more noticeable in the MetUM than in the COSMbeir 48-h development. The change in specific humidity
model. along WCB1 trajectories described in the previous para-

The two branches are already horizontally separatedd5Ph and the fact that is being approximately conserved
the time ofw,,.... In fact, even 24 hours before this occurédicates that the ascent Qbserve_d in WCBL1 trajectories is
there is a clear latitudinal separation between branc/t8&ised by latent heat being rapidly released to generate

(Figure 7(e-h)). WCB1 trajectories between the 25th ari’ong cross-isentropic motion. The more gradual decrease
75th percentiles undergo strongest ascent betwg@éhl " specific humidity along WCB2 trajectories while approx-

and 47°N in both models (Figuré/(e,f)). These Iatitudes?mately conserving. also explains the smoother cross-

correspond to the latitudes where vertical velocity alofgENtroPIC ascent of these trajectories. Sectiowill be

the cold front is maximum, as shown in Figugefor the evoted to the discussion of the diabatic heating mecha-
MetUM (similar structure can be found in the COSMEISMS in detail.

model). Figure8 shows regions of maximum vertical -
velocity arranged in a wave-like pattern along the coﬁj Heating in the WCB
front, in which a segment of enhanced ascent is followgd qs

by a segment of _neutral ascent. These segments are relgi&Aches (WCB1 turning anticyclonically and WCB2
to the precipitating segments apparent in radar imageiying cyclonically) exhibit distinct behaviours longfoee
(see Figuresb), and a common pattern for line convectioge horizontal split becomes evident. WCBL is subject to
as described byiobbs and B|swa$1o979_ This pattem is gqnger heating than WCB2 and, given that all trajectories
more noticeable to the south &fl°N, which is where gia ot similarg levels, the different heating results in an
WCBL trajectories are subject to strongest ascent. dpnanced ascent of WCB1 with respect to WCB2. In this
contrast, WCB2 trajectories between the second and thifgiion, we show how these differences are sensitive to the
quartiles undergo strongest ascent betw#EmN and65°N  \yay parameterised diabatic processes act on each branch.
in both models (Figurer(g,h)). These latitudes are more Fiqyre9 shows total heating rate along WCB1 and WCB2
consistent with large-scale ascent near the cyclone cel¢e; function of pressure in the MetUM. In WCB1 the
where the low-level jet component of the WCB woulgedian of the total heating rate increases from small values
encounter the system’s warm front, rising over it alOF@DG/Dt <1 K h~1) near the surfacep(> 950 hPa) to a
a'surface.of c'onstan?t? (cf. Figure 8). This is c'onsistent peak of5 K h—! at around 800 hPa. From this point the
with the situation depicted by Figuregb,d), which show negian decreases monotonically until it reaches negégibl
the vertical separation between the two branches. WC&jes around 350 hPa. The full ensemble follows a broadly
trajectories intersecting that section (black circles® agjmijlar behaviour although the ensemble spread is such
already located at upper levels after ascending vertieaity that some trajectories reach total heating validg Dt >
then slantwise over the cold anafront. WCB2 trajectori¢§ K h—! around 700 hPa. In WCB2 the median of the
(grey circles), on the other hand, are located closer tfa| heating rate exhibits two peaks. the first peak, dijght
the surface. This is also consistent with the ascent pattggbve 2 K h—!, is located around 820 hPa: the second
previously described while discussing Figéice peak, around.75 K h~', is located around 600 hPa. At
As well as experiencing strong ascent at lower latitudessar-surface levelsp(> 950 hPa) the ensemble exhibits
WCBL trajectories are characterised by a much highgioling (red dashed line), mainly due to evaporation of
specific humidity at the time ofwy.. than WCB2 precipitation falling from upper levels, as will be shown
trajectories (Figure/(i-1)). Trajectories in WCB1 reveaj below. The results obtained with the COSMO model (not
values around g kg~ with a tendency to a slight increasghown), even though they account only for contributions
briefly beforew.,.x occurs (Figure/(i,j)). Around the time from cloud microphysics, are consistent with these results
of the maximum vertical velocityy strongly decreases to The use of)-tracers in the MetUM allows the decompo-
~ 1 gkg~!inonly 10 hours. In contrast, in WCB@2starts sition of the total heating rate in terms of contributiornfr
to decrease already 10 hours before the time of strongesividual parameterised diabatic processes. Figlba
ascent and decreases more slowly to low values in #leows the most important contributions to total heating in
upper troposphere (Figuigk,l)). These results indicate thaboth branches and according detracers in the MetUM.
the larger amount of moisture available to WCB1 parcelfie first most important contribution is due to cloud
provided this branch with a larger source of energy througticrophysics. The median of this contribution reaches its
latent heat release. global maximum PAf,,,/Dt ~ 2.5 K h~') around 800

ection 4, we have shown that the two WCB
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The dichotomous structure of the warm conveyor belt 9

200

Figure 6. Maps showing the full trajectory ensembles (coloured bysnes in hPa) in (a,b) the MetUM and (c,d) the COSMO model shgwhe
branches WCB1 (left column) and WCB2 (right column). Also shovelMSLP (isobars every 4 hPa) at the start of trajectorieBJ18TC 23 November
2009) and 2-PVU isoline on the 315-K isentropic surface aethd of trajectories (1800 UTC 25 November 2009) as outpuidgarresponding model.

hPa and a secondary maximub40,,,,/Dt ~ 2 Kh~!') this contribution reached.60 K h~' around 850 hPa
around 600 hPa (FigurdOa, black solid line). WCB2 and remains around that value up to 600 hPa, level
trajectories show a similar pattern of heating due to cloadl which it steadily decreases to zero around 350 hPa
microphysics, but with lower values throughout the pressuiFigure 10b, black dashed line). On the other hand, the
layer (FigurelOa, black dashed line): a global maximunecontribution due to convection may be significant for
(DABpp/Dt ~ 2 K h~') around 800 hPa and a secondarsome individual trajectories but remains low in the median
maximum O A6b,,,/Dt ~ 1.5 K h~!) around 625 hPa.  (DHR < 0.3 K h~!) throughout the pressure lay&0( <

The second most important contribution to total heagi-< 1000 [hPa] in both branches (Figur&0b, blue solid
ing rate in the MetUM is due to the convection paran&nd dashed lines). This contribution only slightly enhance
eterisation. This contribution is concentrated primaripe median DHR in the lower troposphere, in clear contrast
at lower levels § < 600 hPa) with a single maxi- with the MetUM results.
mum (DA6.ony /Dt ~ 1.5 K h~1) around 800 hPa (Fig- With the DHR analysis implemented in the COSMO
ure 10a, blue solid line). UnlikeDA#,,,/Dt which dis- model it is possible to investigate in further detail
plays a similar (albeit of different intensity) behaviouthe relative contributions of the different microphysical
in both branches,DA#f...,/Dt displays very different processes to the total latent heating during cloud formatio
behaviour. In WCB2 a single unambiguous maximuaiong the WCB trajectories (Figurgél). The maximum
(DAbcony/Dt ~ 0.5 K h~1) is found at 870 hPa and negliin the total heating rate in WCB1 around 875 hPa
gible contribution at upper levelg (< 800 hPa; FigurelOa, (Figure 10b) is caused by condensation of water vapour
blue dashed line). Thus, the overall contribution due &nd the formation of a liquid cloud (Figudel, purple solid
parameterised convection in WCBL1 is stronger than line). This contribution peak around 875 hPa with a value
WCB?2 in the MetUM. of 2.20 Kh~! and extends from the surface to the mid-

The DHR analysis in the COSMO model also showropospheref50 < p < 1000 [hPal]). While WCB1 parcels
a difference in heating between WCB1 and WCB®avel through the lower troposphere, they are also subject
consistent with the enhanced heating observed in WC®1slight cooling, mainly due to evaporation of rain below
in comparison with WCB2. However, in the case @00 hPa and melting of snow around 750 hPa (Fiduise
the COSMO model the contribution from microphysicadolid blue and green lines, respectively). The small amount
processes is more important than that from convection tfycooling found is consistent with the trajectory selegatio
one order of magnitude in both branches (Figdf#). criteria, which only allows the most ascending traject®rie
In WCBL1 the contribution due to microphysical process@sthe warm sector. However, due to sedimentation of rain
exhibits a peak in the ensemble-media 220 K h~! and snow some of the falling hydrometeors cross the path
around 875 hPa and a secondary maximun.85 K h—! of the ascending trajectories while evaporating or mejting
around 670 hPa (FigurgOb, black solid line). In WCB2 thus reducing the overall heating. When WCB1 parcels

Copyright(©) 2013 Royal Meteorological Society Q. J. R. Meteorol. So€@0: 1-16 (2013)
Prepared usingjjrms4.cls



10 O. Martinez-Alvarado et al.

a) MetUM b) COSMO ) MetUM d) COSMO
T T T T T T T T T 200 T T T T T T T

200

200

400

600

phPal
P [hPal
P (hPa)
p [hPa)

800

eeten L L T o EEi L L = L 1000 L = L
20 10 0 10 20 20 10 0 10 20 20 -10 0 10 20 20 -10 0 10 20
time to maximum w [h] time to maximum w [h] time to maximum w [h] time to maximum w [h]

¢) MetUM f) COSMO q) MetUM h) COSMO

2 -10 0 10 2 2 10 0 10 2 2 10 0 10 2 2 10 0 10 2
time to maximum w[h] time to maximum w [h] time to maximum w[h] time to maximum w[h]

i) MetUM i) COSMO k) MetUM ) COSMO

avigks ]
avigkg ]
avigkg']

. . . s = . . N . 2
2 10 0 10 20 2 10 0 10 2 2 10 0 10 2 2 10 0 10 20
time to maximum w[h] time to maximum w(h] time to maximum w[h] time to maximum w ]

m) MetUM n) COSMO o) MetUM ) COSMO
T T T T T T T T T 330 T T T T T T T

320F E| 30F

K
oK
oK

280 L L L L L 280 L L L L L 280 L L L L L 280 L L
20 10 0 10 20 20 10 0 10 20 20 -10 0 10 20 20 -10 0 10 20
time to maximum w [] time to maximum w [h] time to maximum w [h] time to maximum w []

Figure 7. Variables along trajectories as a function of time for WCB]sifimd second columns) and WCB2 (third and fourth columns) \wita zero
defined as the time of maximal ascent for the MetUM (first and ttaldmns) and the COSMO model (second and fourth columns). Bwdidepresents
the ensemble median; dashed lines represent the 25th andefbémples; dotted lines represent the 5th and 95th pelesnt

rise and reach the freezing level (arouri@) hPa), ice effect can be observed (FiguréOb). At upper levels
phase processes become important. The second maximauound the freezing level, both the contributions from
in the median of the total DHR is largely caused by th&epositional growth of snow and ice in WCB2 (Figuirg
depositional growth of snow and ice (Figufel, solid dashed yellow and red lines, respectively) peak below
yellow and red lines, respectively). This direct transfepe corresponding contributions in WCB1. The peak in
of water vapour to the solid phase releases an import§fit contribution due to depositional growth of snow is
amount of latent heat abov@0 hPa. slightly smaller than in WCB1, whereas the peak in the
A similar partitioning of microphysical contributionscontripution due to depositional growth of ice is slightly
is found in WCB2 (Figurell, dashed lines). As in|grger From this description it is clear that, unlike in
WCB1, the largest contribution at lower levels (be|0%e MetUM, the difference between WCB1 and WCB2 in

600 hPa) is the condensation of water vapour for tlﬂ?e COSMO model relies in the extent and intensity of

formation of_llqwd cloud (I_:|gureL1, dashed purple line). e contribution due to the condensation of water vapour
However, this peaks at slightly upper levels (around 8

hPa) than it does in WCB1, and its intensity is low p cloud liquid rather than in the contribution from the
throughout (maximum of.80 K h—' in WCB2 compared CONvection parameterisation.

t02.20 K h—! in WCBL1). Furthermore, evaporation of rain
and melting of snow (Figuréd.l, dashed blue and greer"vI
lines, respectively) produce cooling effects of slightlyger

Additional simulations were performed with both the
etUM and the COSMO model using a different convec-

intensity than in WCB1. Therefore, the cooling to heatirgn scheme. In these simulations, the Gregory—Rowntree
ratio is larger in WCB2 than in WCBL1 at these level€3regory and Rowntree 19pCand the Tiedtke Tiedtke

so that the cooling effects are more noticeable in WCBP289 convection parameterisation schemes normally used
Around 800 hPa, where the heating rate from condensatiorthe MetUM and COSMO, respectively, were replaced

peaks, the net heating rate is arouns0 K h—!, while at by the Kain—Fritsch convection parameterisation scheme
near-surface levels (below 950 hPa), a clear net coolifitrin and Fritsch 1990Kain 2009. The results from these
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The dichotomous structure of the warm conveyor belt 11

simulations were similar regarding both the spatial disii
tion of total precipitation and the way in which the total pre
cipitation was split into convective and large-scale gyeci
tation. Specifically, with the Kain—Fritsch scheme both-sim
ulations models produced maxima in the total precipitatiol| |
rate betwees mm h~! and32 mm h~! concentrated along
a line of convection on the eastern flank of the cold fron
and betweed mm h~' and16 mm h~! to the northeast of
the low-pressure centre. These numbers were also simil
to those obtained with the models’ standard convectio
parameterisation schemes. The precipitation from the-Kair
Fritsch parameterisation was concentrated behind and
the southern section of the cold frorg.g. at 0600 UTC
24 November 2009 both models showed parameterise
convective activity to the south of0°N). These results
confirm that the differences in the simulated heating in th:
original model configurations are mainly due to difference:
in their standard convection parameterisation schemes.
The discrepancies between the MetUM and the COSMOU
model can be interpreted by recalling that the split between
convective cloud and large-scale cloud is only presentFigure 8. Map of vertical velocity, inm s !, at 850 hPa at 1800 UTC 24
numerical models. In the actual atmosphere there is no clig@fember 2009 showing also 850-h#afor the MetUM.
separation between processes to allow an unambiguous
distinction. Both models show that WCB1 parcels contain

more moisture and are located more southwest than WCB2 ' ' e | | et
parcels at the time of maximum ascent. Furthermore, the . ]
WCB1 parcels location is characterised by strong frontal B;‘ E

lifting along the cold front in both models. The latent
heat release in the form of forced convection produced
when the WCB1 moist air is lifted provides the heating
required for the stronger cross-isentropic motion exaibit
by this WCB branch relative to WCB2. The partitioning
between parameterised and resolved convection between o e e T T T T T T T
the models is different, with the convection scheme in P hPa)

the MetUM releasing part of the convective instability
which m. the CO.SMO model is released eXPIICItIy by th.Ei ure 9. Total heating rate as a function of pressure for WCB1 (black)
cloud ml_crophy5|cs SCheme'_ The mo_re active convectl WCB2 (red) in the MetUM. Solid lines represent ensemble amexli
scheme in the MetUM explains the difference of aboutdashed lines represent the 25th and 75th percentilespdistés represent

K in total heating between the MetUM and the COSM®@e 5th and 95th percentiles.

model. Thus, despite differences in how the standard model

configurations partition convection, there is no fundarakent o .

conflict about how the differences between WCB1 afg@cated in this northwest quadrant, whereas in the COSMO

DO/Dt [Kh']

WCB?2 arise. model (Figurel3p,d) some of the parcels lag behind and are
located to the northeast of the cyclone centre.
5.1. Diabatic PV modification in the WCB The WCBL1 parcels experienced significant warming of

20 to 30 K in most places in both the MetUM and
The geographical distribution and diabatic modification tfie COSMO model after 48 hours (see Figurea,b).
air parcels in the WCB outflow are highlighted in Figdr2 The WCB1 parcels are also characterized by low values
for WCBL1 and in Figurel3 for WCB2. Both figures show of PV, typically less than 0.5 PVU, which suggests
the location of WCB parcels close to the 315-K isentropfossible net diabatic reduction of PV along the trajectorie
surface at 18 UTC 25 November 2009, as an indicati¢@ee Figurel2c,d). The WCB2 parcels also experience
of the trajectories intersecting this surface. Parcels aignificant warming but of slightly lesser amplitude (15-25
coloured by total heating during their 48 hours ascéx#t)( K) than in WCB1 (compare Figur&3a,b to Figurel2a,b).
and final PV values (corresponding to the time showrfurthermore, the PV values of WCB2 particles located close
In both models, most of the trajectories that originatéd the core of the low are much higheP{ > 1.5 PVU)
in WCB1 have been discharged from the WCB outflothan any of the particles in WCB1 (compare FigliBe,d to
by this time and deposited along the eastern edge of frigurel2c,d).
downstream ridge (Figurd?). A smaller proportion of Figure 14 shows the total rate of change in PV in the
parcels remain to the west within WCB1, downstream dfetUM and the COSMO model along WCB1 and WCB2.
the upper-level trough. The result is a wishbone pattefhe total PV generation rates in both models are consistent
of particles distributed along the edge of the upper-lewsith the heating rates obtained. There is gain of PV in
trough and ridge. In contrast to WCB1, most of the parcal¢CB1 in the MetUM in the median at low levels, changing
discharged from WCB2 are wrapped cyclonically aroursign around 800 hPa (Figuiela, black lines). The crossing
the northwest quadrant of the cyclone centre (FiglBe of the horizontal axis corresponds to the maximum in total
In the MetUM (Figurel3a,c) the parcels are exclusiveljheating (see figurg). From this level upwards total heating
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12 O. Martinez-Alvarado et al.

those levels and by the strong PV gradients that charaeteris
that region (tropopause fold).

Figure 14b shows the rate of change in PV due to all
microphysical processes along the WCB trajectories in the
COSMO model (N.B. It is important to remember that the
DPVR method implemented in the COSMO model does not
account for frictional and radiative processes). In thediow
troposphere, the main effect is a positive DPVR leading
: ; to a gain of PV along the ascending air stream as long
'1‘0;0 s ;OO as the air parcels are located below the maximum of the

p hPa] DHR. The positive DPVR is mainly caused by condensation
below~ 900 hPa but the evaporation of rain and convection
contribute also (not shown). When the air parcels further
ascend the DPVR becomes negative, as the air parcels are
located above the maximum of the DHR and PV starts
to decrease. The shape of the total DPVR is dominated
by the influence of the condensational heating whereas
the other microphysical processes play only minor roles.
Around~ 700 hPa the heating due to depositional growth of
3 E snow leads to a small positive DPVR and partly offsets the
4E , , , , , , E negative DPVR associated with decreasing condensation

1000 900 80 700 600 500 400 300 at this height. Consistent with the location of the median
piheel DHR maximum in WCB2 with respect to that in WCB1,
1 the region of positive median DPVR in WCB2 extends
Figure 10. Ensemble-medians of contributions to total heating rate duefrther up than that in WCB1. The median crosses the
cloud microphysics (black) and convection (blue) as fumgtiof pressure horizontal axis around 880 hPa and becomes negative but
for WCB1 (solid lines) and WCB2 (dashed lines) in (a) the MetUMia small, remaining around zero beyond that point. Like in the
(b) the COSMO model. case of the total PV rate in the MetUM, the intensity of the
PV rate due to microphysical processes in WCB2 is lower
than that in WCBL1.

DO/Dt [Kh']

DHR,, [Kh"]

6. Summary and conclusion

= f _ IVECVB A detailed case study analysis of warm conveyor belt
<4k /) —we 4 flows, and the diabatic heating and potential vorticity
T E E
(=) 3

modification therein, has been presented. The aim is to
o 3 ; improve understanding of the structure and charactesistic
S i of the cyclonic (WCB2) and anticyclonic (WCB1) WCB
: branches and the potential impact of their outflows on
., tropopause structure. Diagnostics from two models, the
p [nPa] MetUM and the COSMO model, were used: first to
characterise the WCB; and, second to make use of the
Figure 11.Ensemble-medians of heating rate contributions due Qlﬁerent’ but complementary, dlagnosth tools Implemdm
condensation/evaporation (CE), depositional growth @& @DEP), N the two models to evaluate diabatic heating and PV
depositional growth of snow (TSDEP), melting of snow (TSMElahd modification. In summary, the WCB branches are found to
evaporation of rain (TEV) as functions of pressure for WCBdli¢sines) have consistent characteristics between the two models but
and WCB2 (dashed lines) in the COSMO model. distinct characteristics between the two branches. The low
PV outflow from WCB1 may enhance the amplification of
) ) ) o _ the developing Rossby wave.
induces a deep PV sink of low-intensity in the median. The case chosen was a typical North Atlantic cold-season
The band between the 25th and 75th percentiles exhibitgyglone with both cyclonic and anticyclonic WCB branches
similar behaviour so that below 880 hPa every trajectory @Qident in satellite imagery. The Rossby wave structure
that band experience a gain in PV. From that point upwargssociated with the low-level cyclone amplified during its
more and more trajectories in that band experience a I@ggnsification. Both models verified well against dropsend
in PV so that around 830 hPa there are more trajectorfgéasurements taken across the cold front 35 hours into
losing PV than gaining it. The intensity of the PV sinkhe forecast and against the 315-K PV and mean sea level
then decreases until loss and gain become negligible frprassure from the ECMWF analysis at the end of the 60-
450 hPa upwards. The PV rate in WCB2 in the MetUMour forecast.
exhibits similar behaviour but with lower intensity than in The paradigm of a WCB that splits into cyclonic
WCBL1. At low levels the median is positive, crossing thend anticyclonic branches dates back Younget al.
horizontal axis around 820 hPa to coincide with the pe&k987. However this is the first time, to the authors
in median total heating rate. From that point upwards tkeowledge, that the split of the WCB as well as its
median remains very close to zero. There appears to berigin and significance is the focus of an investigation.
gain at upper levels. However, this might just be an artifathe cyclonic and anticyclonic conveyor belt branches were
generated by the lower number of trajectories reachidgcriminated by the potential temperature at the end of
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Figure 13. As in Figure13but for the 305-K isentropic surface and WCB2 parcels.

48-hour trajectories, ascending at least 600 hPa, cadzllatonsistent with that diagnosed through isentropic analysi

using the resolved winds. The WCB structure is broadby Browning and Robert§1994 — a lower branch turning
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14 O. Martinez-Alvarado et al.

cyclonically on cooler isentropic surfaces than those difference arises from a different partitioning between
an anticyclonic-turning upper branch. However, trajectoresolved and parameterised convection in these models
analysis has revealed that the ascent in these branchlesh we attribute primarily to their different default
takes place in different regions in the cyclone and hesnvection schemes. The WCB1 flow is concluded to be
different contributions from convection. In both modelsubject to line convection, forced by strong ascent aloag th
the trajectories in WCB1 originate further south thagold front. The WCB?2 flow is concluded to be subject to
those in WCB2. The WCBL1 trajectories ascend abrupirge-scale ascent as the moist isentropic surfaces si@pe o
in narrow regions of intense ascent along the cold froghe warm front.
whereas those in WCB2 ascend more slowly close toThe microphysical contributions to diabatic heating
the cyclone centre where the WCB flow rises over thgund in WCB1 agree closely with those found for the WCB
warm front. Consequently WCBL trajectories reach highgy 3 different case byoos and Wernl{2012. Comparison
isentropes than WCB2 trajectories, interact more with te¢ Figure 11 here to Figure 10b in that paper reveals
prevailing winds in the upper-level jet and hence cungmilar functions for the total heating due to microphysica
anticyclonically.Browning and Robertgl994) attribute the processes as a function of pressure along the trajectories.
WCB2 flow to ageostrophic transverse circulation in the exi hoth cases heating from condensation of water vapour
region of an upper-level jet. Unlike in their schematic (Figiominates at low levels whereas the heating from the
8b) in which the WCB2 flow eventually turns northwardgjepositional growth of ice phase species dominate above
the WCB2 flow in our case study wraps up within the lowhe freezing level (both snow and ice in this case but
PV air on its outflow isentropic surface. =~ just snow in the case ofioos and Wernli(2012). The

A split WCB has been analysed in an idealised cycloggnsistency of these two cases (and another case study
using trajectory analysis bchemnetal. (2013 (their giscyssed very briefly idoos and Wernl(2012) suggests
downstream cyclone). However, the behaviour of the tQ,t these aspects of the microphysical contributions are

branches in their study contrasts with the results of thé& ca 5 ewhat generic in cold-season warm conveyor belts, at
study in terms of their latitude of origin and primary ascef st within the COSMO model.

Ioca'tiorls. Schemme't al. (2013 diagnose a “fo'rvyard— The diabatic heating leads to PV modification along
sloping” (anticyclonically-turning) WCB that originatesy, . trajectories with an enhancement of PV below, and a

further mnorth than a *rearward-sloping” (cyclonicallyyey,ction of PV above the pressure level of peak heatin

. . . . g.
trning) .WC.B' The antlcyclonlcally-turnmg WCB ascend§he trajectories in WCB1 fFI)ow out along thepinner edge
very rapidly in the region of the bent-back front whereas t%

evclonicallv-turning WCB ascends more aradually at t f the downstream ridge whereas those in WCB2 flow out
y cally-turning gradually *] to the cyclonically-wrapped trough to the north and west
surface cold front. These WCB branches also contrast Wil e surface cyclone at lower levels. The WCB1 and
the results of our case study in that the cyclonically-togni CB2 trajectories experience warming 'of 20-30 and 15—
branch ascends to the higher isentropic level (by about 3 K respectively during their ascent. The PV values of
although (as in our case study) the final pressure level s v rajectories flowing out from WCB1 aré typically less than
similar for the two branches. However, it must be mention PVU compared to up td.5 PVU for those flowin
here that in these idealized studies, latent heating due_t f WCBp2 | t F:h I H th WgBl
cloud formation only consists of a saturation adjustmedt a ut from close fo the low core. hence, the

L : : w in particular may modify the tropopause structure,
g;tvtergigﬁigﬂzxégy;g ;a\;siiltaclﬂgr&,orpflcrophysms and MOSither directly by enhancing the amplitude of the ridge

A decomposition of the diabatic heating and I:,,(}i’Verosion) or indirectly by enhancing the gradient of PV

modification along the trajectories has been diagnosea""ﬁ{osS the tropopaus€hagnoret al. (2012 showed that

both models but through different techniques: tracers tfAgPatic processes in the WCB of a cold-season cyclone

track changes in PV} andg in the MetUM and the direct acted to enhance the gradient of PV across the tropopause
ith little change in the tropopause position. Howevereoth

calculation of diabatic heating rates and the associatédf®’ .
rates of diabatic PV in the COSMO model. The MetunitudiesPlantet al. (2003 have speculated that retardation

diagnostic has the advantage that the contributions frQffn€ upper-level trough due to moist processes in the WCB
all the different parameterisation schemes that modify@'€ @ consequence of either PV erosion or else horizontal
and PV can be diagnosed (and hence their budgets caf)eection associated with upper-level divergence in the
balanced) but the disadvantage that it does not provide Y{&B outflow. _ _
detail on the microphysical conversion processes provided he overriding impression on comparison of the WCB
by the COSMO diagnostics. In contrast the COSMructure in the two models is of similarity, which likely
diagnostic provides the contributions that modifgnd PV contributes to the close agreement in the Rossby wave
only from the dominant large-scale cloud microphysical agéfucture in the 60-hour forecasts between the two models
convective schemes. and to the ECMWF analysis. However, differences in the
Total heating rates are comparable in the two modé&@ssby wave structure do exist (see Fig. 4) and may be
for both WCB1 and WCB2 (being larger for WCB1) ana@ttributable to differences in the WCBs. In particular the
both models agree that microphysical processes in the-lafg@ge has greater extent as it wraps around the north of the
scale cloud scheme are the major contributor to this heatifigrface cyclone in the MetUM compared to the COSMO
however, the models differ in their assessment of theodel forecast. This is consistent with the more vigorous
relative contributions from the convection parameteigsat WCBL1 flow in the MetUM with larger heating rates and
and cloud microphysics schemes. In the COSMO mod:@nseqqently larger increases in potential temperatorgal
the contribution from the convection scheme along tl&&jectories.
median trajectory is negligible in comparison to that from Systematic forecast errors have been shown to
the cloud microphysics scheme, whereas in the MetUdidvelop in Rossby wave amplitud®ifrenet al. 2003
it is about half that from the microphysics scheme. Thi3avies and Didone 20)&nd these findings are consistent
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