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Abstract. Warm conveyor belts (WCBs) produce a major fraction of precipitation in extratropical cyclones and
modulate the large-scale extratropical circulation. Diabatic processes, in particular associated with cloud for-
mation, influence the cross-isentropic ascent of WCBs into the upper troposphere and additionally modify the
potential vorticity (PV) distribution, which influences the larger-scale flow. In this study we investigate heating
and PV rates from all diabatic processes, including microphysics, turbulence, convection, and radiation, in a
case study that occurred during the North Atlantic Waveguide and Downstream Impact Experiment (NAWDEX)
campaign using the Icosahedral Nonhydrostatic (ICON) modeling framework. In particular, we consider all in-
dividual microphysical process rates that are implemented in ICON’s two-moment microphysics scheme, which
sheds light on (i) which microphysical processes dominate the diabatic heating and PV structure in the WCB
and (ii) which microphysical processes are the most active during the ascent and influence cloud formation and
characteristics, providing a basis for detailed sensitivity experiments. For this purpose, diabatic heating and PV
rates are integrated for the first time along online trajectories across nested grids with different horizontal resolu-
tions. The convection-permitting simulation setup also takes the reduced aerosol concentrations over the North
Atlantic into account. Our results confirm that microphysical processes are the dominant diabatic heating source
during ascent. Near the cloud top longwave radiation cools WCB air parcels. Radiative heating and correspond-
ing PV modification in the upper troposphere are non-negligible due to the longevity of the WCB cloud band.
In the WCB ascent region, the process rates from turbulent heating and microphysics partially counteract each
other. From all microphysical processes condensational growth of cloud droplets and vapor deposition on frozen
hydrometeors most strongly influence diabatic heating and PV, while below-cloud evaporation strongly cools
WCB air parcels prior to their ascent and increases their PV value. PV production is the strongest near the sur-
face with substantial contributions from condensation, melting, evaporation, and vapor deposition. In the upper
troposphere, PV is reduced by diabatic heating from vapor deposition, condensation, and radiation. Activation of
cloud droplets as well as homogeneous and heterogeneous freezing processes have a negligible diabatic heating
contribution, but their detailed representation is important for, e.g., hydrometeor size distributions. Generally,
faster-ascending WCB trajectories are heated markedly more than more slowly ascending WCB trajectories,
which is linked to larger initial specific humidity content providing a thermodynamic constraint on total micro-
physical heating. Yet, the total diabatic heating contribution of convectively ascending trajectories is relatively
small due to their small fraction in this case study. Our detailed case study documents the effect of different
microphysical processes implemented in ICON’s two-moment scheme for heating and PV rates in a WCB from
a joint Eulerian and Lagrangian perspective. It emphasizes the predominant role of microphysical processes and
provides a framework for future experiments on cloud microphysical sensitivities in WCBs.
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1 Introduction

Extratropical cyclones (ETCs) are often characterized by a
vertically extended cloud band in their warm sector with a
long-lived cirrus shield, which is formed by a strongly as-
cending airstream, the so-called warm conveyor belt (WCB;
Wernli and Davies, 1997; Eckhardt et al., 2004; Madonna
et al., 2014; Qertel et al., 2019). WCBs are responsible for
a major part of precipitation associated with ETCs (Pfahl
et al., 2014), interact with and modify the upper-level flow
(Grams et al., 2011; Rodwell et al., 2017; Grams et al., 2018;
Berman and Torn, 2019; Oertel et al., 2023b), and influence
the extratropical cloud radiative forcing (Joos, 2019). During
the WCB’s ascent from the lower into the upper troposphere
a wide range of cloud processes take place, ranging from
warm-phase to mixed-phase and ice-phase processes (Forbes
and Clark, 2003; Joos and Wernli, 2012; Crezee et al., 2017;
Gehring et al., 2020; Mazoyer et al., 2021, 2023). The rep-
resentation of cloud processes is one of the key challenges
in numerical weather prediction (NWP; e.g., Khain et al.,
2015; Dearden et al., 2016; Hande and Hoose, 2017; Field
et al., 2017) and influences cloud characteristics, dynamics,
and surface precipitation. Hence, uncertainty in microphysi-
cal processes may modify a WCB’s cloud and precipitation
structure. For example, cloud condensation nuclei (CCN)
concentrations affect cloud internal dynamics and surface
precipitation in convective systems (e.g., Seifert and Beheng,
2006b; Noppel et al., 2010; Barthlott and Hoose, 2018; Igel
and van den Heever, 2021; Barthlott et al., 2022). The re-
sponse to changing CCN concentrations is not unidirectional
and depends on the applied NWP model and microphysics
scheme, as well as on the synoptic conditions (Tao et al.,
2012; Fan et al., 2016). Due to the very different dynam-
ics and associated microphysical process pathways between
convective systems and large-scale WCB ascent in extratrop-
ical cyclones, these results cannot directly be transferred to
WCBs where updraft velocities are substantially smaller and
markedly influenced by synoptic conditions. A climatologi-
cal comparison of precipitation characteristics during WCB
ascent in polluted versus clean conditions in a simulation
with a relatively low spatial resolution of 1.875° x 1.875°
showed only a small impact of aerosols on WCB-associated
surface precipitation (Joos et al., 2017), whereby polluted
conditions slightly delayed precipitation formation. Observa-
tions and idealized numerical model simulations suggest that
the cloud liquid water path in WCBs is influenced to some
extent by the cloud droplet number concentration (CDNC),
which modifies cloud albedo (McCoy et al., 2018), and thus
the cloud radiative forcing. In the upper troposphere the mi-
crophysical and macrophysical properties of cirrus clouds
also substantially affect cloud radiative forcing (e.g., Zhang
et al., 1999; Joos et al., 2014), which to some extent depends
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on the formation pathways of the cirrus clouds (Krémer et al.,
2016; Luebke et al., 2016; Wernli et al., 2016).

Aside from modifying cloud properties, microphysical
processes and their associated latent heating play an impor-
tant role in the dynamics and structure of extratropical cy-
clones (e.g., Reed et al., 1992; Rossa et al., 2000; Wernli
et al., 2002; Binder et al., 2016). Uncertainty in the represen-
tation of latent heat release can represent a dominant source
of initial error growth (Baumgart et al., 2019). In general,
WCBs influence the large-scale flow both through direct po-
tential vorticity (PV) modification in the lower and upper
troposphere (e.g., Rossa et al., 2000; Pomroy and Thorpe,
2000; Joos and Forbes, 2016; Oertel et al., 2020; Mazoyer
et al., 2021) and through their related divergent outflow in
the upper troposphere (e.g., Grams and Archambault, 2016;
Steinfeld and Pfahl, 2019; Teubler and Riemer, 2021). The
latter is strongly linked to the WCB ascent strength and its
isentropic outflow level, which again is driven by latent heat
release. Thus uncertainty in the representation of latent heat
release substantially influences the WCB’s cross-isentropic
ascent and the WCB’s impact on the large-scale upper-level
flow (e.g., Martinez-Alvarado et al., 2014; Schéifler and Har-
nisch, 2015; Joos and Forbes, 2016; Mazoyer et al., 2021;
Pickl et al., 2022), which might lead to forecast busts (Grams
et al., 2018).

Moreover, WCB-related diabatic heating modifies the PV
distribution in extratropical cyclones (see, e.g., Wernli and
Davies, 1997; Joos and Wernli, 2012; Spreitzer et al., 2019;
Attinger et al., 2019; Riviere et al., 2021, for more details).
On larger scales, where vertical diabatic heating gradients
dominate, diabatic heating during slantwise WCB ascent in-
creases low-level PV values, which can lead to an intensifica-
tion of cyclones (Rossa et al., 2000; Joos and Wernli, 2012;
Binder et al., 2016). In the upper troposphere, PV values
are decreased, which can modify the upper-level flow evo-
lution (e.g., Wernli and Davies, 1997; Pomroy and Thorpe,
2000; Grams et al., 2011; Madonna et al., 2014; Methven,
2015; Saffin et al., 2021). Hence, as ascending air parcels
pass through the quasi-vertical PV dipole related to mid-
tropospheric diabatic heating from cloud formation, their PV
values on average increase before they decrease to values
close to their initial PV value (e.g., Madonna et al., 2014;
Methven, 2015). On smaller scales, horizontal diabatic heat-
ing gradients become increasingly important and form quasi-
horizontal PV dipoles in an environment where vertical wind
shear is aligned with smaller-scale horizontal diabatic heat-
ing gradients (Chagnon and Gray, 2009; Harvey et al., 2020;
Qertel et al., 2020, 2021). These smaller-scale PV anomalies
are particularly relevant for convective activity embedded in
the WCB airstream and can modify the mesoscale circulation
(Oertel et al., 2020, 2021; Oertel and Schemm, 2021). Case
studies have showed that the major contribution to the PV
modification from microphysics results from condensation
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and vapor deposition on frozen hydrometeors in the lower
and upper troposphere, respectively (Joos and Wernli, 2012;
Joos and Forbes, 2016; Mazoyer et al., 2021, 2023), and point
towards sensitivities on the model representation of ice-phase
(Mazoyer et al., 2021) and mixed-phase microphysics (Ma-
zoyer et al., 2023).

In summary, uncertainty related to the parameterization
of microphysical processes influences the WCB cloud struc-
ture as well as the associated diabatic heating and PV struc-
ture, both important factors for NWP. Previous case studies
applying one-moment or quasi-two-moment microphysics
schemes have showed that the detailed WCB ascent and net
diabatic heating vary depending on the applied microphysics
scheme, the NWP model, and the WCB case (Martinez-
Alvarado et al., 2014; Joos and Forbes, 2016; Mazoyer et al.,
2021; Choudhary and Voigt, 2022; Mazoyer et al., 2023). An
improved understanding of individual processes relevant for
the cloud structure and diabatic heating in a WCB and in dif-
ferent models will facilitate the identification of microphys-
ical processes and related model parameters that are uncer-
tain but particularly relevant for WCB ascent. For example,
detailed sensitivity studies typically rely on the selection of
a few uncertain parameters. Understanding which processes
are active, interact, and influence diabatic heating and the
cloud structure provides added value for targeted parameter
selection.

Building upon aforementioned studies focusing on one-
moment and/or quasi-two-moment schemes, this study aims
to yield a consistent and detailed view on microphysical pro-
cesses, their interactions, and partially compensating pro-
cesses in a two-moment microphysics scheme in the Icosa-
hedral Nonhydrostatic (ICON) model (Zingl et al., 2015),
which may — aside from enhanced physical understanding
— ultimately contribute to model development and ensem-
ble configuration (e.g., Ollinaho et al., 2017). Specifically,
we combine Lagrangian and Eulerian perspectives to quan-
tify diabatic heating and PV rates, considering diabatic heat-
ing contributions from all physics parameterizations with a
strong focus on individual microphysical process rates repre-
sented in ICON’s two-moment scheme (Seifert and Beheng,
2006a). We address the following research questions:

1. Which non-conservative processes dominate the total
diabatic heating in a WCB case study?

2. Which microphysical processes are active during WCB
ascent in the two-moment scheme, and how large are
their individual contributions to the total diabatic heat-
ing?

3. What is the influence of the non-conservative processes
on the PV distribution in the WCB?

The study is structured as follows: we first introduce the
ICON model and novel Lagrangian and Eulerian diagnos-
tics (Sect. 2). Section 2 also explains the modifications to
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the CCN activation scheme to account for reduced aerosol
concentrations in the North Atlantic region. Next, we in-
troduce the WCB case study (Sect. 3) and quantify the to-
tal integrated diabatic heating associated with the individual
(micro-)physics processes (Sect. 4). Before concluding with
a summary (Sect. 6), we show the processes that impact the
spatiotemporal PV structure of the WCB using complemen-
tary Lagrangian and Eulerian perspectives (Sect. 5).

2 Methods

Diabatic processes in a WCB case study and their impact on
the PV structure are investigated in a high-resolution ICON
simulation. Lagrangian metrics providing insight into WCB
air parcel history are combined with an Eulerian perspective
providing spatial context for the WCB air parcel analysis.
The following describes the numerical model, the individ-
ual microphysical processes from the two-moment scheme
(Sect. 2.1-2.2), and the model diagnostics used in our analy-
sis, i.e., diabatic heating and PV rates (Sect. 2.4) and online
trajectories which are applied for the first time including tra-
jectory transfer across refined grids (Sect. 2.5). Details on
the composite analysis of WCB-related cloud characteristics
used for the Eulerian analysis are provided in Sect. 2.6. To
account for aerosol concentrations over the North Atlantic
we modify the CCN activation scheme, which is briefly de-
scribed in Sect. 2.3 and in more detail in Sect. Al.

2.1 ICON model setup

We employ the Icosahedral Nonhydrostatic (ICON) model-
ing framework (version 2.6.2.2; Zingl et al., 2015) to simu-
late a WCB case that occurred in the North Atlantic in Octo-
ber 2016 during the North Atlantic Waveguide and Down-
stream Impact Experiment (NAWDEX) campaign (IOP 7;
Schifler et al., 2018). The WCB case was selected as it is
associated with a large-scale and strongly amplified down-
stream ridge (Sect. 3) and also due to the availability of air-
borne observations of aerosol concentrations (Appendix Al).
We run a global simulation with a RO3B07 grid (approx.
13km effective grid spacing, corresponding to the opera-
tional resolution of the global ICON model setup used by the
German weather service) and with a time step of 120s. Addi-
tionally, two higher-resolution refined domains are nested in
the global simulation on RO3B08 and RO3B09 grids (approx.
6.5 and 3.3 km effective grid spacing, Fig. 1). The time step
for the refined nests is by definition halved from the respec-
tive lower-resolution parent domain, i.e., 60 and 30s. The
higher-resolution simulations are coupled by two-way nest-
ing to the next lower-resolution simulation; i.e., the lower-
resolution simulation provides lateral boundary conditions
for the next higher-resolution nest at every time step, and
in turn, the lower-resolution prognostic fields are nudged to-
wards the solution from the respective higher resolution. The
first refined domain encompasses the majority of the WCB
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inflow, ascent, and outflow region (RO3B08 grid with approx.
6.5km), and the second higher-resolution domain (RO3B09
grid with approx. 3.3km) is nested in the first one and fo-
cuses on the WCB ascent region (Fig. 1). The vertical dimen-
sion is represented by terrain-following smooth level vertical
(SLEVE) coordinates (Leuenberger et al., 2010) with 90 lev-
els. The level number is identical in all nests, but the coor-
dinate systems in higher-resolution nests reflect the higher
resolution of topography. The simulation is initialized from
the ECMWEF analysis at 18:00 UTC on 3 October 2016 and
runs freely for 72h. Deep convection is treated explicitly
in the nested domains, and the Tiedtke-Bechtold convec-
tion scheme is used for the global domain (Tiedtke, 1989;
Bechtold et al., 2008; ECMWE, 2016). Shallow convection
is parameterized in all domains. Turbulence (Raschendor-
fer, 2018) as well as sub-grid-scale orographic drag (Lott
and Miller, 1997) and non-orographic gravity wave drag
(Orr et al., 2010) are parameterized by the standard schemes
used in ICON. Radiation is described by the Rapid Radia-
tive Transfer Model (RRTM; Mlawer et al., 1997). Cloud
microphysical processes are represented by a two-moment
microphysics scheme (Seifert and Beheng, 2006a) with six
hydrometeor types (cloud, ice, rain, snow, graupel, and hail)
and prognostic variables for the hydrometeor mass mixing
ratios (cloud liquid (q.), ice (g;), rain (g;), snow (gs), graupel
(g¢), and hail (gn)), and corresponding number concentra-
tions.

2.2 Microphysical processes

We focus on the microphysical processes that are associated
with phase changes of water and hence diabatic heating or
cooling (and do not explicitly analyze adiabatic processes
such as accretion, autoconversion, or ice collision processes).
In the following, the microphysical processes are discussed
in the order in which they are called in ICON, complemented
by temperature tendencies from the other physics parameter-
izations in ICON.

— Saturation adjustment I (SATAD I).

The saturation adjustment removes sub- or supersatu-
ration with respect to liquid water and establishes ther-
modynamic equilibrium between water vapor and liquid
water by condensation or evaporation of cloud droplets,
respectively, assuming that clouds relax instantly to a
thermodynamic equilibrium. In ICON the saturation ad-
justment is called twice: once before the explicit micro-
physical processes and once afterwards.

— Turbulence scheme (TURB).
Turbulent diffusion in the free troposphere is repre-
sented by a second-order closure scheme developed by
Raschendorfer (2018) which uses a prognostic equation
for turbulent kinetic energy.
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— CCN activation (QCACT).

The activation of CCN is based on a modification of the
Hande et al. (2016) parameterization (see Sect. 2.3 and
Appendix Al for details).

Homogeneous and heterogeneous ice nucleation
(QIFRZ).

Homogeneous freezing is parameterized following
Kércher and Lohmann (2002) and Kércher et al.
(2006). The heterogeneous freezing parameterization is
adapted from Hande et al. (2015) and includes parame-
terizations for immersion and deposition freezing. Their
freezing rates increase with decreasing temperature. If
cloud droplets are present, immersion freezing is active
below —12°C. Deposition nucleation takes place in a
temperature range from —20 to —53°C and is scaled
by grid-scale variables, such as supersaturation with
respect to ice.

Homogeneous freezing of cloud droplets (QCFRZ).
Freezing of cloud droplets is described by a homoge-
neous freezing rate increasing exponentially with de-
creasing temperature (Jeffery and Austin, 1997). Below
—50°C all cloud droplets freeze immediately.

— Depositional growth of all ice-phase hydrometeors

(OXDEP).

Deposition of vapor on and sublimation from frozen hy-
drometeors are computed with a relaxation timescale
approach (Morrison et al., 2005). The deposition param-
eters are calculated for the four ice hydrometeor types
(ice, snow, graupel, and hail) explicitly. We individually
consider diabatic heating from vapor deposition on ice
(QIDEP) and snow (QSDEP), as well as the sum of va-
por deposition on graupel and hail (QGDEP).

— Riming (OXRIM).

Riming is treated explicitly between the individual hy-
drometeor types (see Seifert and Beheng, 2006a). A
fraction of the rimed mass is redistributed to smaller
ice particles if the temperature conditions for the Hallett
and Mossop ice multiplication process are met, but this
is not associated with any additional latent heat release.
We consider heating from the sum of all individual rim-
ing processes.

Freezing of rain (QRFRZ).

The heterogeneous freezing rate of rain increases with
decreasing temperature and increasing mean rain drop
mass following Bigg (1953). Below —40 °C all rain in-
stantly freezes.

— Melting of ice hydrometeors (QXMLT).

Above 0 °C frozen hydrometeors melt. Melting rates for
snow, graupel, and hail are represented explicitly, while
all cloud ice melts immediately. Above 10°C all snow
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immediately melts, too. We consider the sum of all melt-
ing processes.

— Evaporation of melting ice hydrometeors (QSGHE-
VAP).
Above 0°C, liquid surfaces of melting ice hydromete-
ors can evaporate (Seifert and Beheng, 2006a). Evapo-
ration of melting ice hydrometeors is treated similarly to
evaporation of rain with a constant surface temperature
of 273 K. Again we consider the sum of the processes
rates for snow, graupel, and hail.

— Evaporation of rain (QREVAP).
Evaporation of rain in subsaturated conditions is based
on a parameterization by Seifert (2008) taking into ac-
count the rain drop size distribution, which, e.g., allows
smaller rain drops to evaporate faster.

— Second saturation adjustment (SATAD II).
The second saturation adjustment after the explicit mi-
crophysical processes is called to start the subsequent
slow physics parameterizations in an equilibrated state.

— Slow physics parameterizations.

The slow physics processes are only called at a reduced
frequency and include parameterizations of convec-
tion (CON, dr = 600 s), radiation (RAD, dr = 18005s),
and non-orographic and orographic gravity wave drag
(DRAG, dr = 600s). Furthermore, radiation is calcu-
lated from a coarser grid (R0O3B06). Diabatic tempera-
ture tendencies from these processes are also considered
in our analysis.

2.3 CCN activation

The recently developed CCN activation scheme (Hande
et al., 2016) for the ICON model is optimized for aerosol
number concentrations over Germany and based on exten-
sive campaign measurements of aerosol size distributions
over land. However, air mass characteristics over continen-
tal regions can differ substantially from those over the open
ocean (Hudson and Xie, 1999; Wang et al., 2021). As the
representation of aerosol concentrations and associated CCN
activation influences the cloud droplet number concentra-
tion, this can influence WCB cloud characteristics (McCoy
etal., 2018). To account for the substantially differing aerosol
characteristics over the North Atlantic compared to conti-
nental Germany, we modified the CCN activation parame-
terization based on airborne measurements of size-resolved
aerosol number concentrations from three research flights of
the British Facility for Airborne Atmospheric Measurements
(FAAM) BAe-146 that took place during the NAWDEX
campaign in September and October 2016 (CEDA et al.,
2016a, b, c; CEDA, 2016). Based on the observed aerosol
size distributions a modified parameterization of CCN acti-
vation was developed that provides the number of activated

https://doi.org/10.5194/acp-23-8553-2023

8557

cloud droplets N. as a function of vertical velocity w and
pressure p (see Appendix Al for details):

-1
Ne(w, p) = Na(p)- (1 +¢B@100=Cw)) = ()

where N,(p) is the number concentration of aerosols esti-
mated from the observational data, and B(p), C(p) are deter-
mined by detailed parcel model simulations of CCN activa-
tion (including explicit representation of supersaturation evo-
lution). CCN activation was limited to temperatures above
—38°C to prevent production of very large ice number con-
centrations by CCN activation at low temperatures and im-
mediate subsequent homogeneous freezing of the activated
cloud droplets.

Vertical profiles of the predicted CCN number densities
from the original parameterization by Hande et al. (2016)
(dashed lines) and our modified version (solid lines) are
shown in Fig. 2. Both parameterizations have a distinct de-
pendence of CCN number density on vertical velocity (col-
ors) and pressure. The new parameterization broadly reflects
lower CCN concentrations over the North Atlantic compared
to central Europe. However, aerosol concentrations over the
North Atlantic are subject to substantial variability (as al-
ready evident from the three flights shown in Fig. Alc and
used here). This variability cannot be captured by the param-
eterization, but for future analysis, systematic sensitivity ex-
periments with varying CCN concentrations taking into ac-
count the variability of aerosol number concentrations will
be performed.

Appendix A2 provides a comparison of two limited-area
simulations applying the modified and original CCN acti-
vation schemes. While qualitatively the key diabatic heating
contributions do not significantly depend on the adjustment
of the CCN activation scheme, this provides a baseline for
subsequent detailed CCN sensitivity experiments with more
realistic assumptions about marine CCN variability.

2.4 Diabatic heating and PV rates

Latent heat release during phase changes of water is associ-
ated with diabatic heating. We calculate potential tempera-
ture tendencies from all individual microphysical processes
described in Sect. 2.1 following Joos and Wernli (2012). The
diabatic heating rates (DHRs) are defined for each individual
microphysical process as

DY I «
DHR=_=sj.-_’.(@), )
Dt Cp p

with the individual microphysical process rates S; (i.e.,
the hydrometeor source and sink terms of the respective
microphysical processes listed in Table 1 and Sect. 2.2)
and the according latent heat of freezing (If=3.337 x
103 Tkg~1), sublimation (/; = 2.8345x10° J kg~1), or vapor-
ization (I, = 2.5008 x 10° Jkg~!); the specific heat at con-
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Figure 1. Refined nested domains and trajectory starting position
in the global domain (RO3B07, green x) in the first refined nest
(RO3BOS, purple x) and in the second refined convection-permitting
nest (RO3B09, yellow x). Domain boundaries of both refined nests
are shown in blue and red. The shading shows the surface altitude
(in m).

200
- 0.05
01
4001 o=
_ 1.0
©
= 6001 - 3.0
= - 10.0
800 | e
\‘I.
1000 : : :
10! 102 103

CCN concentration [cm~3]

Figure 2. Vertical profiles of original (dashed) and modified (solid)
parameterized CCN concentrations (in cm_3) for different vertical
velocities (colors, in ms™ 1 ).

stant pressure ¢, = 1004.64]J kg~ ! K~!; the potential tem-
perature 0; and k¥ = %, with the specific gas constant of air
R=287Jkg 'K~

Analogously, the instantaneous PV rates (PVRs) from in-
dividual microphysical processes are calculated (e.g., Joos
and Wernli, 2012; Crezee et al., 2017; Spreitzer et al., 2019)
as

DPV 1 < D9>

PVR= —=—--{¢ - V— |, 3)
Dt P Dt

with

PV=%-(§~V0), @

where p is density, and ¢ is the 3D vorticity vector.
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For comparison, bulk diabatic heating and related PV ten-
dencies from other parameterization schemes, i.e., long- and
shortwave radiation, turbulence, convection, and drag, are
also considered (Table 1). Note that Eq. (3) neglects the
change in PV from momentum tendencies (%—'t‘, g—';, %—lf), which
can arise from friction, diffusion, and turbulence (Spreitzer
et al., 2019; Riviere et al., 2021). Thus, the modification of
PV through momentum tendencies that are parameterized in
the turbulence, convection, and drag schemes is not included

in this analysis.

2.5 Online trajectories

Although WCBs are large-scale airstreams that can readily
be identified with offline trajectories, i.e., trajectories calcu-
lated after the model simulation based on wind field output
with low temporal resolution, recent studies have employed
high-resolution online trajectories to represent smaller-scale
heterogeneities in the WCB cloud band (e.g., Rasp et al.,
2016; Oertel et al., 2020, 2021; Blanchard et al., 2020). These
trajectories are computed during the model simulation, i.e.,
solving the trajectory equation with the actual wind fields
at each model time step. A high temporal resolution of the
solution is particularly useful if detailed microphysical pro-
cesses are considered (Miltenberger et al., 2016, 2020; Ma-
zoyer et al., 2021). The major advantages of using online
trajectories for this study are (i) the wind fields which are
used to compute the trajectory position are considered at ev-
ery model time step, and (ii) the microphysical process rates
are integrated online at every model time step (Eq. 5). The
available online trajectory module in ICON (Miltenberger
et al., 2020) is based on the COSMO online trajectory mod-
ule (Miltenberger et al., 2013, 2014) with modifications to
accommodate the unstructured ICON grid.

In the two-way nested simulations we use here, it is not
sufficient to follow air parcels in only one nest if the full evo-
lution of the WCB from pre-ascent to outflow is of interest,
which covers a scale of approximately 1000 km. Therefore,
we implemented nesting support in the ICON online trajec-
tory module; i.e., for the first time trajectories are allowed
to enter or leave a refined nest and are passed on across the
border of the nest. The trajectories’ positions and properties
are always calculated from the resolved wind fields in the
nest with the highest spatial resolution at a given geolocation
and using the corresponding model time step. This way, tra-
jectories profit from the high resolution in the refined nest;
however, they are not limited to this region. As the trajectory
positions are calculated from resolved wind fields, convec-
tive updrafts parameterized by the deep convection scheme
used in the global domain cannot explicitly be represented.

To reduce the number of trajectories, starting positions
are limited to six vertical levels between 200 and 1500 m
and approximately 1900 longitude and latitude positions
pre-defined based on offline WCB calculations with LA-
GRANTO (Sprenger and Wernli, 2015) for this case study
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(Fig. 1). The starting region between —55 to —15° E and 35
to 55° N encompasses all three domains; however, the largest
number of trajectories starts in the innermost convection-
permitting nest which covers the main WCB ascent region.
In total, approximately 11 500 online trajectories are started
every 1 h during the 72 h simulation.

Along online trajectories we compute the accumulated di-
abatic heating (ADH) and PV change (APV), similar to the
methodology developed and applied by Crezee et al. (2017),
Spreitzer et al. (2019), and Attinger et al. (2019) for offline
trajectories. Accumulated heating and PV change are defined
by the sum of instantaneous rates along the path of the trajec-
tory at every domain-specific model time step At, i.e., 120,
60, and 30s for the global domain and both refined nests,
respectively (see Sect. 2.1):

ADH(x(1).1) = Y DHR(X(t;), 1) At, 5)

i=1

APV(x(t),t) = Z PVR(x(#;), t;) At, ©6)

i=1

with i = 1 corresponding to initialization of each trajectory
and n = teng — tinic being the length of the trajectory (dif-
ference between initialization time f#jp; of each trajectory
and end time of the ICON simulation f.pq). Trajectory po-
sition and properties (Table 1) are subsequently output every
15 min.

From all online trajectories, we select WCB trajectories
as trajectories with an ascent rate of at least 600 hPa in 48 h
(Wernli and Davies, 1997; Madonna et al., 2014; Oertel et al.,
2019) and subsequently define the ascent phase as the period
encompassing the fastest 600 hPa ascent. This 600 hPa ascent
phase can be described by a timescale (7g00), which defines
the minimum time required to ascend 600 hPa (Oertel et al.,
2021).

The start of the fastest 600 hPa ascent (7o) along each tra-
jectory is defined as the start of WCB ascent. To compare
the heating among trajectories with differing lengths prior to
to, ADH is set to O at the start of the fastest 600 hPa ascent
phase; i.e., ADH at f is subtracted from ADH.

2.6 Front-relative WCB composites

In addition to the trajectory perspective, we consider cold-
front-relative vertical cross-section composites across the
WCB cloud band, which encompass a primary WCB ascent
region (see Sect. 3 for details). Figure 3a—c (black mark-
ers) illustrate WCB air parcel locations ascending in the cy-
clone’s warm sector ahead of the front, and Fig. 3d—f show
the corresponding large-scale cloud band. Therefore, west—
east-oriented vertical cross-section composites are consid-
ered, which are centered at the western edge of the WCB
ascent region identified from Eulerian model fields by the
convolutional neural network (CNN) model for WCB ascent,
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ELIAS 2.0 (Quinting and Grams, 2022). The CNN model
computes conditional WCB ascent probabilities based on the
distribution of horizontal wind speed, temperature, geopoten-
tial, and specific humidity on selected pressure levels which
are taken from the global ICON simulation and are interpo-
lated to a regular 1.0° x 1.0° grid. As shown by Quinting and
Grams (2022), ELIAS 2.0 adequately represents the WCB
ascent footprint and provides a smooth mask of the WCB
ascent region. Quinting et al. (2022) compared WCB as-
cent footprints based on coarse-grained Eulerian fields from
a high-resolution ICON simulation with offline trajectories
that were computed from a 0.1° x 0.1° grid and found a good
agreement between the location of trajectory ascent and the
CNN-based footprint. Section 3 and Fig. 3 illustrate that this
also applies to the online trajectories.

The vertical cross-section composites are calculated from
individual zonal cross-sections through the WCB ascent re-
gion ahead of the cold front (here defined as the region where
the conditional probability of the CNN exceeds 0.3; Quint-
ing and Grams, 2022) using data from the first refined nest
(RO3B08) with a zonal grid spacing of 0.1°. The compos-
ites include all individual cross-sections within the latitudinal
band covered by the CNN ascent mask during 4 to 5 Octo-
ber. The cross-section composites illustrate the vertical cloud
structure associated with the ascending WCB airstream and
demonstrate the spatial distribution of diabatic heating and
PV change.

3 Case study introduction

The surface cyclone associated with the WCB initially devel-
ops on 2 October 2016 as weak sea level pressure (SLP) de-
pression in a strong baroclinic zone east of 60° W at approxi-
mately 45° N and is associated with a local positive low-level
PV anomaly. It propagates across the North Atlantic along
the baroclinic zone at 45° N and has characteristics of a so-
called diabatic Rossby wave (DRW; Boettcher and Wernli,
2013). On 3 October, the surface cyclone interacts with the
approaching upper-level trough, intensifies further, and de-
velops clear warm and cold frontal structures. At this stage,
the cyclone forms an extended cloud band, which is associ-
ated with poleward-directed WCB ascent, and subsequently
propagates northward ahead of the upper-level trough. On 4
and 5 October, the WCB (represented by green contours in
Fig. 3) ascends in the cyclone’s warm sector ahead of the
upper-level trough and into an amplifying ridge downstream
(red contour in Fig. 3), which extends far north to 70° N. The
ridge subsequently merged with a precursor ridge built up
by an intense precursor cyclone (Steinfeld et al., 2020; Flack
et al., 2021) and contributed to the long-lasting block Thor
(Maddison et al., 2019). Here, we focus on the period from
4-6 October when the WCB ascent is the most pronounced
and forms a large-scale cloud band (Fig. 3d—f).

Atmos. Chem. Phys., 23, 8553—-8581, 2023



8560 A. Oertel et al.: Interaction of microphysics and dynamics in a warm conveyor belt

50°W 40°W 30°W 20°W 10°W  50°W 40°W 30°W 20°W 10°W 50°W 40°W 30°W 20°W 10°W
01 03 05 07 09 11 13 15 17 19 01 03 05 07 09 11 13 15 17 19 01 03 05 07 09 11 13 15 17 19
TWP [kg m~?] TWP [kg m~2] TWP [kg m~?]

Figure 3. (a—c) Temperature at 850 hPa (shading, in K); SLP (grey contours, every 5hPa); 2PVU at 320 K isentrope (red contour); WCB
ascent probability (at conditional probabilities of 0.3, 0.5, and 0.7, green contours); and online WCB trajectory positions for trajectories
ascending at least 25 hPa in 2 h (black markers; only every 50th trajectory is shown) for (a) 12:00 UTC on 4 October, (b) 18:00 UTC on
4 October, (¢) and 00:00 UTC on 5 October. The first and second refined nests are outlined in blue and red. (d—f) Total water path (TWP;
shading, in kg m~2) and graupel water path (pink contour, at 0.3 kg m~2), SLP (grey contours, every 5hPa), 2PVU at 320 K isentrope (red
contour), and WCB ascent probability (at conditional probabilities of 0.3, 0.5, and 0.7, green contours) for the same times as shown above.
All data are from the RO3B07 grid.
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Figure 4. Online WCB trajectories starting their fastest 600 hPa ascent at 12:00 UTC on 4 October, colored according to (a) pressure (p, in
hPa) and (b) ascent-integrated diabatic heating from all microphysical processes (ADH, in K). In (a) the WCB trajectory positions prior to
the start of the fastest ascent and after 48 h ascent time are shown in grey. The refined nests are outlined in blue and red.
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Table 1. List of available variables along online trajectories. The variables are grouped in (i) atmospheric state variables (whose values are
output instantaneously), (ii) integrated diabatic heating rates (ADHs), and (iii) integrated diabatic PV rates (APVs).

Abbreviation

Variable

lat, long, alt

P, 0,1 qu
qcs qrs 9i> 9s»> 9g
PV

Latitude, longitude, altitude

Pressure, air density, temperature, specific humidity
Cloud, rain, ice, snow, graupel water content
Potential vorticity

ADHgATAD 1, ADHSATAD 11
ADHgspgp. ADHQDEP, ADHQXDEP
ADHgxrIM

ADHgcact

ADHQREvAP, ADHQSGHEVAP
ADHgrwmLTs ADHGemLT, ADHQXMLT
ADHQRFRZ

ADHQCFRz

ADHgrrrz
ADHj w, ADHgw

ADHcon, ADHTURB, ADHpRAG

ADH from first and second saturation adjustment

ADH from vapor deposition on snow and ice as well as the sum of all frozen hydrometeors
ADH from all riming processes

ADH from CCN activation

ADH from evaporation of rain and of melting ice hydrometeors

ADH from melting of frozen hydrometeors into rain and cloud droplets and the respective sum
ADH from freezing of rain

ADH from homogeneous freezing of cloud droplets

ADH from homogeneous and heterogeneous ice nucleation

ADH from long- and shortwave radiation

ADH from convection, turbulence, and drag parameterization

APVSATAD I, APVSATAD I1
APVXDEP

APVQxXRIM

APVqcacT

APVQREVAP

APVQRMLT

APVRAD. APVcoN. APVTURB

APV from first and second saturation adjustment

APV from vapor deposition on ice, snow, graupel, and hail

APV from all riming processes

APV from CCN activation

APV from evaporation of rain

APV from melting of frozen hydrometeors into rain

APV from long- plus shortwave radiation, convection, and turbulence parameterization

Between 4 and 5 October, WCB air parcel locations, iden-
tified from online trajectories, ascend poleward in the warm
sector of the cyclone ahead of the surface cold front, above
the warm front, and near the cyclone center (black markers
in Fig. 3a—c). Their ascent is associated with the formation
of an extended, dense cloud band (Fig. 3d—f), including the
formation of graupel near the frontal regions in the early as-
cent phase (Fig. 3d). Although WCB trajectories spread out
in the ridge once they reach the upper troposphere, the ma-
jor ascending motion is confined to the near-frontal regions
(Fig. 3a—c), where WCB ascent occurs primarily in a narrow
and elongated north—south-oriented band. In general, the lo-
cation of the ascending segment of the online WCB trajec-
tories is well captured by the CNN-based WCB ascent diag-
nostic (green contours in Fig. 3a—c), which thus proves useful
for diagnosing footprints of WCB ascent from Eulerian data
in high-resolution simulations as well.

The ascent of the selected approximately 36 000 WCB
trajectories predominantly takes place in the innermost
convection-permitting nest providing a high resolution for
WCB trajectory computation (Figs. 3a—c and 4). Some WCB
trajectories move into the highest-resolution nest before or
during their ascent (Fig. 4). Moreover, many trajectories
leave the highest-resolution nest once they reach the upper
troposphere near the strong jet region. This emphasizes that
the transfer of trajectories between different nests is impor-
tant, in particular if the upstream evolution and the down-
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stream impact of WCB trajectories are of interest. During the
transfer of the trajectories across the nest boundaries, no dis-
continuities in location or WCB trajectories’ properties can
be observed, which is illustrated exemplarily for the evolu-
tion of pressure (Fig. 4a) and integrated diabatic heating from
all microphysical processes along WCB trajectories (Fig. 4b;
see Sect. 4 for a detailed description of diabatic heating along
WCB trajectories).

Figure 5 illustrates the vertical WCB cloud structure
and hydrometeor distribution in west—east-oriented vertical
cross-section composites centered relative to the western
boundary of the CNN-based WCB ascent region during 2 d
of WCB ascent (see Sect. 2.6). WCB ascent (black contour
in Fig. 5d) occurs in the warm sector ahead of the sloping
cold front (isentropes and temperature in Fig. 5a) and upper-
tropospheric trough (reflected in the reduced height of the
dynamical 2 PVU tropopause, shading in Fig. 5b) and is as-
sociated with a vertically extended cloud (Fig. 5c). The pre-
cipitating WCB cloud band, reflected in the high values of
the total hydrometeor content (shading in Fig. 5c), extends
from the surface to approximately 11 km height and slopes
towards the east into the upper-level ridge, which is char-
acterized by an elevated tropopause height, warmer temper-
ature, and low upper-tropospheric PV values (Fig. 5a, b).
Within the WCB cloud band, the 0°C isotherm is located
at approximately 3 km altitude, and the mixed-phase region
of the cloud extends from approximately 2 to 6 km (Fig. 5c).
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The presence of supercooled liquid water facilitates riming
and graupel formation between 2—4 km altitude. The micro-
physical processes lead to a large net diabatic heating in the
cloud, while below the cloud, microphysical processes are
associated with a net cooling (Fig. 5d). Diabatic heating con-
tributions from individual microphysical processes are dis-
cussed in Sect. 4. As expected, the cloud band coincides
with ascending motion on the order of 0.01 to 0.08 ms~!
averaged across all individual cross-sections, while the post-
frontal region west of the cold front is characterized by de-
scent (Fig. 5d). The vertical cross-section composites illus-
trate the general characteristics of the WCB cloud band and
ascent region; however, the compositing technique hides the
heterogeneity of WCB ascent behavior and characteristics
reported in previous studies (Oertel et al., 2019; Blanchard
et al., 2020; Boettcher et al., 2021; Oertel et al., 2021) and
which is evident in instantaneous cross-sections. The online
trajectories enable a more detailed perspective of the individ-
ual processes and detailed WCB ascent behavior.

4 Diabatic heating in the WCB

During the trajectories’ 48 h ascent from on average 950 hPa
to 300400 hPa (Fig. 6a), they are heated diabatically by on
average approximately 25K (Fig. 6¢), resulting in a cross-
isentropic ascent from around 290 K to about 315 K (Fig. 6b).
However, substantial variability in ascent behavior and asso-
ciated diabatic heating is present. The ascent timescale for
600 hPa ascent (tg00) exhibits a large variability and includes
both very rapid convective WCB ascent with timescales of
a few hours and slow and gradual WCB ascent (Fig. 7),
which is hidden in the composite perspective. The frequency
distribution of eoo values shows that most WCB trajecto-
ries ascend 600hPa in 20-30h (Fig. 7a). Thus, the aver-
age trajectory ascent timescale is considerably lower than
48 h and amounts to on average 25 h, similar to WCB ascent
timescales reported in previous high-resolution case studies
(Rasp et al., 2016; Oertel et al., 2020, 2021; Blanchard et al.,
2020). In general, the 600 hPa integrated diabatic heating
ranges from 15K to more than 35K (Fig. 7a). The latter is
only found in rapidly ascending, convective WCB trajecto-
ries. Due to the large variability in ascent rates, the entire set
of WCB trajectories is stratified into three subsets accord-
ing to their ascent timescale, which influences the average
diabatic heating and detailed microphysical processes. In the
following, fast ascent is characterized by tegp values below
18 h (25th percentile), and slow and gradual ascent is char-
acterized by teoo values above 30 h (75th percentile). The in-
termediate subset includes all trajectories with 7609 values in
between and, hence, comprises the largest number of trajec-
tories (Fig. 7a). The mean evolution of the three subsets of
WCB trajectories is shown in Fig. 6.

As on average the faster-ascending trajectories are heated
more strongly, they also reach higher isentropic surfaces
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(Figs. 7a and 6b, c) than the slowly ascending trajectories,
in line with previous case studies (Oertel et al., 2020, 2021).
Despite the relationship between total diabatic heating and
ascent timescale, there is still considerable variability per as-
cent timescale bin (Fig. 7a). Generally, the faster trajectories
ascend and also reach the upper troposphere further south
ahead of the upper-level trough (not shown).

Recent WCB case studies have highlighted that convective
motion can frequently be embedded in the gradual WCB as-
cent (Rasp et al., 2016; Oertel et al., 2019, 2021; Blanchard
et al., 2020, 2021). Yet, the total diabatic heating contribu-
tion of embedded convection in WCBs has remained unclear.
Figure 7b shows the cumulative distribution of the relative
heating contribution of trajectories binned into 1 h tgog bins.
For example, trajectories with a 600 hPa ascent timescale be-
low 10 h contribute on average 10 % to total diabatic heating
in this case study (Fig. 7b), although their averaged diabatic
heating is substantially larger (Fig. 7c) compared to trajec-
tories with slower ascent timescales. For example, WCB tra-
jectories with ascent timescales above 25h are on average
heated 10K less but, due to their larger number, still con-
tribute more than 43 % to total heating (Fig. 7b). Selecting
thresholds of tggg of 3, 4, and 7 h (the latter shows a sudden
drop of mean ADH in this case study) for embedded con-
vective or rapid ascent results in contributions to the total
heating of 1.4 %, 2.1 %, and 4.9 %, respectively. Thus, al-
though rapidly ascending WCB trajectories are heated sig-
nificantly more than gradually ascending trajectories, their
total diabatic heating contribution is relatively small due to
the small fraction of embedded convection. Relative contri-
butions may, however, be more relevant in other case studies
that are characterized by a larger amount of embedded con-
vection than this WCB (e.g., Oertel et al., 2021).

4.1 ADH from bulk physics processes

During their ascent, trajectories are heated and also cooled
diabatically from a large variety of non-conservative pro-
cesses, which together result in the large total diabatic heat-
ing discussed above. The mean integrated diabatic heating
for individual physics processes at the end of each trajecto-
ries’ 600 hPa ascent phase for fast-, intermediate-, and slowly
ascending WCB trajectories is shown in Fig. 8. On average,
the total 600 hPa integrated heating (A6#) amounts to 25K,
whereby the fast WCB trajectories are heated 3.8 K more
than the intermediate WCB trajectories and 5.5 K more than
the slowly ascending WCB trajectories (Fig. 8a).

The by-far largest diabatic heating contribution results
from microphysical processes (Fig. 8a). The evolution of
ADH along WCB trajectories is shown in Fig. 9. During their
ascent, WCB trajectories are rapidly heated through cloud
formation, and after traversing through the mid-troposphere,
the heating rate slows down (Fig. 9a—c). Turbulent diffusion,
heating from the convection scheme (deep or shallow con-
vection only, depending on the local resolution of the grid;
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Figure 5. Vertical cross-section composites through the WCB ascent region ahead of the cold front for (a) temperature (7', in K) and potential
temperature (every 5 K, grey lines); (b) potential vorticity (PV, in PVU) and wind speed (every Sm s™h); (o) total hydrometeor content (g,

in gkg*1

; shading) and rain (gr; blue contour, at 0.02 gkgfl), cloud (gc; light blue contour, at 0.02 gkgfl), snow (gs; purple contour, at

001g kg_1 ), ice (gj; grey contour, at 0.01 gkg_l), and graupel (gg; pink contour, at 0.02 g kg_l) water content; and (d) total microphysical
diabatic heating rate (DH; in Kh™1), vertical velocity (black contours at —0.01 and 0.01 m s_l), and outline of WCB cloud (grey line, at
q:r=001g kgfl ). All panels show 273 and 233 K isotherms (yellow) and 320 K isentrope (blue).

see Sect. 2), and shortwave radiation also lead to a net heat-
ing of the trajectories during the ascent, while longwave ra-
diative cooling is important in particular when trajectories
approach the cloud top (Figs. 9a—c and 8a). Diabatic heating
from non-orographic and orographic gravity wave drag has a
minor contribution and is, hence, not explicitly considered in
the following.

Microphysical heating has by far the largest contribu-
tion to the total diabatic heating with on average 95 % of
total heating and, thus, substantially determines the cross-
isentropic ascent of WCB trajectories. The larger total heat-
ing for fast WCB ascent compared to slow WCB ascent is
strongly related to larger diabatic heating through micro-
physical processes (Fig. 8a). In contrast, prior to the ascent,
when trajectories are located in the lower troposphere, they
are markedly cooled by microphysical processes (Fig. 9a—
c¢). Individual processes that contribute to the total micro-
physical heating are discussed in detail in the next section
(Sect. 4.2).

In the lower troposphere, diabatic heating by turbulent dif-
fusion is the second most important process associated with a
net heating. Integrated over the entire 600 hPa ascent, net tur-
bulent heating amounts to 1.4 K on average (Fig. 8a) and is
slightly larger for fast WCB ascent (ADHtyrp = 1.8 K) than
for intermediate and slow WCB ascent (ADHtyrg = 1.1 K
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and 1.6 K, respectively). The turbulent diffusion scheme
is primarily active ahead of the approaching cold front in
the warm sector between the surface and approximately
4 km height and forms a vertically oriented heating—cooling
dipole (Fig. 10c, solid and dashed black contours). Gradient
Richardson numbers are large in the WCB ascent region!,
and thus, a pronounced heating—cooling dipole was not ex-
pected, although a recent study by Wimmer et al. (2022, see
their Figs. S3 and S4) also shows such a heating—cooling
dipole below 600 hPa height in the WCB ascent region. We
assume that the turbulent diffusion scheme reacts to the pro-
nounced vertical heating from the first saturation adjustment
(Fig. 10a), which is called before the turbulence scheme and
instantly modifies the local temperature profile.

The average heating from the convection scheme is com-
paratively small and amounts to only 1.7 % of total ADH
(Figs. 8a and 9a—c), primarily because deep convection is
treated explicitly in the innermost nest, where most trajecto-
ries ascend. As outlined above, this does not imply that em-
bedded convection is absent or irrelevant, as convective WCB
ascent can explicitly be represented in the high-resolution
nest. On average, ADHon amounts to 0.5 K and is the small-

1Only in the lowest 1km does the gradient Richardson number
drop below 1.
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Figure 6. Mean evolution of (a) pressure (p, in hPa), (b) potential
temperature (6, in K), (¢) accumulated change in potential temper-
ature (A#, in K), and (d) specific humidity (gy, in gkg_l) since
the start of the fastest 600 hPa ascent phase for all WCB trajecto-
ries (black line; grey shading shows =+ standard deviation) and for
the fastest 25 % (dark red), intermediate (red), and the slowest 25 %
(orange).

est for the fast WCB trajectories (0.3 K for fast ascent com-
pared to 0.5K for intermediate and 0.6 K for slow ascent).
ADHc,, is larger for the more slowly ascending WCB tra-
jectories, as they remain longer in the lower troposphere,
where the primary heating source from the (shallow) con-
vection scheme is located (Fig. 11e, black contour).

While shortwave radiation has a small heating contribu-
tion of on average 0.5 K during WCB ascent, longwave radi-
ation substantially cools the ascending air near the cloud top
in the upper troposphere and, hence, reduces the isentropic
outflow level of WCB trajectories (Figs. 8a, 9a—c, and 11d).
This upper-level cooling contribution is non-negligible and
amounts to on average —2 K integrated over the 600 hPa as-
cent. As the upper-level WCB cloud band can be relatively
long-lived and the WCB trajectories remain in the cloud for
several hours, cloud-top cooling continues to reduce the po-
tential temperature of the WCB air parcels even after they
have finished their main ascent.

4.2 ADH from individual microphysical processes

In the following, we discuss the heating contributions from
the individual microphysical processes. Net microphysical
heating is dominated by condensation in the lower tropo-
sphere, which is realized by a first saturation adjustment, and
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Figure 7. (a) 2D histogram of the duration of the fastest 600 hPa
WCB ascent phases (tg0g, in h) and the change in potential tem-
perature during this ascent phase (A8, in K). Red contours show
the maximum change in potential temperature along WCB trajecto-
ries. The black line and markers show the mean diabatic heating per
7600 bin. Vertical lines show 10th, 25th, 50th, 75th, and 90th per-
centiles of tgqg. (b, ¢) Cumulative distributions of 600 hPa ascent-
integrated diabatic heating as a function of 7gqg. (b) Relative contri-
bution to total diabatic heating (black) and WCB trajectory number
(Ntra, grey) and (¢) cumulative mean diabatic heating (black). The
vertical lines are placed at tgog = 10 h and tg99 = 25 h.

leads to a rapid warming at the onset of the WCB ascent
(Figs. 8b, 9d—f). Condensation is the strongest in the warm-
phase region of the WCB as reflected by the diabatic heating
from the first saturation adjustment ahead of the cold front
(Fig. 10a, black contour); however, it is also relevant in the
mixed-phase region up to approximately 6 km height. In the
upper troposphere, vapor deposition on frozen hydromete-
ors takes over and dominates the subsequent cross-isentropic
ascent (Fig. 10b, black contour; Fig. 9d—f). Together, con-
densation (on average 17 K) and vapor deposition on frozen
hydrometeors (on average 13 K) dominate the microphysical
heating budget (Figs. 8b, 9d-f), as expected from previous
case studies (Joos and Wernli, 2012; Mazoyer et al., 2021).
Vapor deposition is additionally split into its contributions
from deposition on ice, snow, and graupel plus hail. In total,
integrated heating from vapor deposition on ice ADHgpgp
is the largest with an average heating of 7 K along the ascent.
It also continues at higher altitudes and in lower temperature
ranges where depositional growth of snow is small (Fig. 9d—
). ADHqspep amounts to on average 4 K, while vapor depo-
sition on graupel ADHggpgp has the smallest contribution
of on average 1K. The Eulerian perspective illustrates that
the heating maximum of depositional growth of frozen hy-
drometeors is located at around 6 km height (Fig. 10b, black
contours). Although heating dominates along the ascending
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WCB trajectories, the forward-sloping shape of the cloud
band results in sublimation of sedimenting snow between 3—
Skm height at the eastern edge of the cloud band. Cooling
from sublimation also occurs in a small region above the cold
front.

The initial riming process prior to the growth of rimed
particles by vapor deposition is associated with an averaged
heating contribution of only 0.7 K (Fig. 8b), which is par-
tially related to the small value of the specific latent heat
of freezing, which is released during riming. Riming takes
place in the mixed-phase region of the cloud between 2—-6 km
height (Fig. 11a).

Another major contribution included in the microphysi-
cal budget is related to the second saturation adjustment,
which is associated with substantial cooling of an average
of 5K during WCB ascent (Fig. 8b), and, thus, reduces the
heating from the first saturation adjustment and vapor de-
position. The second saturation adjustment forms a verti-
cally oriented cooling—heating—cooling tripole in the low-
est 7km (Fig. 10c, black contour), which leads to a non-
monotonic ADHgatAp i1 evolution when trajectories ascend
through this region (Fig. e, f). The cooling from the second
saturation adjustment results from an evaporation of cloud
droplets in subsaturated conditions as a response to estab-
lished non-equilibrium conditions from processes that are
called between the first and the second saturation adjustment
(i.e., the turbulence scheme and all explicit microphysical
processes; see Sect. 2.2). The cooling—heating dipole below
4km height is to a large extent a response of the saturation
adjustment to the turbulence scheme, which is characterized
by a dipole of opposite sign (see Fig. 10c, d). Hence, to a
large extent, the diabatic heating and cooling from the second
saturation adjustment in the warm phase can be understood
as a quasi-compensation of the heating dipole from the turbu-
lence scheme, which leads to sub- and supersaturated condi-
tions and ultimately to the response of the second saturation
adjustment (see discussion in Sect. 4.1). In contrast, the sec-
ond saturation adjustment’s local cooling maximum in the
mixed-phase cloud region above the 0 °C isotherm results to
some extent from the model representation of the Wegener—
Bergeron—Findeisen process (Storelvmo and Tan, 2015) and
reduces the substantial heating from vapor deposition in the
mixed-phase region (Fig. 10b, d).

Evaporation of rain and melting of ice hydrometeors that
are sedimenting into ascending WCB air represent impor-
tant cooling processes. The total cooling through rain evap-
oration during the fastest 600 hPa ascent is relatively small
and amounts to 0.4 K on average (Fig. 8b) and can arise dur-
ing embedded phases of trajectory descent. Evaporative cool-
ing is indeed important prior to the start of the WCB ascent
when trajectories are located in the inflow region in the lower
troposphere below the cloud band (Figs. 11b, 9d—f) where
evaporative cooling dominates the total microphysical bud-
get (Fig. 5d). Evaporative cooling within 10h prior to the
ascent amounts to on average 2 K (Fig. 9d—f) and, thus, can
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play an important role in the pre-conditioning of WCB air
masses prior to their ascent. Melting from falling ice hydrom-
eteors becomes important once trajectories approach the 0 °C
isotherm, where the maximum cooling through melting is lo-
cated (Fig. 11c, black contour). Integrated along the WCB
ascent, cooling from melting processes amounts to on aver-
age 1K and, thus, has a comparable magnitude to deposi-
tional growth of rimed particles (Fig. 8b). Overall, cooling
from these processes offsets the strong heating from primar-
ily condensational growth and can reduce the isentropic out-
flow level by on average 6 K along the ascent.

The remaining microphysical processes explicitly repre-
sented in the two-moment scheme (CCN activation; freez-
ing of cloud and rain droplets; and homogeneous, deposition,
and immersion nucleation, as well as evaporation from melt-
ing ice hydrometeors) have comparably small heating con-
tributions (Figs. 9g—i, 8c). Thus, in terms of total heating
they are almost negligible, which is primarily related to the
small amount of mass conversion. Nevertheless, we hypoth-
esize that the representation of these processes is important
because they influence the number concentrations of liquid
and frozen hydrometeors (see Fig. A2), which subsequently
influences the strength of other microphysical processes.

4.3 Relationship between WCB ascent behavior and
microphysical processes

Faster-ascending trajectories are associated with larger ADH,
which to a large extent results from stronger total mi-
crophysical heating (Sect. 4.1, Figs. 7a, 8a). The latter is
linked to on average larger initial moisture content of faster-
ascending WCB trajectories, which represents a thermody-
namic constraint on the total diabatic heating from micro-
physics along the WCB airstream. A particularly large differ-
ence arises from the saturation adjustment. ADHsaTAp 1 for
quickly ascending trajectories is 5 K larger than for slowly
ascending trajectories. In contrast, ADHqoxpgp differs less
than 1 K between different ascent categories. Hence, in this
case study the larger cross-isentropic ascent of the faster-
ascending WCB trajectories is substantially driven by larger
initial moisture content of the rapidly ascending WCB tra-
jectories (Fig. 6d), which is available for condensation. Con-
sidering the relative contributions of depositional growth of
snow, ice, and graupel for the different WCB ascent cate-
gories additionally shows that for slower ascent vapor de-
position on ice becomes increasingly more important. Pro-
longed residence time and enhanced hydrometeor growth in
faster updrafts favor riming; thus, heating from particle rim-
ing and depositional growth of rimed particles are consid-
erably larger for fast WCB ascent compared to slower WCB
ascent (Fig. 8b). The representation of graupel in the WCB is
relevant, as total diabatic heating from riming and growth of
rimed particles (i.e., QGDEP plus QXRIM) on average ex-
ceed 2.5K along fast-ascending WCB trajectories. Besides
the second saturation adjustment, melting of frozen hydrom-
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eteors and evaporation of rain have the largest microphysi-
cal cooling contributions during the ascent (Fig. 9d-f). Cool-
ing contributions of evaporation and melting are both smaller
for fast WCB ascent because WCB air parcels ascend faster
through the relatively well-constrained vertical layers of the
atmosphere where evaporation and melting are the most pro-
nounced (Fig. 11b, ¢, black contours). In contrast, the slower-
ascending WCB trajectories remain longer near the surface
and near the melting level, where rain evaporation and melt-
ing are the strongest (Fig. 11b, c, black contours). Thus, the
slowly ascending WCB air parcels experience not only less
heating, but also enhanced cooling from below-cloud evapo-
ration and melting.

In the following, we consider processes associated
with smaller mass conversion and related diabatic heat-
ing (Figs. 9g—i and 8c). Counterintuitively, ascent-integrated
heating from activation of cloud droplets (Fig. 8c) is larger
for slow ascent, although stronger updraft velocity is implic-
itly associated with larger supersaturation and an increase in
CCN activation (Eq. 1; Fig. 2). Indeed, the initial increase
in ADHgcacr is the strongest along fast WCB trajectories;
however, the prescribed activation rate of cloud droplets de-
creases quickly with altitude (Fig. 2). The larger ADHgcacT
for more slowly ascending WCB trajectories is attributed to
the time integration as the slower WCB trajectories remain
longer in the lower to mid-troposphere where CCN activa-
tion, as prescribed in the parameterization, is the most active
(Fig. 2). The latter is probably entirely dependent on the CCN
activation parameterization, as no secondary CCN activation
above cloud base would be expected at the typical evolution
of updraft velocities along WCB ascent, which, however, is
not accounted for in the ICON microphysics.

Freezing of cloud droplets and rain drops is more impor-
tant during faster WCB ascent, as the timescale of transport
in fast updrafts is smaller than the timescale of rain forma-
tion. Consequently more condensate is transported to colder
temperatures and is available for freezing (Figs. 8c, 9g—i).
In particular the homogeneous freezing of cloud droplets,
which can produce large ice number concentrations, influ-
ences the cloud structure via changes to the ice crystal num-
ber concentration.

Homogeneous freezing and heterogeneous freezing (im-
mersion and deposition freezing) also have a negligible direct
effect on the diabatic heating in the WCB due to the small
mass conversion (Figs. 8c, 9g—i). Moreover, they mostly oc-
cur once WCB air parcels are finishing their main ascent.
Evaporation from melting of frozen hydrometeors is associ-
ated with a small cooling of the ascending WCB air. Simi-
larly to ADHqcacr, the temporal integration accounting for
the time trajectories’ spend in the region influenced by evap-
orative cooling is decisive for total ascent-integrated cooling.

In summary, shorter ascent timescales (i.e., faster ascent)
are associated with larger heating from the first saturation
adjustment, riming, and freezing of rain, in contrast to the
relative contribution of vapor deposition, which is reduced
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Figure 9. Mean evolution of accumulated diabatic heating (ADH, in K) along (a, d, g) fast, (b, e, h) intermediate, and (c, f, i) slow WCB
trajectories since the start of the fastest 600 hPa ascent phase (see Fig. 6). Panels (a)—(c) show ADH for turbulence (TURB), sub-grid-scale
orographic and gravity wave drag (DRAG), short- and longwave radiation (SW and LW), microphysics (MCRPHS), and the sum of all
diabatic processes (DIAB), as well as the net change in potential temperature (A6). Panels (d)—(f) show ADH from the first and second
saturation adjustment (SATAD I and II); vapor deposition on snow, ice, and graupel plus hail, as well as the respective sum (QSDEP, QIDEP,
QGDEP, and QXDEP); riming (QXRIM); rain evaporation (QREVAP); and melting (QXMLT). Panels (g-i) show ADH from evaporation
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compared to longer ascent timescales (i.e., slower ascent). Si-
multaneously, longwave radiative cooling, evaporative cool-
ing, and cooling from melting of frozen hydrometeors are
reduced due to the shorter integration timescale. Vice versa,
the slower WCB trajectories ascend, the less important heat-
ing is from the first saturation adjustment and riming and the
more important heating becomes in the ice phase from va-
por deposition compared to the mean over all trajectories.
The larger diabatic heating from microphysical processes for
faster-ascending trajectories is related to enhanced specific
humidity at the start of the ascent, which provides a thermo-
dynamic constraint and emphasizes the relevance of WCB
inflow moisture for total diabatic heating from microphysi-
cal processes and WCB trajectories’ cross-isentropic ascent.
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The heterogeneity of WCB ascent behavior is in line with
previous results, highlighting the heterogeneous cloud struc-
ture of the WCB and its embedded convection (e.g., Crespo
and Posselt, 2016; Oertel et al., 2019; Gehring et al., 2020).
We further find that the heterogeneity is influenced by differ-
ent microphysical processes that influence the cloud structure
but also latent heating and cooling along the ascent, which fi-
nally determines the total cross-isentropic ascent. Detailed
representation of these processes in high-resolution NWP
simulations allows us to represent some of the variability
in the cloud structure of WCBs. The stratification according
to ascent behavior also emphasizes the relevance of WCB
air parcels’ residence time at a certain altitude for the total
ascent-integrated diabatic heating.

Atmos. Chem. Phys., 23, 8553—-8581, 2023
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5 Diabatic PV modification

5.1  Overview of diabatic PV changes

The strong ascent and diabatic heating of the WCB airstream
typically result in low-level positive and upper-level negative
PV anomalies (e.g., Madonna et al., 2014; Methven, 2015).
Generally, the evolution of PV along the WCB trajectories
(Fig. 12a—c) shows the well known increase in PV during
the first part of the ascent followed by a PV decrease later
on (e.g., Wernli and Davies, 1997; Madonna et al., 2014;
Joos and Wernli, 2012; Methven, 2015). On average, the
WCB trajectories arrive in the upper troposphere near the
tropopause with PV values below 0.5 PVU (Fig. 12a—c). The
PV evolution along the ascent-centered trajectories shows a
strong local maximum of 1-1.5PVU immediately after the
start of the ascent, which quickly decreases before reaching a
plateau phase that is more pronounced for the intermediate-
and slowly ascending WCB trajectories and is followed by
further PV decrease. The initial PV increase along the ascent
is much more rapid than has been shown in previous studies
(e.g., Madonna et al., 2014; Joos and Wernli, 2012; Martinez-
Alvarado et al., 2014), emphasizing the pronounced PV pro-
duction in the lowermost 1 km (Fig. 11f; Fig. 5b) and its sub-
sequent redistribution. The strong initial PV increase is likely
emphasized by centering the trajectories relative to the start
of their fastest 600 hPa ascent and/or may be model and case
dependent.

Integrating the PV tendencies from selected individual
physics processes along the trajectories (APV) shows their
contribution to the total change in PV (Fig. 12). The in-
tegrated effect of all diabatic PV tendencies (APVpiaB,
Fig. 12; neglecting PV change from momentum ten-
dencies) approximately follows the evolution of total
PV. The integrated effect of all microphysical processes
(APV(>_MCRPHS)) is responsible for the rapid PV increase
in the lower troposphere and also results in a subsequent de-
crease in PV. However, PV reduction is underestimated if the
PV tendency from turbulent heat transfer is neglected (cf.
APV(}_DIAB) and APV(}_MCRPHS) in Fig. 12a— and
APVTURB in Fig. 12d—f).

Furthermore, differences between APVpiap and the PV
evolution partially result from neglecting the momentum ten-
dencies (e.g., Spreitzer et al., 2019; Riviere et al., 2021),
which can be important in the lower troposphere (Stoelinga,
1996; Attinger et al., 2021) and near the jet (Spreitzer et al.,
2019). Further, the computation of PV tendencies on the orig-
inal high-resolution ICON grid can result in very large ten-
dencies, as locally large diabatic heating gradients can occur
in the simulation (see also Riviere et al., 2021). These artifi-
cially large tendencies are interpolated to the trajectory posi-
tions and can degrade the total PV budget (see Riviere et al.,
2021; Wimmer et al., 2022). This in particular applies to the
PV tendencies from turbulence and the second saturation ad-
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justment, which can take locally very high instantaneous val-
ues.

5.2 Contributions from individual diabatic processes

Similarly to the diabatic heating contributions, the largest
PV modifications along WCB ascent result from both sat-
uration adjustments, vapor deposition, and turbulent diabatic
heating (Fig. 12d-f). Moreover, PV modification from rain
evaporation also substantially contributes to an increase in
WCB trajectories’ PV values. Melting, riming, and radiative
processes, as well as diabatic heating from the convection
scheme, contribute less to PV modification in the WCB.

APV from the first saturation adjustment, vapor deposi-
tion, and riming are characterized by the characteristic posi-
tive and subsequently negative PV rates (Fig. 12d-f), as the
WCB trajectories pass through the respective local heating
maxima and the related vertical dipoles of PV production and
reduction (Figs. 10a, b and 11a). The increase in APVsaTAD I
at the cloud base is very sudden and pronounced. Its local
maximum of PV production in the lower troposphere results
from strong vertical gradients of diabatic heating below 1 km
height that occur in an environment with large cyclonic ver-
tical vorticity (Fig. 10a), which strengthens the diabatic PV
production. Above 1km height and above the local heating
maximum PV is reduced. The magnitude of PV reduction is
smaller than PV production in the lowermost troposphere but
has a larger vertical extent.

Evaporation of rain strongly cools the boundary layer and
lower troposphere below the cloud base. The low-level cool-
ing results in PV production close to the surface and at 1 and
2km height (Fig. 11b). Thus, APVgrgvap along trajectories
increases considerably, with the largest increase in PV prior
to the ascent when WCB trajectories are located in the low-
ermost troposphere (Fig. 9d—f). In total, PV increase from
evaporative cooling along the WCB trajectories amounts to
approximately 0.5-0.7 PVU. Hence, evaporative cooling has
a substantial contribution to the PV maximum along WCB
ascent and to the lower tropospheric positive PV anomaly.

PV modification from vapor deposition is important be-
tween 3-9km height. The net PV change from vapor de-
position along WCB trajectories is approximately 0 PVU.
Figure 10b shows the formation of a slightly tilted PV rate
dipole, whereby PV reduction is stronger near the jet-facing
side (Eq. 3). Its formation results from horizontal heat-
ing gradients in a vertically sheared environment below the
strong upper-level jet (Harvey et al., 2020; Oertel et al.,
2020). Reduction in PV near the jet region enhances the neg-
ative PV anomaly and contributes to the PV gradient across
the tropopause.

Similarly to their respective heating rates, the PV rates
of the second saturation adjustment and turbulence partially
counteract each other, in particular below the 0 °C isotherm.
Due to locally large spatial heating gradients, the associ-
ated PV rates are very patchy and can take locally very
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large values (Fig. 10c, d), which influences the mean APV
evolution along trajectories and can introduce interpolation
errors. The vertically alternating patterns of strong PV re-
duction and production from the second saturation adjust-
ment and turbulence (Fig. 10c, d) result from the vertical
tripole of ADHsaTAD 11 and dipole of ADHTyRB, respectively
(Sect. 4.1). These PV rate patterns are to some extent re-
flected along the ascending WCB trajectories (Fig. 12d-f),
which, as mentioned above, additionally include interpola-
tion errors and can be influenced from locally high values.
Although both SATAD II and TURB are associated with very
large individual PV rates, their combined effect, and thus
their feedback to the dynamical core, is limited, as these pro-
cesses to some extent compensate each other. Hence, we rec-
ommend that detailed process studies using the ICON model
consider the combined effect of TURB and SATAD II if total
microphysical heating budgets, including the second satura-
tion adjustment, are considered.

The PV rates from the other microphysical processes are
substantially smaller, as their associated spatial heating gra-
dients are smaller. Similar to APVgxpep, APVgxriv forms
a vertical dipole of PV production and reduction, albeit with
a smaller magnitude (Figs. 9d—f, 11a). As the diabatic heating
maximum from riming is located near the 0 °C isotherm, PV
production and reduction take place just below and above the
melting level, respectively (Fig. 11a). In this region around
the 0°C isotherm, the cooling maximum from melting of
frozen hydrometeors is associated with PV reduction below
2km height and PV production above (Fig. 11c). Accord-
ingly, APVgorMrr decreases along WCB trajectories before it
increases as trajectories pass through the melting minimum.
The net PV change along the ascent is approximately 0 PVU,
and the magnitude of APVgrMrr is larger than PV modifica-
tion from riming.

The heating tendencies from the remaining non-
microphysical parameterization schemes are also associated
with small PV rates. As diabatic heating from the convec-
tion scheme is small (Sect. 4), the associated APV cox is also
comparatively small (Fig. 12). The convective heating in the
boundary layer forms a low-level vertical dipole of PV pro-
duction and reduction (Fig. 11e). Longwave radiative cooling
near the cloud top and the associated PV rate dipole in the
WCB ascent region are the largest between 8—11 km height
(Fig. 11d). The negative PVR below the longwave cooling
maximum overlaps with the negative PVR from vapor de-
position and together contribute to low PV values in the
upper troposphere. While ADHyw continuously decreases
once WCB trajectories approach the cloud top, APVraD
depends on the WCB ascent behavior and outflow height
relative to the cloud top. Fast WCB trajectories also reach
higher altitudes and traverse the cloud-top cooling minimum,
resulting in initial PV reduction below and PV production
above the cooling maximum, respectively (Fig. 9d—f). The
more slowly ascending WCB trajectories remain below the
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cloud-top cooling maximum. Thus, APVrap continuously
decreases along their ascent.

In the cold sector of the cyclone (at relative longitude —3
to —6°), isolated shallow cumulus clouds form with cloud
tops between 1-3 km height (Fig. 11d). Radiative cooling by
these shallow cumuli is one of the most important factors for
PV change in the cold sector and contributes to the low PV
values at low altitudes. Near the surface PVRRrap is nega-
tive in the cold sector and contributes to the negative near-
surface PV values (Fig. 5b). PVR from radiative cooling is
partially compensated by opposing PV tendencies from the
shallow convection scheme (Fig. 11e), which is active in the
cold sector and forms a PV tendency dipole near the 0°C
isotherm. These processes are not directly relevant for the
considered WCB; however, the pre-conditioning of the lower
troposphere can influence potential successor cyclones and
their WCBs (Papritz et al., 2021).

5.3 Summary of diabatic PV changes

In summary, the different physics processes considerably
modify PV during WCB ascent. While the evolution of
PV along WCB trajectories is generally described as a se-
quence of PV increase followed by PV decrease as trajec-
tories pass through the heating maximum (e.g., Wernli and
Davies, 1997; Madonna et al., 2014), our detailed analysis
illustrates the complicated interplay and differing, partially
opposing contributions of all physics processes to the over-
all evolution of PV. The ascent-centered Lagrangian perspec-
tive as well as the Eulerian composites emphasize the strong
PV production in the lowermost troposphere by condensation
and rain evaporation before PV values along the ascending
WCB air parcels are reduced and eventually approximately
approach their inflow values. PV reduction in the mid- to up-
per troposphere primarily results from condensation, vapor
deposition, and longwave radiative cooling. Thereby, the PV
evolution along the trajectories is influenced by the trajecto-
ries’ ascent behavior, i.e., the time the individual trajectories
remain in regions which are predominantly influenced by ei-
ther PV production or reduction.

6 Concluding discussion

This study quantifies the individual diabatic heating contribu-
tions that determine the cross-isentropic WCB ascent using
online trajectories in a two-way nested ICON simulation of
a case study in the North Atlantic and discusses the resul-
tant diabatic PV modification. We provide a detailed ICON
model perspective of microphysical process that are active in
the WCB airstream and thus influence WCB ascent as well
as cloud and precipitation structure. In addition to improved
process and model understanding this lays the foundation for
subsequent sensitivity experiments on the role of microphys-
ical uncertainty in WCB ascent.
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Figure 10. Vertical cross-section composites through the WCB ascent region ahead of the cold front for PV rates (PVR, in PVU h~L, in
colors) and diabatic heating rates (black, in thl) from the (a) first saturation adjustment (SATAD I), (b) total vapor deposition (QXDEP),
(c) turbulent temperature tendency (TURB), and (d) second saturation adjustment (SATAD II). Also shown are (a) vertical vorticity (green
line, at 10~* s_l) as well as (b) wind speed (orange, every 5 m s_l) and the dynamical 2 PVU tropopause (red). All panels show 273 and
233 K isotherms (yellow), 320 K isentrope (blue), and the cloudy region (grey line, at g =0.01 g k™). Note that diabatic heating in (c¢) and
(d) is interpolated to a coarser resolution for visualization of regions dominated by heating or cooling due the patchiness of the respective

diabatic heating rates.

To account for reduced aerosol loading in the North At-
lantic compared to continental regions, the ICON simulations
were performed with a modified CCN activation scheme.
The newly implemented nesting support for online trajecto-
ries allows for the flexibility to use higher-resolution nest-
ing without being too limited in terms of the size of the re-
fined area, which is particularly important for larger-scale
systems, such as WCBs. In addition to quantifying the dom-
inant (micro-)physical heating contributions for this WCB
case study, we present complementary Lagrangian and Eu-
lerian perspectives that illustrate diabatic heating contribu-
tions (Fig. 13) as well as the interaction between detailed
non-conservative processes and their effect on the PV dis-
tribution. The established Lagrangian perspective (e.g., Joos
and Wernli, 2012; Joos and Forbes, 2016; Mazoyer et al.,
2021) allows for the quantification of processes that domi-
nate the heat transport into the upper troposphere and, hence,
determine the isentropic outflow level of the WCB airstream
(Fig. 13b). The complementary Eulerian perspective based
on WCB-centered composites of vertical cross-section gives
an overview of where the most important diabatic heating
takes place (Fig. 13a) and how this modifies the PV distribu-
tion.
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In agreement with previous case studies (Rasp et al., 2016;
Oertel et al., 2019, 2021), we find a large heterogeneity in the
WCB ascent behavior, which affects not only the total ascent-
integrated diabatic heating but also the heating contributions
from individual (micro-)physics processes. The fast or con-
vectively ascending WCB trajectories are on average heated
substantially more than more gradually ascending trajecto-
ries and, thus, also reach a higher isentropic surface. How-
ever, their total heating contribution is still relatively small
due to the small percentage of rapidly ascending WCB tra-
jectories in this case study.

Consideration of all parameterized non-conservative pro-
cesses shows that the ascent-integrated diabatic heating is
dominated by microphysics with smaller contributions from
turbulent processes and (shallow) convection. Longwave ra-
diative cooling near the cloud top decreases the trajectories’
isentropic level after their ascent.

From all microphysical processes, the first saturation ad-
justment, i.e., condensational growth of cloud droplets, and
vapor deposition on frozen hydrometeors dominate the to-
tal heating in the lower and upper troposphere, respectively,
which is in agreement with previous case studies (Joos and
Wernli, 2012; Martinez-Alvarado et al., 2014; Mazoyer et al.,
2021). Riming has only a small diabatic heating contribu-
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Figure 11. As Fig. 10 but for (a) riming (QXRIM), (b) evaporation of rain (QREVAP), (¢) melting (QXMLT), (d) the sum of long- and
shortwave radiation (RAD), (e) the convection scheme (CON), and (f) the sum of PV tendencies from all considered diabatic heating
processes. Panel (d) also outlines cloud and ice water content (green and orange contours, at 2mgkg!), and (f) includes the potential
vorticity distribution (colored contours, in PVU). All panels show 273 and 233 K isotherms (yellow), 320 K isentrope (blue), and the cloudy

region (gr

tion due to the small latent heat of freezing. During ascent,
the WCB air is cooled by melting of sedimenting frozen hy-
drometeors near the 0 °C isotherm. Evaporation of rain in the
lower troposphere substantially cools the WCB air, in partic-
ular prior to WCB trajectory ascent. Integrated over the WCB
ascent, the second saturation adjustment, which is called after
the explicit microphysical processes, contributes to a cooling.
In the mixed-phase region, it is associated with the Wegener—
Bergeron—Findeisen process and evaporates cloud droplets
after vapor deposition on frozen hydrometeors. Moreover,
the diabatic heating tendencies from turbulent diffusion and
the second saturation adjustment to a large extent compen-
sate each other in the lower troposphere. Hence, we sug-
gest that if diabatic heating from the second saturation ad-
justment is included in any microphysics budgets, the coun-
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=0.01 gk_l, grey line). Note that PV tendencies in (a)—(e) are 1 order of magnitude lower than those in Fig. 10.

teracting effects between the turbulent diffusion and second
saturation adjustment should be additionally considered, in
particular because the individual heating tendencies of both
processes locally can be very large but tend to counteract
each other. The remaining microphysical processes that are
explicitly represented in ICON’s two-moment scheme (such
as freezing and activation of cloud droplets) have negligi-
ble heating contributions, mainly due to small mass conver-
sion. Although this has not yet been analyzed systematically,
we hypothesize that assumptions about the representation of
these processes are still relevant, as they may to some ex-
tent influence processes with major diabatic heating contri-
butions, such as vapor deposition, rain evaporation, or ra-
diation, and due to their relevance for precipitation forma-
tion. For example, the modifications to the CCN activation
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Figure 12. Mean evolution of PV and accumulated diabatic PV rates (APV, in PVU) along (a, d) fast, (b, e) intermediate, and (c, f) slow
WCB trajectories centered at the start of the fastest 600 hPa ascent phase (see Fig. 6). (a—c) PV and APV for relevant microphysical processes
(3_MCRPHS; SATAD I and II, QXDEP, QXMLT, QXRIM, and QREVAP), as well as microphysics plus TURB, CON, and RAD (3> DIAB).
Accumulated diabatic heating (ADH, in K) from all microphysical processes (blue dashed) and the net change in potential temperature (red,
AQ) are shown in the secondary axis. (d-f) APV from individual non-conservative processes: SATAD I and II, QXDEP, QXRIM, QREVAP,
QXMLT, CON, TURB, and RAD. Full PV is shown in the secondary axis.
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Figure 13. Schematic (a) Eulerian and (b) Lagrangian perspectives of non-conservative processes in a WCB represented by the ICON
model. Additionally, (a) indicates the Wegener—Bergeron—Findeisen process (WBF), which is represented through the interaction of vapor
deposition (QXDEP) and the second saturation adjustment (SATAD II), as well as the quasi-compensation of SATAD II and the turbulent
temperature tendencies (TURB) in the lower troposphere. (b) The colors along fast and slow ascent indicate the respective ascent-integrated
diabatic heating anomalies, and the font size indicates the diabatic heating strength of the individual microphysical processes. The 0°C
isotherm is slightly elevated along fast WCB ascent.

scheme (Sect. 2.3) suggest that changes in CCN concentra- servations (Joos et al., 2017; McCoy et al., 2018) have found

tion slightly modify averaged heating rate profiles (Fig. A2d) some impacts of aerosol concentrations on WCB-related pre-
and more strongly influence hydrometeor mass and number cipitation and cloud structure. Mazoyer et al. (2021) reported
concentration distributions (Fig. A2a, b). Previous studies us- only a minor impact of changing CCN concentrations on the
ing coarser-resolution numerical models and including ob- entire simulation of a WCB case. Future studies should more
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systematically analyze the influence of CCN activation on
microphysical processes, cloud and precipitation formation,
and cloud-radiation interactions in WCBs, similar to impact
studies of aerosol concentrations in convective environments
(e.g., Seifert and Beheng, 2006b; van den Heever et al., 2011;
Barthlott et al., 2017; Marinescu et al., 2021; Barthlott and
Hoose, 2018; Barthlott et al., 2022).

While the detailed diabatic heating contributions, in partic-
ular from individual microphysical process rates, are model
specific and vary depending on the parameterization scheme
(Joos and Forbes, 2016; Mazoyer et al., 2021; Wimmer et al.,
2022), several studies using different WCB case studies,
models, and parameterization schemes have consistently sug-
gested that heating from condensation and vapor deposition
are the dominant processes (Joos and Wernli, 2012; Joos and
Forbes, 2016; Mazoyer et al., 2021). Therefore, we also ex-
pect that diabatic heating in other WCB case studies, which
typically occur in an environment with strong dynamic forc-
ing, is primarily determined by thermodynamic constraints.
Thus, in future climate conditions the increase in specific hu-
midity in the WCB inflow will result in enhanced diabatic
heating and a higher outflow level (Joos et al., 2023).

We further analyze which PV tendencies strongly con-
tribute to low-level PV production and upper-level PV re-
duction in the WCB. A local maximum of PV production
is located in the lowermost troposphere, which is related to
strong vertical gradients of the initial saturation adjustment
in an environment with large vertical vorticity. Prior to the
ascent, evaporation of rain near the surface also substantially
contributes to PV production near the surface. These large
positive near-surface PV values are transported upward by
the ascending WCB before the air parcels’ PV values de-
crease towards their initially low PV values due to PV re-
duction from condensation, vapor deposition, and longwave
radiative cooling. Large integrated PV tendencies also result
from the second saturation adjustment and heating from the
turbulence scheme. However, similar to their diabatic heat-
ing rates, the PV tendencies to some extent compensate each
other and on average contribute to a PV reduction, although
the detailed PV evolution should be considered with care due
to interpolation errors of the locally large values. The addi-
tional microphysical processes such as evaporation, riming,
and melting have smaller but non-negligible contributions to
PV modification due to their smaller diabatic heating rates
and resulting smaller heating gradients. The relative contri-
butions of the physics processes to the overall PV evolution
depend on the detailed model representation of cloud and
other physics processes and are therefore probably model de-
pendent.

The model representation of microphysical processes, in
particular assumptions about aerosol concentrations or ice
microphysics, is associated with large uncertainties. It is still
not clear how sensitive WCB ascent and the associated cloud
structure and precipitation formation are to the detailed rep-
resentation of individual microphysical parameters and how
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such uncertainties propagate to the larger scale. For exam-
ple, it is yet to be known if environmental conditions, such
as air pollution or dust outbreaks modifying CCN and ice
nucleating particle concentrations, influence WCB ascent or
if the total ascent is insensitive to the detailed representation
of cloud formation, as the bulk heating is dominated by the
total conversion of specific humidity and therefore thermo-
dynamic constraints. Therefore, sensitivity experiments em-
ploying the presented analysis framework will be conducted
in future work, using varying assumptions about uncertain
key parameters for WCB ascent. Such experiments can reveal
if, and how, uncertainties in the microphysics parameteriza-
tions influence WCB ascent behavior and integrated diabatic
heating as well as propagate to the larger-scale flow. Addi-
tionally, extending the analysis to further case studies, and
to different microphysics schemes and NWP models, would
shed more light on the role of detailed representation of in-
dividual microphysical processes in WCB ascent, the cloud
structure, and associated precipitation characteristics.

Appendix A: CCN activation

A1 Modified CCN activation parameterization

The CCN activation scheme (Hande et al., 2016) for the re-
gional ICON domain over Germany (ICON-D2) is optimized
for aerosol number concentrations over Germany and based
on extensive simulations and measurements of aerosol size
distributions during the HD(CP)? Observational Prototype
Experiment (HOPE) field campaign. The CCN activation is
parameterized as a function of updraft velocity and pressure,
accounting for thermodynamic conditions and vertical distri-
butions of aerosols, respectively (Fig. 2). Generally, the CCN
concentration is high in the boundary layer and strongly de-
creases above.

Aerosol number concentrations over continental regions
can differ substantially from concentrations over the open
ocean. Previous studies have showed that aerosol number
concentrations over the ocean decrease less strongly with
height than over continental regions, especially in the lower
troposphere (Hudson and Xie, 1999; Wang et al., 2021), al-
though variability in aerosol amount and its vertical distri-
bution is large and, among others, varies with season and
synoptic conditions. The modified CCN activation param-
eterization takes the substantially differing aerosol charac-
teristics over the North Atlantic compared to continental
Germany into account and is based on airborne measure-
ments of size-resolved aerosol number concentrations from
three research flights of the British Facility for Airborne At-
mospheric Measurements (FAAM) BAe-146 that took place
during the NAWDEX campaign in September and October
2016 (CEDA et al., 20164, b, c; CEDA, 2016). Size-binned
aerosol number concentrations were measured with a pas-
sive cavity aerosol spectrometer probe (PCASP) in the range
of 0.2 to 3 um (Nott, 2013; Droplet Measurement Technolo-
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gies, 2017). The individual steps for the modification of the
CCN activation scheme are outlined below.

Observations

The FAAM aircraft operated from the United Kingdom
(UK), and measurements were taken to the west and north
of the UK over the Atlantic and Scotland (Fig. Ala). To ac-
count for the air mass origin of PCASP measurements, 24 h
backward trajectories were calculated with LAGRANTO
(Sprenger and Wernli, 2015) from 3 h ERAS reanalysis data
(Hersbach et al., 2019, 2020). Trajectories were started in
the region around the flight tracks and every 100 hPa in the
vertical. The backward trajectories show that the flights in
September were influenced by long-range transport of mar-
itime air advected from the North Atlantic during the tran-
sition to and presence of a zonal weather regime (Schéfler
et al., 2018; Grams et al., 2017), while air measured during
the October flight is potentially more strongly influenced by
continental aerosol concentrations with low-level and mid-
level air masses advected from the North Sea region during a
Scandinavian blocking (Fig. Ala).

PCASP measurements with a temporal resolution of 1s
are available. Data during strong sinking or rising flight seg-
ments were removed, which substantially reduced the num-
ber of available data (Fig. A1b); 10 min along-flight averages
were calculated prior to computing the median size distribu-
tion (dN /dIn(D)) for the marine boundary layer (MBL) and
the free troposphere (FT) separately (Fig. Alc). Both aerosol
size distributions show two local maxima; hence, two log-
normal aerosol size distributions for the accumulation and
the coarse mode were fitted (Fig. Alc).

Cloud parcel model simulations

To obtain activated cloud droplet number concentrations
based on the observed aerosol population, we conduct parcel
model simulation with pyrcel (Rothenberg and Wang, 2016),
which due to a very short time step allows us to explicitly
predict the supersaturation evolution. The latter is key for
CCN activation and is not represented in ICON. Parcel model
simulations use the fitted aerosol size distributions, assuming
ammonium sulfate for the accumulation mode and sea salt
for the coarse mode (note that results are not very sensitive
to these assumptions). Simulations were started at different
pressure values (1000400 hPa) with constant vertical veloc-
ities of 0.01 to 50ms~". Initial temperature values for the
parcel simulations follow a dry adiabatic temperature profile,
and initial relative humidity is set to 99 %. Parcel model sim-
ulations are computed for 3000s. From each parcel model
simulation the cloud droplet number concentration (CDNC)
after the activation event, i.e., after reaching the maximum
supersaturation, is retrieved.
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Parameterization for CCN activation

The resulting CDNC values were used to fit a parameteri-
zation for CCN activation depending on pressure and verti-
cal velocity (Eq. Al), similar to the CCN activation scheme
developed by Hande et al. (2016, Fig. 2). The aerosol num-
ber concentration N, is assumed to be quasi-constant in the
well-mixed boundary layer and to decay exponentially above
with a scale height of 150 hPa for the accumulation mode and
400 hPa for the coarse mode (Fig. 2, Eq. Al). The follow-
ing equation describes the number concentration of activated
cloud droplets N. as a function of vertical velocity w and
pressure p:

—1
Ne(w. p) = Na(p)- (14 P@m=cw)) = (A1)
with
Nai(p) =
(2504 7)cm ™3, if p > 800hPa
p—800 hPa p—800 hPa
(250 - ¢ T50RPa +7.¢ F0RPz )cm T3, else

and

B(p)=by-e P27t

C(p)=cy-e P,

by = 3.46281429 x 10°, by = 1.74926665 x 10™%,
by = —2.85967514 x 107!,

c1 = 2.72664755 x 10°, ¢ = 1.12852352 x 1073,
3 = 1.50069026 x 10°.

CCN activation was limited to temperatures above —38 °C
to prevent production of very large ice number concentra-
tions by CCN activation at low temperatures and immedi-
ate subsequent homogeneous freezing of the activated cloud
droplets. Vertical profiles of the predicted CCN number den-
sities from the original parameterization by Hande et al.
(2016) (dashed lines) and our modified version (solid lines)
are shown in Fig. 2.

A2 Comparison of modified and original CCN activation
scheme

The influence of the modification of the CCN activation
scheme has been tested in a limited-area setup for the case
study presented in detail above. Figure A2 shows averaged
vertical profiles of hydrometeor number concentrations, wa-
ter content, and selected diabatic heating rates in the WCB
cloud band from two 24 h limited-area simulations using the
(1) original and (ii) modified Hande scheme (in both sim-
ulations CCN activation was limited to temperatures above
—38°C). Both limited-area simulations were run for 24 h on
the RO3B09 grid and were initialized at 00:00 UTC on 4 Oc-
tober 2016 from the ICON analysis. Lateral boundary con-
ditions are provided every 3 h from ICON analysis fields. As
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expected, the CCN activation with the modified CCN activa-
tion scheme is reduced, in particular in the lower troposphere
(Fig. A2c). This is associated with an expected reduction in
cloud droplet number concentrations and cloud water con-
tent, while rain water content and number concentrations are
increased (Fig. A2a, b). Although the effect on averaged ver-
tical profiles of diabatic heating rates, such as condensation,
evaporation, and vapor deposition on ice hydrometeors, is
relatively small (Fig. A2d), some differences in averaged di-
abatic heating rates are discernible that may influence WCB
ascent (Fig. A2d).
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Figure A1. (a) Flight tracks for the NAWDEX British FAAM flights on 23 September 2016 (orange), 27 September 2016 (green), and
14 October 2016 (blue), including mean 24 h backward trajectories from the flight tracks of all three flights (colored in orange, green, and
blue, respectively). Trajectory positions are averaged and shown for the lower (dashed lines, p > 850 hPa), middle (dotted lines, 850 hPa >
p > 300hPa), and upper (solid lines, p < 300 hPa) troposphere. (b) Zoomed-in flight tracks of (a). The highlighted tracks show regions
where data are available. (¢) Median lognormal aerosol size distribution for the marine boundary layer (MBL) and the free troposphere (FT)
for measurements from all three flights and from the flights individually.

https://doi.org/10.5194/acp-23-8553-2023 Atmos. Chem. Phys., 23, 8553—-8581, 2023



8576 A. Oertel et al.: Interaction of microphysics and dynamics in a warm conveyor belt
(@)1 (b) 15 ] qc
- ar
101 101 — q
— Qs
8 8 — 4
€ €
X X
2 6l 2 6l
N N
4 44 N
2 24 )
= S
0 . : : : 0 : — : :
0 50000 100000 150000 200000 0.00 0.05 0.10 0.15 0.20
N [kg~1] Qlgkg™]
(©) 124 —— mod. QCACT (d) 12 QXDEP
--- orig. QCACT SATAD |
SATAD Il
104 101 —— QXRIM
QREVAP
81 81
E €
v Ly
~ 9] N 8]
44 41
21 S 21
ol ———me e oo - ol , , / — , ,
0.000 0.002 0.004 0.006 0.008 0.010 0.012 -0.6 —-0.4 -0.2 0.0 0.2 0.4 0.6
DHR [K h™1] DHR [K h™1]

Figure A2. Averaged vertical profiles in the WCB cloud band (selected as the region where total water path exceeds 1kg m~2) from two
24 h long limited-area simulations of the WCB case study, illustrating the differences that arise from a modification of the original CCN
activation scheme. Solid lines show results from a simulation with the modified CCN activation scheme, and dashed lines show results
from the original CCN activation scheme. Shown are (a) hydrometeor number concentrations (N, in kg_l)); (b) hydrometeor masses (g,
in gkg_l); (c) diabatic heating rate from CCN activation (DHR, in Kh_l); and (d) diabatic heating rates (DHRs, in Kh_l) from both
saturation adjustments (SATAD I and II), vapor deposition (QXDEP), riming (QXRIM), and evaporation of rain (QREVAP).
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