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Abstract. Warm conveyor belts (WCBs) are important
cyclone-related airstreams that are responsible for most of
the cloud and precipitation formation in the extratropics.
They can also substantially influence the dynamics of cy-
clones and the upper-level flow. So far, most of the knowl-
edge about WCBs is based on model data from analyses,
reanalyses and forecast data with only a few observational
studies available. The aim of this work is to gain a detailed
observational perspective on the vertical cloud and precipita-
tion structure of WCBs during their inflow, ascent and out-
flow and to evaluate their representation in the new ERAS
reanalysis dataset. To this end, satellite observations from
the CloudSat radar and the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) lidar are com-
bined with an ERA5-based WCB climatology for nine North-
ern Hemisphere winters. Based on a case study and a com-
posite analysis, the main findings can be summarized as fol-
lows. (i) WCB air masses are part of deep, strongly precipi-
tating clouds, with cloud-top heights at 9—10 km during their
ascent and an about 2-3 km deep layer with supercooled lig-
uid water co-existing with ice above the melting layer. The
maximum surface precipitation occurs when the WCB is at
about 2—4 km height. (ii) Convective clouds can be observed
above the inflow and during the ascent. (iii) At upper levels,
the WCB outflow is typically located near the top of a 3 km
deep cirrus layer. (iv) There is a large variability between
WCBs in terms of cloud structure, peak reflectivity and asso-
ciated surface precipitation. (v) The WCB trajectories with
the highest radar reflectivities are mainly located over the
North Atlantic and North Pacific, and — apart from the in-
flow — they occur at relatively low latitudes. They are associ-
ated with particularly deep and strongly precipitating clouds
that occur not only during the ascent but also in the inflow

and outflow regions. (vi) ERAS represents the WCB clouds
remarkably well in terms of position, thermodynamic phase
and frozen hydrometeor distribution, although it underesti-
mates the high ice and snow values in the mixed-phase clouds
near the melting layer. (vii) In the lower troposphere, high
potential vorticity is diabatically produced along the WCB in
areas with high reflectivities and hydrometeor contents, and
at upper levels, low potential vorticity prevails in the cirrus
layer in the WCB outflow. The study provides important ob-
servational insight into the internal cloud structure of WCBs
and emphasizes the ability of ERAS to essentially capture the
observed pattern but also reveals many small- and mesoscale
structures observed by the remote sensing instruments but
not captured by ERAS.

1 Introduction

Extratropical cyclones are typically associated with well-
defined, moist ascending airstreams referred to as warm
conveyor belts (WCBs; e.g. Harrold, 1973; Carlson, 1980;
Wernli and Davies, 1997). WCBs are responsible for most
of the cloud and precipitation formation and poleward en-
ergy transport in extratropical cyclones (Browning, 1990),
and they thereby play a crucial role for the hydrological cy-
cle and the Earth’s energy balance. WCBs are also essential
from an atmospheric dynamical point of view. The intense
cloud diabatic processes within the ascending airstreams lead
to potential vorticity (PV) modifications in the lower and up-
per troposphere which can intensify the associated cyclone
(Davis and Emanuel, 1991; Rossa et al., 2000; Binder et al.,
2016) and influence the synoptic- and large-scale flow at
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the tropopause and the downstream weather evolution (e.g.
Wernli and Davies, 1997; Grams et al., 2011).

Because of the crucial role of WCBs for many atmospheric
processes, it is important to accurately represent them and
the associated clouds and precipitation in numerical weather
prediction and climate models. Several studies indicated that
errors in their representation can lead to forecast errors in
the weather downstream (e.g. Gray et al., 2014; Martinez-
Alvarado and Plant, 2014; Madonna et al., 2015; Grams
et al., 2018). For instance, it has been shown that cloud-
microphysical processes in WCBs (Joos and Wernli, 2012;
Joos and Forbes, 2016) and the initial moisture distribution
in the WCB inflow (Schiéfler et al., 2011; Schéfler and Har-
nisch, 2015) play a crucial role for the meso- and large-scale
flow evolution. However, diabatic processes are difficult to
represent in global models because they typically occur on
smaller scales than the model resolution and must therefore
be parameterized. Additionally, the understanding of many
physical processes occurring in warm-, ice- and particularly
mixed-phase clouds is still incomplete (e.g. [llingworth et al.,
2007; Joos and Forbes, 2016). This highlights the importance
of complementing our knowledge about WCBs and the em-
bedded small-scale processes, which is mainly based on nu-
merical model data, with observational studies.

Only a few observational studies exist on WCBs. Schifler
et al. (2011) compared lidar humidity observations of a sum-
mertime WCB over south-western Europe with analysis data
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) and revealed significant deficiencies in the
model’s representation of the low-level moisture in the WCB
inflow region. Crespo and Posselt (2016) analysed a WCB
over the North Atlantic that was sampled several times by
remote sensing instrumentation. They documented a clear
transition from a stratiform to a convective cloud structure
during the evolution of the cyclone. The distinction between
mesoscale, slantwise ascent of the WCB and upright embed-
ded convection had already been made in 1993 in a study
on the mesoscale frontal structure of an explosively intensi-
fying cyclone measured during the ERICA field experiment
(Neiman et al., 1993). Embedded deep convection was also
documented in a number of WCBs observed in the Mediter-
ranean region (Flaounas et al., 2016; Flaounas et al., 2018)
and during the North Atlantic Waveguide and Downstream
Impact Experiment (NAWDEX) field campaign in the North
Atlantic (Oertel et al., 2019; Blanchard et al., 2020). While
slantwise WCB ascent leads to large-scale stratiform precip-
itation and the formation of widespread regions with low-
PV air at upper levels, convective WCB ascent goes along
with peaks of particularly strong surface precipitation and
the formation of mesoscale upper-level PV dipoles, includ-
ing regions with negative PV (Oertel et al., 2020). Finally,
Gehring et al. (2020) investigated the snowfall microphys-
ical processes in a strongly precipitating wintertime WCB
over the Korean Peninsula that was observed with radar data,
radio soundings and snowflake photographs. They showed
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how the WCB created ideal conditions for rapid precipita-
tion growth, including the formation of supercooled liquid
water in the strongly ascending air masses, which favoured
intense riming and aggregation.

Many cloud processes, for example radiative heating or
cooling of the atmosphere, condensational processes, and the
efficiency of precipitation production, crucially depend on
the vertical structure and distribution of clouds (e.g. Pos-
selt et al., 2008). With the launch of the CloudSat radar
(Stephens et al., 2002, 2008) and the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO) li-
dar (Winker et al., 2003, 2009) in April 2006, high-resolution
global measurements of the vertical structure and proper-
ties of clouds, precipitation and aerosols have become avail-
able. The satellites are part of NASA’s Afternoon Train
(A-Train), a constellation of satellites that travel in close
formation in a sun-synchronous orbit, allowing for near-
simultaneous measurements of various key parameters that
affect the Earth’s weather and climate. Studies based on
CloudSat and CALIPSO measurements have provided in-
valuable insight into the distribution of clouds and precipi-
tation in extratropical cyclones and the associated complex
dynamical and physical processes. Posselt et al. (2008) com-
pared the frontal clouds observed by CloudSat along a warm,
a cold and an occluded front with those described in the
Norwegian polar-front model (Bjerknes and Solberg, 1922).
While the historical description and the modern observations
reveal remarkable similarities, CloudSat provides a detailed
view of the internal cloud structure, thereby adding a new
component to the classical conceptual model. Vertical com-
posites of frontal clouds based on CloudSat and CALIPSO
data (Naud et al., 2010, 2012, 2014, 2015) also revealed some
similarities to the historical model but even more to the con-
veyor belt model and specifically the WCB, with mid- and
high-level clouds typically occurring to the east of the cold
front and above the warm front. Field et al. (2011) com-
bined observations from CloudSat and passive sensors to cre-
ate three-dimensional composites of the cloud and precipita-
tion structure in extratropical cyclones and also used these
to evaluate the representation of clouds and precipitation in a
numerical model. CloudSat and CALIPSO observations have
also been used to validate the global ice cloud representation
in several versions of the ECMWF and UK Met Office mod-
els with different ice cloud parameterizations (Delanoé et al.,
2011). It was found that the models generally reproduce the
main geographical and temperature-dependent distributions,
although with some deficiencies, and that the representation
is considerably improved in schemes with prognostic vari-
ables for cloud ice, snow, liquid water and rain compared to
schemes with diagnostic formulations for precipitation and
mixed-phase clouds.

The objective of this study is to gain an observational view
of a large number of WCBs in Northern Hemisphere win-
ter, and to evaluate their representation in the new ERAS re-
analyses. For this, we combine satellite observations from
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CloudSat and CALIPSO with a WCB climatology compiled
by ERAS. Specifically, the aims are to (i) use observational
data to characterize the vertical cloud and precipitation struc-
ture of WCBs during their inflow, ascent and outflow in
terms of vertical extent, radar reflectivity and ice water con-
tent, (ii) gain insight into the ERAS5-based meteorological
environment of the observed WCBs in terms of saturation,
static stability and PV, (iii) quantify differences in the cloud
structure and the meteorological environment between typ-
ical WCBs and WCBs with particularly high radar reflec-
tivities, and (iv) assess the ability of ERAS to represent ice
and snow in WCB clouds in comparison to CloudSat and
CALIPSO.

The remainder of the paper is organized as follows. Sec-
tion 2 describes the satellite measurements and ERAS reanal-
yses, as well as the method to combine the two datasets. In
Sect. 3, we look at the cloud structure of an exemplary WCB
in the North Pacific that was measured by the A-Train at
the time of the strongest intensity of the associated cyclone.
The climatological analysis of the vertical cloud structure of
WCBEs is presented in Sect. 4, and a summary and discussion
of the results are provided in Sect. 5.

2 Data and methods

To characterize the vertical cloud and precipitation structure
of the WCBs and to gain insight into the meteorological en-
vironment they are embedded in, satellite observations from
the CloudSat radar and the CALIPSO lidar are combined
with ERAS reanalyses from the ECMWE. The period cho-
sen for the study extends from December 2006 to the end of
January 2016, and the analysis is confined to Northern Hemi-
sphere winter (December—February). Winter 2011/2012 is
excluded from the study as CloudSat was not part of the A-
Train during that time period.

2.1 Satellite observations

Reflectivity profiles from the Cloud Profiling Radar (CPR)
on board the polar-orbiting CloudSat satellite (Stephens
et al., 2002, 2008; Tanelli et al., 2008) are used. The CPR
is a nadir-pointing radar operating at a frequency of 94 GHz
(~ 3 mm, W-band). It provides cloud information with a ver-
tical resolution of 485 m (oversampled to produce an ef-
fective resolution of 240 m) between the surface and 30 km
altitude. The horizontal resolution is about 1.7km in an
along-track direction (resulting from a pulse integration pe-
riod of 0.16s) and 1.4km in a cross-track direction. In the
present study, we use CloudSat reflectivity data provided by
the raDAR/IiDAR (DARDAR) project (Delanoé¢ and Hogan,
2010; see below), which is interpolated to a grid with 1.1 km
horizontal and 60 m vertical resolution. The minimum de-
tectable signal of the CPR is —30dBZ. Absorption mainly
by liquid water results in a two-way attenuation of the radar
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signal which can amount to more than 10dBZkm~! be-
low the melting layer and even lead to a full attenuation
of the radar signal in strongly precipitating systems (Mace
et al., 2007; Marchand et al., 2008). Reflectivity values be-
tween about —30 and —15dBZ typically represent non-
precipitating clouds, values between —15 and 0dBZ driz-
zle or light rain, and values greater than 0 dBZ rain with
increasing intensity (Stephens and Haynes, 2007; Haynes
etal., 2009). According to Haynes et al. (2009), unattenuated
near-surface reflectivity values of more than 0 dBZ (—5 dBZ)
are almost certainly associated with significant surface rain
(snow) rates of at least 0.03mmh~!. Radar signals likely
contaminated by surface or clear air clutter are filtered out in
the present analysis with the CloudSat cloud mask from the
2B-GEOPROF product (Marchand et al., 2008). The effect
of surface clutter is most pronounced below 1.2 km height
(Marchand et al., 2008), which reduces the ability to investi-
gate the cloud structure at the height of the WCB inflow.

Ice water content (IWC) profiles are obtained from the
DARDAR cloud product version vl (Delano€ and Hogan,
2010). They are derived using a variational method that com-
bines CloudSat radar reflectivities, CALIPSO lidar attenu-
ated backscatter and infrared radiometer data of the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) on
board the Aqua satellite (for details see Delano€ and Hogan,
2008; Delanoé and Hogan, 2010). In addition, the ice cloud
estimates depend on thermodynamic variables like tempera-
ture, pressure and specific humidity from the ECMWF-AUX
dataset which contains ECMWF variables interpolated to
the CloudSat radar bin. The CloudSat and CALIPSO prod-
ucts used to derive the IWC data are highly complementary
and sensitive to very different powers of particle size. The
radar is able to measure and penetrate optically thick clouds,
but it cannot detect optically thin clouds with a reflectiv-
ity value below the minimum detectable signal of the radar
(—=30dBZ). On the other hand, the lidar is sensitive to op-
tically thin clouds, but it is strongly attenuated in optically
thick clouds. Therefore, by linking CloudSat, CALIPSO and
other A-Train measurements, DARDAR combines the ad-
vantages of the different sensors, thereby providing a more
detailed picture of the structure and microphysical properties
of the hydrometeors than could be obtained by the individ-
ual sensors. The IWC retrievals consist of the entire frozen
hydrometeor fraction without distinction between small ice
crystals and sedimenting snow flakes. For each IWC value
the associated uncertainty is estimated. Uncertainties can
arise, for instance, from instrumental and measurement er-
rors of the satellites, differences in the radar and lidar foot-
prints, and errors associated with assumptions used in the
variational scheme. They are expressed as 1 standard devi-
ation percentage errors in the natural logarithm of the IWC
and can reach up to about 60 %. Despite these significant un-
certainties, the DARDAR cloud product currently comprises
one of the most accurate estimates of ice cloud properties
(Stein et al., 2011; Eliasson et al., 2013). Like the reflectiv-
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ity profiles, the IWC data are available on a grid with 1.1 km
horizontal and 60 m vertical resolution.

2.2 ERAS reanalyses

ERAS reanalyses from the ECMWF (Hersbach et al., 2020)
are used for the WCB identification and the characterization
of the meteorological environment. ERAS is based on the In-
tegrated Forecast System model version cycle 4112 that was
operational in 2016. The reanalyses have a spectral resolution
of T639 (corresponding to ~ 31km) on 137 vertical levels
and a temporal resolution of 1h. In this study, the fields are
interpolated to a regular grid with 0.5° horizontal resolution.
In ERAS, the parameterization of stratiform clouds and
large-scale precipitation is based on an advanced version of
the scheme developed by Tiedtke (1993) and includes prog-
nostic variables for water vapour, cloud liquid water, cloud
ice, rain, snow and grid box fractional cloud cover (ECMWF,
2016; see also Forbes and Ahlgrimm, 2014). Interactions be-
tween the various water species are described with param-
eterizations for condensation, deposition and freezing via
stratiform and convective processes, evaporation, sublima-
tion, and melting, as well as the generation of precipitation
via autoconversion, accretion and snow riming. Precipitat-
ing particles have a terminal fall speed and can be advected
between grid boxes by the three-dimensional wind. Super-
cooled liquid water can exist at temperatures between 0 °C
and the homogeneous freezing threshold at —38 °C. When
ice and supercooled liquid co-exist, the ice crystals grow at
the expense of the liquid water droplets via the Wegener—
Bergeron-Findeisen mechanism. Convection is parameter-
ized by a bulk mass flux scheme based on Tiedtke (1989)
with a modified convective available potential energy clo-
sure (Bechtold et al., 2014). It considers deep, shallow and
mid-level convection. The collective behaviour of a range of
cumulus clouds in a grid cell is represented by a single pair
of plumes describing the updraught and downdraught mass
fluxes associated with the cloud ensemble, including the pro-
cesses of entrainment of environmental air into the cloud and
detrainment of cloud condensate into the environment.

2.3 WCB identification

The ERAS-based WCB trajectories are calculated with a
slightly modified version of the algorithm developed by
Madonna et al. (2014). Based on the Lagrangian analy-
sis tool (LAGRANTO; Wernli and Davies, 1997; Sprenger
and Wernli, 2015), trajectories are started every 6 h from an
equidistant grid in the lower troposphere and calculated for-
ward for 48 h. For the climatological analysis, the starting
points are located every 80 km in the horizontal direction and
vertically every 20 hPa between 1050 and 790 hPa, which is
consistent with Madonna et al. (2014). For the case study,
the horizontal resolution of the starting grid is increased to
40km. To be classified as WCB air parcels, the trajectories
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must experience a strong ascent of at least 600 hPa within
48 h in the vicinity of an extratropical cyclone, whereby ex-
tratropical cyclones are identified as two-dimensional ob-
jects based on the algorithm of Wernli and Schwierz (2006)
and refined in Sprenger et al. (2017). To exclude rapid as-
cent associated with tropical cyclones, the WCB trajecto-
ries are required to be north of 25° N during their ascent
phase (at time 24 h). With respect to the WCB identifica-
tion method by Madonna et al. (2014), two modifications
are made. (i) Very fast ascending trajectories that fulfil the
600 hPa ascent criterion in the first part of the 48 h period and
thereafter descend again are also selected. For those trajecto-
ries, the pressure difference between times O and 48 h can
be lower than 600 hPa, and therefore they would have been
neglected as WCB trajectories by the approach of Madonna
et al. (2014). Compared to the original method, this leads
to an increase in the number of identified WCB trajectories
by about 35 % (Katharina Heitmann, personal communica-
tion, 2020). (ii) WCB trajectories with a short distance to
each other are clustered and considered to belong to the same
WCB with a clustering method similar to the one described
in Catto et al. (2015). When one of the trajectories in the
cluster is collocated with a surface cyclone for at least one
time step during the ascent, all the trajectories in the cluster
are considered as WCB trajectories. Compared to the origi-
nal algorithm, in which every single trajectory is required to
be collocated with a surface cyclone, this leads to a further
increase in the number of WCB trajectories by about 10 %.
Despite the significant increase in the number of identified
WCB trajectories with respect to the original WCB identifi-
cation criterion, tests have shown that the modifications do
not affect the findings of this study.

In the present study, the WCB trajectories are classified
according to their height into inflow (0-2km height corre-
sponding to about 1000—-800 hPa), ascent (2—7 km height and
pressure ~ 800-400hPa) and outflow (> 7km height and
pressure < 400 hPa).

2.4 Matches between WCB trajectories and CloudSat
and CALIPSO overpasses

To combine the ERAS-based WCB trajectories with the
satellite data, all WCB trajectories are selected that are over-
passed by the CloudSat and CALIPSO satellites. Since the
individual satellite profiles along the tracks are available
about every 0.16s and therefore much more often than the
hourly ERAS data, the ERAS fields are assumed to be rep-
resentative of a 1h time range of £30 min around each full
hour. A match between a WCB trajectory position and the
satellites’ tracks occurs when the trajectory is located within
50km horizontal distance of the satellite orbit during this 1 h
window (see Fig. 2b). In total, 509 042 matches are identified
between individual WCB trajectories and A-Train overpasses
in the nine winters. These matches are associated with about
9000 different WCB clusters.
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satellite track average over
113 profiles

(Ax = 124 km)
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Figure 1. Schematic illustration of the method to attribute several
satellite profiles to a matching ERA5-based WCB trajectory in the
climatological analysis.

In the climatological study, several satellite profiles are
attributed to each matching WCB trajectory. They are then
averaged to increase the representativity of the observations
(see schematic illustration in Fig. 1). In total, 113 satellite
profiles are averaged per WCB match — that is, the profile
with the closest distance to the WCB air parcel plus the
56 preceding and the 56 succeeding profiles. With a dis-
tance of 1.1 km between each satellite profile, the 113 as-
signed profiles correspond to a track segment length of about
124km and therefore approximately the effective horizon-
tal resolution of ERAS5 (4 times the horizontal grid spacing),
i.e. the smallest scale the model is able to resolve fully (see
Abdalla et al., 2013). This allows for a better comparison be-
tween the observations and the model data. Consistent with
earlier work (Illingworth et al., 2007; Delanoé et al., 2011),
it is assumed that the narrow satellite track is representative
of the three-dimensional model grid box.

2.5 Selection of strong WCBs

In addition to the analysis of the entire climatology of
matching WCB trajectories, those with the highest reflec-
tivity values given by CloudSat are investigated separately.
More specifically, from all 509 042 matches, in each 0.5 km
height bin the 5% with the highest reflectivities at their
respective height are selected and referred to as “strong
WCBs”. These top 5 % in terms of reflectivity are assumed
to be the strongest cloud-and-precipitation-producing WCB
air parcels. A comparison of the entire climatology and the
subcategory of strong WCBs allows to assess differences be-
tween the two categories in the cloud and precipitation struc-
ture, the geographical distribution, and the meteorological
environment.

3 Case study of a representative North Pacific WCB
In this section, we examine the cloud and precipitation struc-
ture of a representative WCB that occurred in January 2014

over the central North Pacific. The associated cyclone un-
derwent an explosive deepening and was observed by the A-
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Train at the time of its strongest intensity (minimum sea level
pressure of 975 hPa) around 00:00 UTC on 3 January 2014.
At this time, the infrared satellite image and the overlaid
ERAS fields in Fig. 2a reveal a comma cloud pattern with
high clouds along the cold, the warm and the intense bent-
back front and a distinct dry slot that wraps around the
storm centre below a cyclonically breaking upper-level wave,
shown by the 2 pvu contour at 315 K. The yellow contour
outlines the grid points where, according to the reanalysis
data, at least one WCB air parcel is present somewhere in
the vertical column. The large area encompassed by this con-
tour indicates that the entire frontal region is influenced by
WCB air. Note that these air parcels belong to WCB trajec-
tories with a range of different starting times and vertical po-
sitions, with some still located at low levels at the beginning
of their 2 day ascent, some in the middle of their ascent and
some already located in the upper troposphere at the end of
their 2 day ascent. As an example, Fig. 2b shows WCB tra-
jectories with starting times at 06:00 UTC on 2 January and
their position 18 h later (black dots) at the time of the satellite
overpass.

The A-Train moved from the south-east to the north-west
over the warm sector, the cold and the warm fronts of the
mature cyclone (blue line in Fig. 2a and b), and thereby si-
multaneously captured parts of the WCB inflow, ascent and
outflow. In the warm sector south of 27° N, the reflectivity
profile measured by CloudSat (Fig. 3a and b) reveals shal-
low to mid-level convection above the WCB inflow, which
is corroborated by the negative vertical gradient in equiva-
lent potential temperature (6) between the surface and 4 km
height. Between 27 and 33° N, the WCB inflow is cloud-free
and located below thin cirrus clouds in the WCB outflow that
increase in thickness toward the cold front. At the cold front
between 33 and 40° N and above large parts of the surface
warm front between 42 and 46° N, most of the deep cloud
system is associated with WCB air (see purple dots in Fig. 3b
that mark WCB air parcels). The high reflectivities (Fig. 3a)
and satellite-retrieved IWC values (Fig. 3c) below 6—8 km in-
dicate strong precipitation in the form of snow above and rain
or melting snow below the 0° isotherm. Unlike radars operat-
ing at centimetre wavelengths which exhibit a clear reflectiv-
ity peak at the melting layer, CloudSat’s millimetre operating
wavelength does not lead to a typical bright band at the melt-
ing layer but rather a dim band with reduced reflectivities
(Sassen et al., 2007; Heymsfield et al., 2008). The dim band
is due to snowfall attenuation and non-Rayleigh scattering ef-
fects, and it is evident both at the cold and at the warm front
in the strongly precipitating cloud system (Fig. 3a). Above
6-8 km, at temperatures colder than about —20 °C, the lower
reflectivity and IWC values suggest ice clouds rather than
falling snow. At the cold front, in the unstable air south of
37°N, the presence of some narrow columns with particu-
larly high reflectivities suggest convective WCB ascent em-
bedded in the frontal cloud. In the northern part of the cold
front, the higher static stability and horizontally relatively

Weather Clim. Dynam., 1, 577-595, 2020



582

= &
]

180 170W 160W 150W 140W 130W

-50 -40 -30 -20 -10 0 10 20 30
Brightness temperature [°C]

H. Binder et al.: Cloud structure of warm conveyor belts in ERAS and satellite observations

I T T I

180 170W 160W 150W 140W 130W

EEEENTT | [ [ [
200 300 400 500 600 700 800 900 1000
Pressure [hPa]

Figure 2. Case study of a North Pacific WCB at 00:00 UTC on 3 January 2014. (a) Infrared satellite image (brightness temperature in °C)
derived from the GridSat-B1 data (Knapp et al., 2011) and, from ERAS, the 2 pvu contour at 315 K (solid black), 8¢ (dashed black contours
at 310 and 320 K) and grid points with at least one WCB trajectory (yellow). The blue line marks the track of the A-Train, and the purple
dots show matches between WCB air parcels and the satellite track. (b) The 2 day WCB trajectories (coloured by pressure; hPa) starting at
06:00 UTC on 2 January 2014. The positions of the trajectories at the time of the satellite overpass, 00:00 UTC on 3 January, are shown by
black and purple dots, with the purple dots indicating matches with the satellite track (blue line). The segment of the satellite track between

the two black crosses indicates the region shown in Fig. 3.

uniform reflectivities point to a mainly stratiform cloud struc-
ture. At the warm frontal zone, the WCB intersections with
the satellite track indicate a gentle slantwise ascent along the
tilted moist isentropes (Fig. 3b). North of 46° N, the asso-
ciated ice clouds decrease in thickness with increasing dis-
tance from the surface warm front as the cloud base slopes
upward along the moist isentropes and the cloud-top height
decreases.

Figure 3d shows by colour the sum of the prognostic cloud
ice and snow variables of ERAS interpolated along the satel-
lite track. To allow for a better comparison with the observa-
tions, in Fig. 3e the satellite-retrieved IWC is shown as the
running mean over 113 satellite profiles, which corresponds
to a track length of 124km and thereby approximately the
effective resolution of ERAS (i.e. 4 times the horizontal grid
spacing; see Abdalla et al., 2013). As noted in Sect. 2.1, the
observations and ERAS are not entirely independent as the
satellite-retrieved IWC relies on thermodynamic variables
from ECMWF analyses. In particular, the retrieved IWC is
based on temperature profiles from the ECMWEF to locate the
melting layer height, which implies that by design the melt-
ing layer agrees well with ERAS. Despite this constraint, the
satellite retrievals contain much additional information that
is independent of the ECMWF data such that the comparison
with ERAS is meaningful and provides important insight into
the quality of the model data.

A comparison of Fig. 3d and e shows that ERAS captures
the location of the cloud system and the broad ice and snow
structure remarkably well. The sum over the ice and snow
values strongly increases toward the melting layer and peaks
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right above the melting layer in the deep frontal clouds where
most of it is present as falling snow (see thin black contours
in Fig. 3d). However, the model considerably underestimates
the peak values between the melting layer and the —20°C
isotherm (maxima of 1050 mgm™3 in ERAS5 compared to
1630 mgm~> in the observations) which are most likely as-
sociated with mixed-phase clouds. The underestimation is
particularly pronounced in the convective clouds south of
27° N. The 1 standard deviation percentage errors associated
with the IWC retrievals in this case study are about 20 %—
30 % in the thin ice clouds at upper levels, 5 %—20 % around
the —20 °C isotherm and 10 %—40 % near the melting layer
(not shown). The differences between the observations and
ERAS near the melting layer are therefore outside the error
range of the observations even for values of 40 %. Further-
more, along the entire cross section, the cloud edges are less
sharp in ERAS than in the observations, and the transition be-
tween cloudy and cloud-free regions is smoother. Neverthe-
less, a comparison with ERAS’s predecessor, ERA-Interim,
reveals a strong improvement in the ice cloud representa-
tion in ERAS (Binder, 2016). In ERA-Interim, the agree-
ment with the observed IWC is very poor, in particular in the
mixed-phase clouds where the underestimation of the high
values close to the melting layer amounts to several orders
of magnitude. The significant improvement of the represen-
tation from ERA-Interim to ERAS can mainly be explained
by a major upgrade of the cloud and precipitation parameter-
ization (see also Delanoé et al., 2011; Forbes and Ahlgrimm,
2014): while ERAS is based on prognostic variables for cloud
ice, snow, liquid water and rain, in ERA-Interim precipitation
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Figure 3. Vertical cross sections of observed and modelled variables along a North Pacific WCB at 00:00 UTC on 3 January 2014. (a) Cloud-
Sat radar reflectivity (dBZ; shading) along the segment between the two black crosses in Fig. 2b, together with, from ERAS, interpolated 6,
(black contours every 5 K), temperature (dashed red contours at 0, —20 and —40°C) and the 2 pvu contour (thick black line). The labels
mark the position of the warm sector (“WS”), the cold front (“CF”) and the warm front (“WF”). (b) Same as (a) but with the positions of the
intersected WCB trajectories shown by the purple dots. (¢) DARDAR-retrieved IWC (mg m~3; shading), which consists of the entire frozen
hydrometeor content, i.e. ice and falling snow, (d) ERAS-based frozen hydrometeor content, i.e. the sum of the prognostic cloud ice and snow
water contents (mg m_3; shading), and prognostic snow water content only (thin black contours at 0.1, 1, 10, 100, 200 and 1000 mg m_3),
and (e) DARDAR-retrieved IWC in a running mean along 113 satellite profiles (corresponding to a segment of ~ 124 km). The thick black
line in (c—e) again marks the 2 pvu contour, and the dashed red lines mark the 0, —20 and —40 °C isotherms.

and mixed-phase clouds are described by diagnostic formu-
lations, and snow is not present in the frozen hydrometeor
fraction but directly removed from the atmospheric column.

In summary, the case study of this North Pacific WCB
reveals that (i) WCB air parcels form part of vertically
extended, strongly precipitating clouds, but not the entire
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frontal cloud system is WCB air, (ii) convection can occur in
the WCB inflow and ascent region, which is consistent with
previous studies (e.g. Crespo and Posselt, 2016; Oertel et al.,
2019), and (iii) the ERAS reanalysis with prognostic vari-
ables for snow and ice is able to capture the broad structure
and distribution of the frozen hydrometeor fraction associ-
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ated with the WCB cloud, but the peak values are underesti-
mated.

4 Climatological analysis of the WCB cloud structure

In this section, the WCB clouds and their meteorological
environment will be characterized climatologically for nine
Northern Hemisphere winters. We will first discuss the spa-
tial distribution of the matches between WCB trajectories
and the A-Train and then investigate their vertical structure
in satellite observations and reanalysis fields.

4.1 Spatial distribution of the intersected
WCB trajectories

Figure 4a shows the spatial distribution of the 509042
matches between individual WCB trajectories and the A-
Train overpasses. Matches occurred almost in the entire ex-
tratropics, but the highest number is present over the North
Pacific and North Atlantic storm track regions between about
30 and 60° N. This spatial pattern reflects the winter cli-
matological distribution of WCBs during their inflow, as-
cent and outflow (blue contours). In general, in the south-
western ocean basins, most WCB air parcels were observed
in the inflow, i.e. when the WCB trajectories were below
2km height (pressure levels > 800 hPa), which is in agree-
ment with the climatological maximum of WCB starting
positions (Madonna et al., 2014). In contrast, in the north-
eastern part of the oceans at the end of the storm tracks,
the majority of the matches occurred in the outflow, i.e.
when WCB trajectories were above 7 km height (pressure
levels < 400 hPa). Overall, the matches are distributed over
a wide altitude range between the surface and 13 km height
with the highest numbers below 2km in the inflow and in
particular between 7 and 10km in the mid-latitude outflow
(Fig. 4c). The latitude of the matches increases from the
WCB inflow (25 to 50°N) to the outflow at a height of
8km (35 to 75° N) (mean and 10-90 inter-percentile range
in green in Fig. 4d), reflecting the poleward motion typically
occurring during the WCB ascent. Note, however, that the
WCB air parcels in the different height bins generally belong
to different WCB trajectories — only in rare cases the same
trajectory has been observed more than once by the narrow
CloudSat and CALIPSO tracks. Matches above 8 km typi-
cally occurred again at lower latitudes (where the tropopause
is higher than in polar regions), ranging from about 30 to
60° N for air parcels at 10 km height and from 10 to 35° N
for very high outflow above 12 km. These matches are most
likely associated with WCBs in convectively active subtrop-
ical systems.

The matches with strong WCBs, that is to say the 5%
of the air parcels in each 0.5km height bin with the high-
est CloudSat radar reflectivities (see Sect. 2.5), are mainly
located over the North Pacific and North Atlantic (Fig. 4b).
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Interestingly, in the inflow and early ascent (< 3.5 km), the
mean latitude of the WCB air parcels with exceptionally
strong reflectivities is further north than the mean over all tra-
jectories, with most air parcels located between 30 and 60° N
(mean and 10-90 inter-percentile range in blue in Fig. 4d).
The opposite is true at higher altitudes where the strong
WCBs are typically located much further south than the en-
tire climatology. Between 4 and 10 km height, their mean lat-
itude is approximately constant around 38° N, and matches at
higher levels occur again at very low latitudes and are prob-
ably related to subtropical cyclones. Note, again, that differ-
ent WCBs contribute to the strong category in each height
bin, and the general decrease in the mean latitude from in-
flow to outflow observed for the strong WCBs does not im-
ply an equatorward ascent. All in all, the analysis shows that
WCBs with exceptionally strong radar reflectivities in their
inflow occur further north than the mean of all matches, while
higher than usual radar reflectivities in the WCB ascent and
outflow are found further south.

4.2 Composites of reflectivity and
DARDAR-retrieved IWC

To investigate the cloud structure of the WCBs during their
inflow, ascent and outflow, we create vertical composites
of the satellite observations separately for different WCB
heights. Hereby, all matching WCB air parcels are classified
into 0.5 km height bins with the number of matches per bin
shown in the histogram in Fig. 4c. We will first examine the
composites associated with the entire climatology and then
compare them to the subcategory of strong WCBs.

4.2.1 All WCBs

Figure 5 shows composites of vertical profiles of CloudSat
reflectivity (Fig. 5a) and DARDAR-retrieved IWC (Fig. 5b)
as a function of the height at which the A-Train profile
matched with a WCB trajectory. This height is referred to
as zwcp. For instance, for matches at a height of zwcp =
3km, the radar reflectivity shows median values exceed-
ing —6dBZ from near the ground to about 6km altitude,
whereas for matches above zwcp = 7 km, radar reflectivi-
ties are below —30dBZ if the median is calculated over all
WCBs (Fig. 5a). Thus, with increasing zwcg, the composites
give insight into the vertical cloud structure associated with
the WCB inflow (zwcp = 0-2 km), ascent (zwcp = 2—7 km)
and outflow (zwcp > 7 km). A comparison with the latitude—
height distribution of the matches (green line in Fig. 4d)
shows that up to zwcp ~ 8 km the satellite composites can be
interpreted as a — somewhat irregular — vertical cross section
from south to north through poleward ascending WCB air.
However, keep in mind that the matching WCB air parcels in
the different height bins correspond to different WCB trajec-
tories such that Fig. 5 shows a composition of single WCB
positions and not the development along individual trajecto-
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Figure 4. (a) Spatial distribution of the WCB trajectories matching with the satellite track (shading). The colours indicate the number of
matches at each grid point. Overlaid is the ERA5-based climatological frequency of WCB trajectories for December—February 1980-2018
(blue contours every 10 %), whereby all time steps between the start (r = 0 h) and the end (r = 48 h) of the trajectories are considered. (b) As
in (a) but for strong WCBs, i.e. the top 5 % of the matches with highest reflectivity values in each vertical height bin. (¢) Height distribution
of the matches. (d) Latitude of the matches as a function of their height for all WCBs (green) and strong WCBs (blue). The green and blue
lines show the mean over the matches, and the shadings represent the range between the 10th and the 90th percentiles.

ries. The calculation of median rather than mean profiles of
the matches is motivated by the fact that, in the case of re-
flectivity, the median allows us to take into account clear-sky
values, and, in the case of IWC, the mean would be dom-
inated by large values. As seen in the case study, several
matches can occur on top of each other in the same cloud
system (see purple dots in Fig. 3b). In these cases, in the
composites, the same satellite profile is taken into account
for each match separately; i.e. it is present more than once
along the x axis. In summary, this sophisticated composit-
ing approach is able to provide representative vertical pro-
files of observed radar reflectivity and IWC along WCBs in
the Northern Hemisphere storm track regions in winter.

To quantify how often WCB matches occur on top of each
other in the same cloud system, the black contours in Fig. 5a
and b show the relative WCB trajectory frequency, which is
the number of matches in a certain 0.5 km profile height bin
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normalized by the total number of matches in the specific
WCB height bin. For instance, a relative frequency of 10 %
at zwcp = 3.75km and zpror = 9.75 km indicates that 10 %
of the WCB trajectories located between 3.5 and 4 km height
have another WCB trajectory on top of them between 9.5 and
10km height. Such a situation occurred, for instance, in the
case study between about 36 and 45° N in the deep cold and
warm frontal clouds (Fig. 3b). For matches at zwcp = 1 km
height, only in 5 % of the cases was another WCB trajectory
located on top of them at 9.5-10 km height. The vertical area
in between can either also be associated with WCBs (as in
the case study between 36 and 42° N; Fig. 3b) or not (as be-
tween 30 and 36° N in Fig. 3b) — the frequency values do
not provide insight into the vertical connectivity of the WCB
air. By definition, the frequency is 100 % along the diagonal
line, and the slower its decrease away from the diagonal, the
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Figure 5. Composites for all WCBs (a, b) and strong WCBs (¢, d) of the median vertical profiles of (a, ¢) CloudSat radar reflectivity (dBZ;
shading) and (b, d) DARDAR-retrieved IWC (mg m~3; shading) separately for different height bins of the matching WCB air parcels (see
text for details). The DARDAR-retrieved IWC in (b, d) consists of the entire frozen hydrometeor content, i.e. ice and falling snow. The black
lines show the relative WCB trajectory frequency at each profile height (contours at 1 %, 5 %, 10 %, 25 %, 50 % and 100 %), the dashed red
line the temperature (contours at 0, —20 and —40 °C) and the brown line the 2 pvu contour; all three fields are interpolated from ERAS.

more the observed reflectivity and IWC patterns are associ-
ated with WCB air.

In the reflectivity composite, the white areas indicate either
clear air or, in particular below about 0.8 km height, ground
clutter, which both have been filtered out (see Sect. 2.1). In
the IWC composite, the white areas indicate the absence of
frozen hydrometeors. The cloud-top heights according to the
radar reflectivities are everywhere lower than those corre-
sponding to the IWC retrievals. This can be explained by the
inability of the radar to detect thin ice clouds with reflectivi-
ties below —30 dBZ, whereas for the IWC retrievals the radar
measurements are combined with lidar data that is strongly
sensitive to optically thin ice clouds (see Sect. 2.1).

Overlaid on top of the observed fields are ERA5-based
temperature contours (dashed red lines in Fig. 5a and b) and
the dynamical tropopause (brown 2 pvu contour in Fig. 5a
and b). From zwcp = Okm up to about zwcp = 8km, the
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melting layer and the dynamical tropopause decrease in
height (Fig. 5a and b), which is consistent with the in-
crease in mean latitude (green line in Fig. 4d), while be-
tween zwcp = 8 and 14km, the transition from predomi-
nantly subpolar to subtropical outflow is associated with an
increase in their heights. At the height of the WCB inflow
(zwces and zprof ~ 0-2km), liquid clouds with reflectivities
of about —10 to —5 dBZ are present above the ground clut-
ter (Fig. 5a), indicating some drizzle or light rain (Stephens
and Haynes, 2007). Above the inflow, the small non-zero
median IWC values reveal the presence of thin ice clouds
that extend up to about 9-10km height (Fig. 5b). As sug-
gested by the low reflectivities below —30 dBZ, this is most
likely non-precipitating cirrus. The 5 % WCB trajectory con-
tour approximately follows these ice clouds, indicating that a
small fraction of them is associated with WCB air.
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During the ascent (zwcp ~ 2—7 km), WCBs form part of
deep clouds with cloud-top heights just below the ERAS5-
based dynamical tropopause at 9-10 km (Fig. 5a and b). The
clouds have relatively high reflectivity values up to more than
4 dBZ and — between the melting layer and about —20°C —
a high DARDAR-retrieved IWC with peaks at 260 mgm™3,
which indicates precipitation in the form of snow above and
rain below the melting layer. The highest IWC values occur
approximately at the height of the WCB, whereas the highest
reflectivities are present just below the WCB slightly above
the melting layer. The peak values, and therefore most likely
the strongest surface precipitation, occur when the WCB tra-
jectories are at a height of about zwcp = 3.5-4 km. Com-
pared to the inflow, the WCB trajectory densities above and
below the diagonal are higher in most of the ascent region,
indicating a stronger contribution of WCB air to the reflec-
tivity and IWC profiles. Of course, there is a large case-by-
case variability, and the median profiles contain cloud sys-
tems that are almost entirely formed by strongly ascending
WCB air and others for which only a small part of the deep
cloud is WCB air. The decrease in the WCB densities to only
about 10 % at cloud base and cloud top suggests that the latter
is often the case, i.e. the WCB ascent is typically embedded
in a deeper cloud that forms partially due to air parcels with
a weaker ascent than required for the WCB criterion.

In contrast to the ascent, the WCB outflow (zwcp > 7 km)
is located within an about 3 km deep cirrus layer with low re-
flectivities below the sensitivity of the radar (Fig. 5a) and low
IWC (1-10 mg m—3; Fig. 5b). Their cloud bases and tops in-
crease gradually with increasing outflow height, which sug-
gests a predominantly slantwise ascent along the baroclinic
zone similar to the pattern observed in the case study north
of 46° N (Fig. 3). The deep cirrus layer and the extension of
ice clouds above the WCB outflow level are in line with the
findings of Wernli et al. (2016), who showed that the WCB
outflow is often associated with cirrus clouds that form by
the freezing of liquid droplets during the strong ascent, while
above the outflow, in situ ice cloud formation can occur in
response to the strong lifting associated with the WCB.

4.2.2 Strong WCBs

Analogous to the satellite composites created for all WCB
matches, Fig. 5c and d show the median reflectivity and
IWC profiles for the subcategory of strong WCBs, together
with ERAS-based temperature contours and the dynamical
tropopause. The slight decrease in latitude with increasing
height of the WCB matches (blue line in Fig. 4d) is re-
flected in a general increase in the melting layer height and
the tropopause along the x axis (Fig. 5c and d) in contrast
to the decrease observed for the entire climatology (Fig. 5a
and b). It is again important to keep in mind that these com-
posites cannot be interpreted in a Lagrangian way; the WCB
air parcels in the different height bins generally belong to dif-
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ferent WCB trajectories, and the overall decrease in latitude
with increasing zwcp does not imply an equatorward ascent.

At the height of the WCB (along the diagonal) but
also above and below, the reflectivities exceed those of all
matches by 10-25dBZ. Above the melting layer, this goes
along with DARDAR-retrieved IWC values that are a factor
of 5-5000 larger than those of all matches (Fig. 5d). This
confirms that the top 5 % of the matches in terms of radar
signal are indeed very strongly cloud-and-precipitation-
producing WCB trajectories. Deep clouds extending from the
surface to the tropopause occur not only in the ascent region
but — in contrast to all matches — also above the inflow and in
the outflow. The cloud-top height according to the IWC pat-
tern is at 10 km above the air parcels in the WCB inflow, at
11 km for the ascending ones and at 11-14 km for the out-
flow, and it is thus everywhere higher than for the entire
climatology. The decrease in the WCB trajectory densities
away from the diagonal is much slower than for all matches,
implying a stronger contribution of WCB trajectories to the
formation of the deep clouds. Presumably, WCB trajectories
in the inflow, ascent and outflow are often located on top of
each other in the same cloud system, as in the case study at
the cold front (Fig. 3b). These results also indicate that a ver-
tically deep layer of trajectories fulfilling the WCB criterion
is likely leading to particularly high reflectivities and intense
surface precipitation. The peak reflectivities (13.9 dBZ com-
pared to 4.2 dBZ for all matches) occur at the height of the
ascending WCB and not below as for all matches, and the
signal decrease below the WCB indicates strong snow and
rain attenuation. The IWC maxima (1180 mg m— compared
to 260 mgm~2 for all matches) are collocated with the re-
flectivity maxima. They extend over several WCB heights
along the diagonal, from about zwcp =2.5km to zwcp =
5km, in contrast to the rather localized peak at zwcp = 3.5—
4km observed for all matches. A secondary reflectivity and
IWC maximum occurs at zwcp > 12 km in the middle tropo-
sphere below the WCB outflow, and the low latitude of these
matches (Fig. 4d) suggests that it is most likely associated
with subtropical cyclones.

4.3 Meteorological environment in ERAS

To analyse the WCB clouds and the differences between all
and strong WCBs in more detail, we complement the satel-
lite observations with model data from ERAS. This allows us
to gain insight into the meteorological environment associ-
ated with the matches and, at the same time, to compare the
modelled ice and snow water content with the DARDAR ob-
servations. To this end, vertical profiles of the ERAS fields
are interpolated to the position of the matches, and com-
posites equivalent to those discussed in the previous section
are created. Again, we will first examine the fields for all
WCB matches and then compare them with the subcategory
of strong WCBs.
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ice and snow water contents, (b) the liquid hydrometeor content (mg m~3), i.e. the sum of the prognostic cloud liquid water and rain water
contents, (c) relative humidity with respect to ice (%), (d) 6. (K), (e) moist vertical stability df./dz (K km~! ), and (f) PV (pvu). The black

and brown contours are as in Fig. 5.

4.3.1 All WCBs

The vertical composites of various ERAS fields are shown in
Fig. 6 separately for different WCB heights. Except for the
frozen and liquid hydrometeor content, the mean rather than
the median profiles are shown in each height bin as the fields
are slightly smoother, but the median profiles are very simi-
lar. The frozen hydrometeor fraction, i.e. the sum of the prog-
nostic cloud ice and snow variables (Fig. 6a), resembles the
observed pattern in Fig. 5b remarkably well. However, in the
ascent region between the melting layer and about —20 °C,
the peak values are underestimated (160 mgm™3 in ERAS
vs. 260 mg m~3 in the observations), whereas above the in-
flow and below the outflow the values are overestimated,
and the cirrus layer associated with the outflow is consid-
erably deeper than in the observations. Also, the transition
between cloudy and cloud-free regions is smoother. Since
the composites consist of a large number of satellite pro-
files, the mean errors associated with the IWC retrievals are
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much lower than the single values in the case study, with
maximum errors of 0.17 % coinciding with the maximum
observed IWC values (not shown). The difference between
the IWC values in ERAS and the observations are therefore
much larger than the observational uncertainty range both for
the underestimated values in the ascent region and the over-
estimated values above the inflow and below the outflow. The
underestimation of the peak values close to the melting layer
is consistent with the case study. It occurs in a 2-3 km deep
layer with mixed-phase clouds (Fig. 6b), which are known to
be difficult to simulate and are associated with large uncer-
tainties in many numerical weather prediction and climate
models (e.g. Morrison et al., 2003; Illingworth et al., 2007;
Klein et al., 2009; Delanoé et al., 2011).

The ice clouds in ERAS coincide with high relative hu-
midities with respect to ice (RHjce; Fig. 6¢). The values are
close to saturation (> 80 %) along most of the WCB on the
diagonal, and they are particularly high in a deep layer in the
ascent region where the strong updraught continuously leads
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Figure 7. ERAS-based total (solid), large-scale (long-dashed) and
convective (short-dashed) surface precipitation accumulated dur-
ing the previous hour, averaged over all (green) and strong WCBs
(blue), separately for different height bins of the matching WCB air
parcels.

to new ice cloud formation. At lower altitudes, the inflow
and especially the ascent regions are also associated with
high cloud liquid water and rain water contents (Fig. 6b).
The liquid hydrometeor fraction extends from the surface up
to about 5-6 km height, with a 2-3 km deep layer of super-
cooled liquid water co-existing with ice above the melting
layer. The highest liquid hydrometeor values occur during the
WCB ascent (zwcp at =~ 2—4 km) slightly below the WCB
and the melting layer in the lower part of the vertically ex-
tended cloud. Accordingly, also the surface precipitation has
a maximum when the WCB is at 2—4 km height, with values
of about 1.8 mmh~! (solid green line in Fig. 7). Surface pre-
cipitation is also high in the WCB inflow (1.2-1.5mmh~1),
whereas it is rather weak below the outflow (0.3 mmh~!).
For zwcp > 6-7 km, the frozen and liquid hydrometeors are
vertically disconnected (Fig. 6a and b), which is consistent
with the tongue of relatively low RHjce < 70 % in between
(Fig. 6¢). This suggests that the weak surface precipitation
evident for zwcp > 6—7 km (Fig. 7) is not associated with the
WCB but with the low-level warm clouds present at 1-2 km
height below the WCB (Fig. 6b). Throughout the inflow, as-
cent and outflow, most of the surface precipitation is associ-
ated with the large-scale cloud scheme (Fig. 7). Convective
precipitation is significantly lower but has a small peak in the
inflow and early ascent. The presence of convection in the
inflow is further corroborated by very low moist static stabil-
ity values (i.e. weak vertical gradients in equivalent potential
temperature, df./dz) in that region (Fig. 6d and e). Higher
stabilities are present below the ascending WCB where the
tilted moist isentropes indicate a lifting over the cold or warm
front (Fig. 6d). At higher altitudes during the ascent, at and
above the height of the WCB, the stabilities are again lower
and indicate some convective motion.
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The strong cloud and precipitation formation goes along
with elevated PV values in the lower and middle tropo-
sphere and low PV in the WCB outflow (Fig. 6f). The el-
evated low- and mid-level PV (> 0.5pvu) extends over a
broad and deep region in the inflow, ascent and early outflow
(zwcs at &~ 1-10km) and coincides with increased stability
(Fig. 6e). Two areas with particularly high PV (> 0.7 pvu)
are located slightly below the ascending WCB (zwcp at &~ 2—
5km; Fig. 6f). One of these two high low-level PV areas
is located between the melting layer and the observed and
modelled snow and ice maxima at WCB height (Figs. 5b
and 6a), and it coincides with the radar reflectivity maximum
(Fig. 5a). Most likely, latent cooling of the melting layer and
latent heating due to the freezing of cloud water and vapour
deposition on ice particles along the WCB both contribute to
the PV maximum in between. The agreement with the obser-
vations indicates that in addition to the good representation
of cloud ice and snow in ERAS5, the reanalysis data are able to
capture the cloud diabatic processes associated with WCBs
and their impact on the dynamics very well. The second area
with high low-level PV (at zwcp & 2-3 km) is located below
the melting layer at 1-2 km profile height and coincides with
the maximum in the modelled cloud rain and liquid water
content (Fig. 6b), which suggests that here the PV production
is mainly associated with latent heating due to condensation
and potentially some below-cloud cooling due to rain evap-
oration. This PV maximum is not accompanied by a corre-
sponding maximum in reflectivity (Fig. 5a), probably as a re-
sult of the two-way attenuation of the radar signal close to the
surface in strongly precipitating systems. In the WCB out-
flow, the PV values are anomalously low (< 0.2 pvu; Fig. 6f)
and coincide with reduced vertical stability (Fig. 6e). As a
consequence of the low-PV air in the outflow, the tropopause
above is elevated, and a sharp vertical PV gradient is estab-
lished between the low values at WCB height and the high
values in the stratosphere. The elevated tropopause also goes
along with an increased vertical gradient in equivalent po-
tential temperature and a layer with peak vertical stability in
the stratospheric air above the WCB outflow (Fig. 6d and e),
which is referred to as the tropopause inversion layer (TIL;
Birner et al., 2002). As discussed by Kunkel et al. (2016),
the TIL typically forms above the WCB because (i) the low-
level cloud diabatic processes lead to an increase in the ver-
tical motion and an enhancement of static stability above the
updraught region, and (ii) the upward transport of moisture
into the tropopause region and the formation of high-level
ice clouds goes along with strong radiative cooling at the
tropopause which contributes to a further enhancement of
the TIL.

4.3.2 Strong WCBs
The vertical composites of the ERAS fields for the subcate-

gory of strong WCBs are shown in Fig. 8. Again, the reanal-
ysis correctly captures the broad structure and distribution
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Figure 8. As Fig. 6 but for the category of strong WCBs.

of ice and snow along the WCBs (compare Figs. 8a and 5d)
but underestimates the peak values in the mixed-phase layer
(540 mg m~3 in ERAS vs. 1180 mg m ™~ in the observations).
The observational uncertainty of the IWC values is slightly
larger than for the entire climatology with maximum values
of about 1 % in the ascent region near the melting layer (not
shown), but the difference between the observed and ERAS-
based IWC maxima is still significantly larger than the uncer-
tainty range of the observations. Consistent with the satellite
measurements (Fig. 5S¢ and d), throughout the inflow, ascent
and outflow, the modelled clouds associated with the strong
WCBs are considerably deeper than those associated with the
entire climatology, their hydrometeor contents are higher, the
layer with mixed-phase clouds is deeper (Fig. 8a and b) and
RHjc. is higher (Fig. 8c). This goes along with considerably
higher surface precipitation along the entire WCB with peak
values above 3mmh~! when the air parcels are at 3.5km
height and significant amounts also in the inflow and be-
low the outflow (solid blue line in Fig. 7). In contrast to all
WCB matches, there is no gap between the frozen and lig-
uid hydrometeors throughout the inflow, ascent and outflow
(Fig. 8a and b), which is consistent with the higher RHjce
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(Fig. 8c). This suggests that also above zwcp = 6 km the sur-
face precipitation is coming from the WCB and not from the
low-level warm clouds as in the case of all matches. Along
the entire WCB, most of the precipitation is again associated
with the large-scale cloud scheme. The strongest convective
precipitation occurs for WCBs around 4-5 km height and is
potentially linked to a local minimum in moist static stabil-
ity in the lower troposphere in that region (Fig. 8d and e).
High values in the convective precipitation are also present
at zwcp > 12km, where high reflectivities and IWC val-
ues have been observed below the WCB outflow in Fig. 5c
and d. The presence of convection in this region is further
supported by the high 6, values (Fig. 8d), the weak stratifi-
cation (Fig. 8e) and the high RH;ce (Fig. 8c) throughout the
depth of the troposphere. As mentioned in Sect. 4.2.2, this
secondary cloud and precipitation maximum is most likely
linked to subtropical cyclones.

The stronger cloud and precipitation formation in the sub-
category of strong WCBs is reflected in stronger low-level
PV production, in particular for WCBs in the inflow and early
ascent, with peak values greater than 0.9 pvu (Fig. 8f). In
contrast to the entire climatology, where the highest PV val-
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ues are located just below the WCB, for the strong category
they occur along the WCB on the diagonal and coincide with
the observed reflectivity and ice and snow maxima (Fig. 5¢
and d). Along the WCB, we expect the strongest latent heat-
ing due to condensation, freezing and vapour deposition on
ice, which is consistent with the relative humidity maximum
(Fig. 8c). Thus, the positive PV maximum coincides with
the latent heating maximum, which is in line with the find-
ings from previous studies (e.g. Wernli and Davies, 1997).
In the WCB outflow, the PV values are anomalously low
(< 0.2 pvu). As for the entire climatology, above the outflow
the tropopause is elevated, and a tropopause inversion layer
is evident (Fig. 8e and f).

5 Summary and discussion

In this study, ERAS reanalyses have been combined with
satellite observations from the polar-orbiting CloudSat radar
and CALIPSO lidar to gain a detailed observational perspec-
tive on the vertical cloud structure of WCBs during their in-
flow, ascent and outflow and to evaluate their representation
in ERAS. To this end, more than 500 000 matches between
the satellite observations and ERAS-based WCB trajecto-
ries (corresponding to about 9000 different WCB clusters)
were evaluated during nine Northern Hemisphere winters in
a composite analysis and a detailed case study. The majority
of the matches occurred over the ocean basins in regions of
high climatological WCB frequencies and can therefore be
considered representative.

The satellite observations revealed that the WCBs form
part of vertically extended, strongly precipitating clouds, in
particular during their ascent, with cloud-top heights at 9—
10km. In some cases, the entire cloud system is associated
with WCB air, but often the cloud parts below and above the
WCB air parcels form in air with a comparatively weak as-
cent below the WCB threshold. Convection can occur above
the WCB inflow and during the ascent, which is in agreement
with recent studies on convection embedded in WCBs (e.g.
Crespo and Posselt, 2016; Flaounas et al., 2016; Oertel et al.,
2019). In the upper troposphere after the main ascent phase,
the WCBs are typically located near the top of an about 3 km
deep layer with cirrus clouds.

According to ERAS, high low-level PV occurs below the
ascending WCB in the lower part of the vertically extended
cloud. The strongest low-level PV production occurs at about
3km height between the melting layer and the ascending
WCB and coincides with the radar reflectivity maximum. It
is most likely produced by a combination of diabatic heating
due to freezing of cloud water and depositional growth of ice
particles at the WCB height and diabatic cooling from snow
melting below. A second area with particularly strong low-
level PV production occurs at about 1-2km height, below
the WCB and the melting layer in a region with strong cloud-
condensational heating and possibly some below-cloud evap-
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orative cooling. The occurrence of the strongest positive
PV anomalies below rather than at the WCB height is sur-
prising, and the potentially important contribution of various
in- and below-cloud microphysical processes to the low-level
PV production is in line with the findings from recent mod-
elling studies (Joos and Wernli, 2012; Crezee et al., 2017;
Attinger et al., 2019).

The WCB trajectories with the highest reflectivity values
(strong WCBs) have mainly been observed over the North
Atlantic and North Pacific and — except in the inflow — at
relatively low latitudes (~ 38° N). They are associated with
particularly deep and strongly precipitating clouds that occur
not only during the ascent but also in the inflow and outflow
region. Compared to the climatology of all WCBs, the hy-
drometeor content is considerably higher and the surface pre-
cipitation is stronger. The low-level PV production is larger
and has its peak in the inflow and early ascent at the height
of the WCB, and it coincides with high reflectivities and hy-
drometeor values. The agreement of the positive PV anomaly
with the region of strong cloud formation is characteristic for
strongly ascending WCB air masses, where the PV anomaly,
which is produced below the diabatic heating maximum, is
advected upward toward the heating maximum (Wernli and
Davies, 1997).

The comparison between the satellite retrievals and ERAS
showed that the reanalyses are able to capture the main struc-
ture of the WCB clouds in terms of position and thermo-
dynamic cloud phase. The spatial pattern of the frozen hy-
drometeor fraction (ice and snow) is in good agreement with
the observations, in particular at high altitudes where most
of the frozen fraction is present as ice rather than falling
snow. However, the peak values in the mixed-phase cloud
regime near the melting layer are underestimated by a fac-
tor of 1.6 for the entire climatology and a factor of 2.4 for
the subcategory of strong WCBs. This corroborates the find-
ings from many other studies that mixed-phase clouds are
difficult to simulate accurately (e.g. Illingworth et al., 2007;
Delanoé et al., 2011). The co-existence of ice, supercooled
liquid water and water vapour, as well as the complex inter-
action of various microphysical processes, render their un-
derstanding and parameterization in numerical weather pre-
diction and climate models particularly challenging. Nev-
ertheless, compared to the older reanalysis dataset ERA-
Interim (Dee et al., 2011), in which the microphysical param-
eterizations are based on simplified diagnostic relationships
for snow and mixed-phase clouds, the improved scheme in
ERAS5 with prognostic variables for cloud ice, snow, lig-
uid water and rain leads to a much more realistic repre-
sentation of the WCB cloud pattern (Binder, 2016). This is
consistent with the findings from Delanoég et al. (2011) and
Forbes and Ahlgrimm (2014), who also compared CloudSat
and CALIPSO observations with two ECMWF models with
schemes similar to the ones in ERAS and ERA-Interim, re-
spectively, and found a significant improvement in the ice-
cloud parameterization with the upgrade from the diagnostic
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to the prognostic representation of mixed-phase clouds and
precipitation. As a caveat to the present study, it should be
noted that the DARDAR-retrieved IWC depends on thermo-
dynamic variables like temperature, pressure and specific hu-
midity from ECMWF analyses and is therefore not entirely
independent of the ERAS data being evaluated. This illus-
trates the challenge in finding completely independent obser-
vations to validate cloud variables in model data. Neverthe-
less, the satellite retrievals contain much additional informa-
tion not incorporated in ERAS, and they thereby allow for a
meaningful comparison of the two datasets.

Following earlier studies (e.g. Illingworth et al., 2007; De-
lanog€ et al., 2011), in the present analysis it has been as-
sumed that the cloud structure observed along the narrow
two-dimensional satellite track is representative of the entire
three-dimensional volume of the model grid box. Despite a
quite good agreement between ERAS and the observations,
it is possible that this assumption is not entirely justified
and the clouds observed by the satellite are not represen-
tative of the larger-scale features. As proposed by Delano&
et al. (2011), additional information on the large-scale envi-
ronment could be obtained from other instruments on board
the A-Train satellites with a wider swath width in order to
better assess the representativity of the measurements.

The CloudSat and CALIPSO measurements have provided
a much needed, detailed observational perspective into the
internal cloud structure of WCBs and have revealed many
small- and mesoscale structures not resolved by the tempo-
rally and spatially much coarser-resolution model data that
have mainly been used so far to study WCBs. The mea-
surements complement the insight gained on WCBs from
recent modelling studies with high-resolution convection-
permitting simulations (e.g. Oertel et al., 2020). In future
work, the large number of WCB trajectories observed by
CloudSat and CALIPSO could still be exploited in more de-
tail, both in case studies and climatological analyses. They
could be classified, for instance, according to different cri-
teria like the position relative to the cyclone centre and the
stage of the cyclone life cycle, the ascent behaviour (slant-
wise vs. convective), the outflow curvature (cyclonically vs.
anticyclonically), the amplitude of the low-level positive and
upper-level negative PV anomalies, or the geographical re-
gion in order to assess whether different types of WCBs have
common characteristics. It would also be insightful to ex-
tend the climatological analysis to different seasons and the
Southern Hemisphere to investigate potential seasonal and
hemispheric differences in the WCB cloud structure. Finally,
the study could be repeated with data from other models. In
particular, it would be interesting to evaluate the representa-
tion of WCBs in operational numerical weather prediction
models at different lead times, which might allow for the
identification of systematic forecast errors.
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