
Received: 6 September 2024 Revised: 13 March 2025 Accepted: 17 March 2025

DOI: 10.1002/qj.4986

R E S E A R C H A R T I C L E

Sensitivities of warm conveyor belt ascent, associated
precipitation characteristics and large-scale flow pattern:
Insights from a perturbed parameter ensemble

Annika Oertel1 Annette K. Miltenberger2 Christian M. Grams1,3 Corinna
Hoose1

1Institute for Meteorology and Climate
Research Troposphere Research
(IMKTRO), Karlsruhe Institute of
Technology, Karlsruhe, Germany
2Institute for Atmospheric Physics,
Johannes Gutenberg University, Mainz,
Germany
3Federal Office of Meteorology and
Climatology, MeteoSwiss, Zurich-Airport,
Switzerland

Correspondence
Annika Oertel, Institute for Meteorology
and Climate Research Troposphere
Research (IMKTRO), Karlsruhe Institute
of Technology, Karlsruhe, 76131,
Germany.
Email: annika.oertel@kit.edu

Funding information
Deutsche Forschungsgemeinschaft,
Grant/Award Number: SFB/TRR 165;
Helmholtz Association, Grant/Award
Number: VH-NG-1243; Italia-Deutschland
science-4-services network in weather and
climate (IDEA-S4S), Grant/Award
Number: 4823IDEAP6

Abstract
The characteristic and strongly precipitating cloud band near extratropical cyclones
is associated with a coherent cross-isentropically ascending airstream, the warm con-
veyor belt (WCB). The WCB ascent characteristics and associated diabatic heating
are influenced by cloud microphysical processes and environmental conditions in the
WCB inflow region. The former relies on the cloud microphysical parametrisation,
and the latter on initial and/or boundary conditions of thermodynamic variables. Alto-
gether, this introduces uncertainty in numerical weather prediction (NWP) forecasts
of the WCB characteristics and ultimately the prediction of the large-scale midlatitude
flow. We quantify the relative influence of perturbations on various cloud micro-
physical processes and WCB inflow temperature and moisture (via modification of
sea-surface temperature) for a case study and thereby focus on uncertainty in WCB
ascent behaviour, associated precipitation characteristics, and properties of the ampli-
fying ridge downstream of the ascent region. To disentangle individual uncertainty
contributions, we build a high-resolution 70-member perturbed parameter ensem-
ble (PPE) with the Icosahedral Nonhydrostatic (ICON) modelling framework. The
PPE systematically combines parameter perturbations and samples the phase space
spanned by parameter uncertainty ranges. Based on the PPE, computationally cheap
statistical surrogate models are developed that subsequently facilitate variance-based
sensitivity analysis for the target variables. Our results suggest that changes to environ-
mental conditions controlling WCB inflow properties most strongly influence WCB
ascent behaviour, total surface precipitation sums, and the ridge amplitude. Yet, the
microphysical perturbations locally modify vertical velocity along WCB ascent and
determine the precipitation efficiency, which affects meso-scale precipitation charac-
teristics as well as the spatial distribution and intensity of precipitation. Moreover, the
microphysical perturbations distinctly influence the large-scale flow pattern, albeit to
a lesser extent than the perturbations applied to the WCB inflow characteristics.
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1 INTRODUCTION

Warm conveyor belts (WCBs) are strongly ascending,
cloud-producing, and precipitating airstreams in extra-
tropical cyclones (e.g., Eckhardt et al., 2004; Madonna
et al., 2014; Wernli & Davies, 1997). They play an impor-
tant role for numerical weather prediction (NWP; Rodwell
et al., 2017) as they produce a large part of the surface
precipitation in extratropical cyclones (Pfahl et al., 2014)
and as their interaction with the large-scale upper level
flow can influence the downstream ridge characteris-
tics and Rossby wave evolution (e.g., Grams & Archam-
bault, 2016; Joos & Forbes, 2016; Mazoyer et al., 2021;
Oertel et al., 2023b; Pomroy & Thorpe, 2000; Rivière
et al., 2021). Thus, the misrepresentation of WCB ascent
in NWP models can influence large-scale upper level flow
properties and amplify forecast errors (Schäfler & Har-
nisch, 2015; Grams et al., 2018; Berman & Torn, 2019; Oer-
tel et al., 2020; Berman and Torn, 2022; Pickl et al., 2023).
The WCB impact on the downstream ridge amplifica-
tion can be linked to errors in direct potential vorticity
modification (Joos & Forbes, 2016; Mazoyer et al., 2021;
Pomroy & Thorpe, 2000) and/or in the upper level diver-
gent outflow (Baumgart et al., 2019; Grams & Archam-
bault, 2016; Martínez-Alvarado et al., 2014; Steinfeld &
Pfahl, 2019; Teubler & Riemer, 2021), which is associated
with latent heating during cloud formation (e.g., Baum-
gart et al., 2019; Riemer & Jones, 2010). The total latent
heating during WCB ascent is substantially determined
by cloud microphysical processes (Joos & Wernli, 2012;
Martínez-Alvarado et al., 2014; Oertel et al., 2023a).

To date, the representation of cloud microphysics in
NWP models is associated with large uncertainties (Dear-
den et al., 2016; Hande & Hoose, 2017; Khain et al., 2015).
Sensitivity studies have shown that changing the cloud
microphysics scheme can influence WCB ascent, which
also propagates perturbations to the large-scale upper level
flow (Joos & Forbes, 2016; Mazoyer et al., 2021, 2023).
Further case study evidence suggests that WCB ascent
and diabatic heating are sensitive to environmental con-
ditions (Boutle et al., 2011; Schäfler & Harnisch, 2015;
Berman & Torn, 2019, 2022), model physics perturbations
(Pickl et al., 2022, 2023), model resolution (Choudhary
& Voigt, 2022), and in particular to the detailed rep-
resentation of cloud microphysical processes (Forbes &
Clark, 2003; Hieronymus et al., 2022; Joos & Forbes, 2016;
Mazoyer et al., 2021, 2023; Neuhauser et al., 2023). As
the WCB ascends from near-surface into the upper tro-
posphere, liquid-, mixed-, and ice-phase microphysics
interact (e.g., Gehring et al., 2020; Joos & Wernli, 2012;
Mazoyer et al., 2021; Oertel et al., 2023a), and sensitiv-
ities of WCB ascent to the parametrisations of mixed-

(Mazoyer et al., 2023) and ice-phase (Mazoyer et al., 2021)
processes have been documented.

Both total and extreme precipitation in the mid-
latitudes are modulated by WCB occurrence (Pfahl
et al., 2014). Although the WCB is often depicted as a
stratiform cloud-producing airstream, embedded convec-
tion can locally increase precipitation rates (Crespo &
Posselt, 2016; Oertel et al., 2019, 2020, 2021). Precipitation
formation along WCB ascent can be slightly delayed in
polluted conditions with high aerosol concentrations (Joos
et al., 2017). Yet, the impact of aerosols on precipitation
rates in a coarse-resolution model simulation was found
to be rather small (Joos et al., 2017). Besides, the rain rate
in extratropical cyclones is generally constrained by mois-
ture influxes into the cyclone (Dacre et al., 2019), and the
cloud liquid water path also adjusts to changes in the cloud
droplet number concentration (McCoy et al., 2018).

In NWP, uncertainty can be introduced by initial con-
dition (IC) uncertainty and parametric uncertainty arising
from an imperfect observation-assimilation system and
the need for parametrisation of subgrid-scale physics pro-
cesses. The individual impact of specific parametrised pro-
cesses on uncertainties in NWP can be quantified with
classical sensitivity experiments—for example, see Joos
and Forbes (2016); Joos et al. (017); Mazoyer et al. (2021);
Rivière et al. (2021); Choudhary and Voigt (2022); Wim-
mer et al. (2022); Mazoyer et al. (2023) for WCB case
studies—which typically cannot sample the full phase
space spanned by the uncertainty ranges of model param-
eters. The recent emergence of perturbed parameter
ensembles (PPEs; see Section 2.2.1) for cloud microphys-
ical applications (e.g., Glassmeier et al., 2019; Hoffmann
et al., 2020; Johnson et al., 2015; Lee et al., 2011; Wellmann
et al., 2018, 2020) facilitates a relatively dense sampling of
a multiparameter phase space with a comparatively small
number of computationally expensive NWP simulations.

To our knowledge, this study for the first time applies
a PPE approach to a WCB case study combining per-
turbations to poorly constrained cloud microphysical
model parameters, aerosol concentrations, and thermo-
dynamic properties in the lower troposphere. The PPE
approach combined with subsequent variance-based sen-
sitivity analysis allows the disentanglement of different
sources of uncertainty and quantification of the pertur-
bations’ impacts for (a) WCB ascent, (b) associated sur-
face precipitation structures, and (c) characteristics of the
amplified downstream ridge. Thereby, we illustrate how
small-scale perturbations can project to a larger scale and
thereby contribute to enhanced process understanding of
error growth with implications for constraints on and fur-
ther development of model physics parametrisations, as
well as of ensemble configurations.
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Specifically, we address the following questions:

1. How does uncertainty in cloud microphysical param-
eters and environmental conditions relevant for cloud
formation influence the representation of WCB ascent
and which parameter perturbations dominate the
changes in WCB ascent characteristics?

2. How do the parameter perturbations influence proper-
ties of the cloud system, specifically the precipitation
structure?

3. Do the perturbations affect the evolution of the larger
scale flow and, consequently, demonstrate potential for
downstream impact?

The article is structured as follows. We first briefly
introduce the numerical model (Section 2.1) and the
analysis framework, including the PPE, Gaussian pro-
cess emulation, and variance-based sensitivity analysis
(Section 2.2). Before presenting the sensitivity of WCB
ascent to cloud microphysical parameters and environ-
mental conditions (Section 4), the evolution of PPE spread
is characterised (Section 3). Subsequently, we show how
the parameters influence forecast properties, specifically
precipitation characteristics (Section 5) and the simulation
of the large-scale flow pattern (Section 6), before conclud-
ing with a summary (Section 7).

2 METHODS

To quantify the uncertainty related to microphysical pro-
cesses, we perform systematic sensitivity experiments with
the Icosahedral Nonhydrostatic (ICON) modelling frame-
work (Zängl et al., 2015) for a WCB case study occurring
in October 2016 during the North Atlantic Waveguide and
Downstream Impact Experiment (NAWDEX) campaign
(IOP 7; Schäfler et al., 2018). The sensitivity experiments
include perturbations to five selected parameters, which
represent uncertain microphysical model parameters and
environmental conditions relevant for cloud formation. In
the following, we first describe the NWP model set-up
before outlining the analysis framework.

2.1 NWP model ICON

The ICON model set-up and applied online diagnostics
closely follow the approach by Oertel et al. (2023a). A
global ICON simulation (version 2.6.2.2; Zängl et al., 2015)
with approximately 13 km effective grid spacing (R03B07
grid) is run freely for 72 hr with a time step of 120 s.
The simulation is initialised from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)

analysis at 1800 UTC on October 3, 2016. Two higher res-
olution nests with approximately 6.5 km (R03B08 grid)
and 3.3 km (R03B09 grid) effective grid spacing, with time
steps of 60 s and 30 s respectively, are coupled to the global
simulation via two-way feedback (Oertel et al., 2023a;
Zängl et al., 2022). The higher resolution nests encompass
the WCB ascent region (Figure 1) and facilitate a more
detailed representation of microphysical processes, which
are parametrised by a two-moment microphysics scheme
(Seifert & Beheng, 2006a) with six prognostic hydrom-
eteor types (cloud liquid, qc; ice, qi; rain, qr; snow, qs;
graupel, qg; and hail, qh), and their corresponding num-
ber concentrations. For an overview of individual micro-
physical process rates, we refer to Oertel et al. (2023a,
section 2.2). Further, the ICON default parametrisation
schemes are used for turbulence (Raschendorfer, 2018),
subgrid-scale orographic drag (Lott & Miller, 1997), and
non-orographic gravity wave drag (Orr et al., 2010). Radia-
tive transfer is parametrised by the ecRad scheme (Hogan
& Bozzo, 2018). Shallow convection is parametrised in all
domains, and deep convection is treated explicitly in the
refined nests and parametrised with the Tiedtke–Bechtold
convection scheme (Bechtold et al., 2008; ECMWF, 2016;
Tiedtke, 1989) in the global domain.

We use a Lagrangian framework to identify WCB tra-
jectories through an ascent criterion of at least 600 hPa in
48 hr (Madonna et al., 2014; Wernli & Davies, 1997). To
capture smaller scale heterogeneities and rapid, convec-
tive ascent embedded in the WCB (Blanchard et al., 2020;
Oertel et al., 2020, 2021; Rasp et al., 2016), as well
as perturbations from microphysical processes (Mazoyer
et al., 2021; Miltenberger et al., 2016, 2020), we employ
high-resolution online trajectories (Oertel et al., 2023a),
which are calculated during the simulation using wind
fields on the original model grid at each time step. Tra-
jectory positions are 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; see Oertel et al. (2023a) for details. Moreover,
the trajectories are able to enter and leave the refined
nests.

Following Oertel et al. (2023a), online trajectories are
started every 1 hr during the 72 hr simulation from six ver-
tical levels between 200 and 1,500 m, and approximately
1,900 longitude and latitude positions between −55◦E to
−15◦E and 35◦N–55◦N predefined based on offline WCB
calculations with LAGRANTO (Sprenger & Wernli, 2015).
In total, approximately 820,000 trajectories are started in
every simulation from the same positions. Trajectory posi-
tions and properties, such as pressure, temperature, and
diabatic heating rates, are output every 1 hr (see Support-
ing Information Table A1 for list of available variables
along online trajectories). From all the trajectories, we only
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4 of 32 OERTEL et al.

F I G U R E 1 Synoptic evolution of the warm conveyor belt (WCB) case on (a, b) October 4 at 0600 UTC, (c, d) October 4 at 1800 UTC,
and (e, f) October 5 at 0600 UTC. (a, c, e) The 1-hr surface precipitation Psfc (kg ⋅ m−2) and mean-sea-level pressure (grey contours, every
5 hPa) from the second domain, as well as the dynamical tropopause (2 PVU at 320 K; red contour) taken from the global domain. Black
markers denote WCB air parcel positions from WCB trajectories that started their ascent 6 hr prior to the times shown (only every 10th WCB
trajectory is shown). The orange lines indicate the extent of both refined nests. (b, d, f) Temperature T (K) at 1,000 hPa taken from the global
domain and WCB trajectories that started their ascent 6 hr prior to the time shown (green; only every 10th WCB trajectory is shown). WCB
air parcel positions are indicated as in (a), (c), and (e). Also shown are mean-sea-level pressure (grey contours, every 5 hPa) and the
dynamical tropopause (red). All fields are taken from the unperturbed reference simulation.

select those that fulfil the ascent criterion of 600 hPa in
48 hr as WCB trajectories. The WCB ascent phase is sub-
sequently defined as the period with the fastest 600 hPa
ascent and described in the following by the associated
characteristic ascent time-scale (𝜏600; Oertel et al., 2021,
2023a).

Figure 1 shows the synoptic evolution of the WCB case,
which is described in more detail in Oertel et al. (2023a).
The surface cyclone, which is associated with the WCB
cloud band, originates from the western North Atlantic

and has propagated across the North Atlantic before
developing clear frontal structures. The WCB airstream is
associated with an extended cloud band and surface pre-
cipitation in the cyclone’s warm sector (Figure 1a,c,e). On
October 4 and 5, WCB trajectories ascend primarily ahead
of the cold front and the upper level trough located in the
central North Atlantic south of Greenland (Figure 1b,d,e).
The WCB trajectories ascend into the downstream ridge,
which amplifies over the eastern North Atlantic and
Europe (Figure 1d,f).
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2.2 Sensitivity experiments

We quantify sensitivities to five uncertain input param-
eters (i.e., the number of perturbed input parameters
NP = 5). To systematically cover the full parameter space
from five selected uncertain parameters, a large number
of simulations is required where each simulation com-
bines different input parameter values. Such simulations
ideally cover the entire phase space spanned by the uncer-
tain parameters with a fairly dense sampling. As such an
approach is not feasible with a computationally expen-
sive NWP model, we employ statistical emulation, which
is based on building fast and computationally cheap sta-
tistical surrogate models, the emulator, that can be used
to explore the entire phase space spanned by the uncer-
tain input parameters. The surrogate models are trained on
a PPE, in which numerically expensive full NWP ensem-
ble members optimally explore the entire phase space
spanned by the uncertain input parameters. Subsequently,
surrogate models can be built independently for selected
model output variables (“target variables”), such that the
target variable (see Table 3) can be approximated from
the emulator using very densely spaced input parameter
combinations.

The following briefly outlines the applied method that
follows Lee et al. (2011); Johnson et al. (2015); Wellmann
et al. (2018, 2020).

1. A (relatively) large number of simulations with the
numerically expensive NWP model ICON using opti-
mal parameter combinations for NP = 5 uncertain
parameters is conducted (Section 2.2.1). These form the
PPE.

2. Computationally cheap statistical surrogate models
are developed for carefully selected target variables
using multidimensional Gaussian process emulation
(Section 2.3).

3. The statistical surrogate models are used for
variance-based sensitivity analysis, which quanti-
fies the individual contributions of each uncertain
parameter for the total uncertainty in the target vari-
able (Section 2.4). Variance-based sensitivity analysis
requires a very large number of simulations, which
can only be realised with a computationally cheap
statistical surrogate model.

2.2.1 Perturbed parameters

The PPE comprises 70 individual members (Section 2.2.2)
whereby each member includes combined per-
turbations to NP = 5 uncertain model parameters
X = {X1,X2, … ,X5}. “Parameter” here refers to a scalar

model quantity that can be independently perturbed and
influences WCB ascent and associated cloud formation.
The parameters selected represent uncertain parame-
ters prescribed in the applied two-moment microphysics
scheme, as well as particularly uncertain environmen-
tal conditions relevant for cloud microphysical processes
and WCB ascent. Specifically, we perturb cloud con-
densation nuclei (CCN) and ice nucleating particle
(INP) concentrations, which are prescribed in ICON
and most NWP systems, and thus represent parametric
uncertainty. We further perturb the capacitance (CAP)
parameter, which influences vapour deposition onto ice
and snow, and the maximum possible supersaturation
(SAT) with respect to liquid. Uncertainty in thermo-
dynamic boundary conditions is introduced through
changes to sea-surface temperature (SST), which mod-
ifies WCB inflow specific humidity and temperature.
Parameter selection is based on prior knowledge of rel-
evant processes for diabatic heating in the WCB (Oertel
et al., 2023a) and also takes into account which model
parameters are particularly poorly constrained. Param-
eters and their ranges are defined based on literature, a
previous detailed analysis of the case study, and expert
solicitation, and are described subsequently herein and
in Table 1. In addition to the 70 PPE members, we
include one unperturbed reference and eight so-called
end-member simulations with one-at-a-time parameter
perturbations and the respective maximum parameter
ranges (Table 2).

CCN

The representation of cloud droplet activation (i.e., the
activation of aerosol particles to cloud droplets) influ-
ences the subsequent microphysical process rates and
dynamical response of cloud systems (e.g., Barrett &
Hoose, 2023; Barthlott et al., 2022; Barthlott & Hoose, 2018;
Noppel et al., 2010; Seifert & Beheng, 2006b; Wellmann
et al., 2018).

The cloud droplet activation scheme applied (Hande
et al., 2016) assumes a vertical CCN profile that decays
with height, and droplet activation explicitly scales with
the grid-scale vertical velocity. The assumed vertical CCN
profile is invariant in time, although CCN concentrations
can vary substantially depending on local air-mass origin
(Hudson & Xie, 1999; Watson-Parris et al., 2019), season
(Hande et al., 2016; Wang et al., 2021), or synoptic con-
ditions (Wang et al., 2021). The parametrisation for cloud
droplet activation applied has been modified from ICON’s
default two-moment scheme—originally developed for
continental Germany by Hande et al. (2016)—to account
for CCN concentrations over the Atlantic; see Oertel
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T A B L E 1 Overview of uncertain parameters and their ranges for the perturbed parameter ensemble. The perturbed parameters
represent variations in sea-surface temperature (SST), cloud condensation nuclei concentration (CCN), ice nucleating particle concentration
(INP), capacitance of snow and ice (CAP), and maximum supersaturation with respect to liquid (SAT). The processes directly influenced by
the parameters are also named.

Parameter Min Max Unit Process

SST −2 +2 K Latent and sensible heat fluxes over sea surface

CCN 0.4 20 Scaling factor Cloud droplet activation

INP 0.01 20 Scaling factor Ice nucleation (immersion and deposition, freezing of rain)

CAP 0.2 1 Scaling factor Growth of ice/snow by vapour deposition

SAT 0 0.1 — Condensation from saturation adjustment scheme

T A B L E 2 Overview of end-member simulations and their respective parameter perturbations. The parameters fCCN, fINP, and fCAP are
multiplicative (i.e., 1 corresponds to the unperturbed state), whereas fSST and fSAT are additive (i.e., 0 corresponds to the unperturbed state)

End member fSST fCCN fINP fCAP fSAT

REF 0 1 1 1 0

SST+ 2 1 1 1 0

SST− −2 1 1 1 0

CCN+ 0 20 1 1 0

CCN− 0 0.4 1 1 0

INP+ 0 1 20 1 0

INP− 0 1 0.01 1 0

CAP− 0 1 1 0.2 0

SAT+ 0 1 1 1 0.1

Note: SST: sea-surface temperature; CCN: cloud condensation nuclei concentration; INP: ice nucleating particle concentration; CAP: capacitance of snow and
ice; SAT: supersaturation with respect to liquid.

et al. (2023a) for details. The number of activated cloud
droplets Nc depends on vertical velocity w (m ⋅ s−1) and
pressure p (hPa), and is defined following Equation (1),
with prescribed pressure-dependent coefficients Na(p),
B(p), and C(p):

Nc(w, p) = Na(p)[1 + e−B(p)×ln(w)−C(p)]−1, (1)

with

Na(p) =
⎧⎪⎨⎪⎩

(250 + 7) cm−3 if p ≥ 800 hPa,

[250 × e(p−800 hPa)∕150 hPa

+7 × e(p−800 hPa)∕400 hPa] cm−3 else,

and

B(p) = b1 × e−b2×p+b3

C(p) = c1 × e−c2×p+c3

b1 = 3.46281429 × 100, b2 = 1.74926665 × 10−4,

b3 = −2.85967514 × 10−10

c1 = 2.72664755 × 100, c2 = 1.12852352 × 10−3,

c3 = 1.50069026 × 100.

To account for the uncertainty in the representation
of CCN concentrations, the number of activated cloud
droplets per time step Nc(w, p) is scaled by a factor fCCN
that varies between 0.4 and 20 and approximately rep-
resents observed CCN variability ranges (e.g., Wylie &
Hudson, 2002; Hande et al., 2015, 2016; Genz et al., 2020;
Wang et al., 2021). This results in CCN concentrations
ranging between approximately Nc = 100 cm−3 and
5, 000 cm−3 respectively in the limit of large vertical veloc-
ities and in the lower troposphere (i.e., for pressure values
larger than 800 hPa). In the unperturbed reference, Nc
amounts to approximately 250 cm−3; see Oertel et al.
(2023a, Fig. 2).
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INP

INP concentrations primarily influence the number
of newly formed ice particles through heterogeneous
freezing and are prescribed by temperature-dependent
functions following Hande et al. (2015), although, sim-
ilar to CCN concentrations, their concentrations in the
atmosphere can vary across several magnitudes (DeMott
et al., 2010; Hande et al., 2015). To account for uncer-
tainty in their representation, three processes that are
influenced by INP concentrations are scaled with a fac-
tor fINP: immersion freezing of cloud droplets (Hande
et al., 2015), deposition nucleation of cloud ice (Hande
et al., 2015), and freezing of raindrops (Bigg, 1953). In
each PPE member, the same scaling factor is applied to
all three processes, and all freezing rates are varied on a
logarithmic scale within the range of 0.01 to 20. Thus, for
example, at −15◦C and 110% relative humidity over ice,
the immersion freezing INP concentration varies between
< 1 m−3 and ∼ 100 m−3 (5 m−3 for the unperturbed
reference).

CAP

The capacitance (CAP) of frozen hydrometeors determines
the efficiency of water vapour deposition onto their sur-
face and captures both the solid particle’s habit and its size
(Westbrook & Heymsfield, 2011). Hence, the value of CAP
chosen influences the rate of depositional growth of ice
and snow, and thus ice and snow water content (e.g., Lin &
Colle, 2011), as well as associated latent heating. Theory
predicts that, for spheres, CAP is largest and equals the
radius (CAP = 0.5D, with D the diameter). However, the
habit of ice crystals is very heterogeneous, and the nor-
malised CAP (CAP/D) depends on the aspect ratio (e.g.,
Chiruta & Wang, 2005; Westbrook et al., 2008; Westbrook
& Heymsfield, 2011), such that rosettes, aggregates, or
columns often have a reduced CAP (Chiruta & Wang, 2003,
2005). Observations (and in particular the model represen-
tation) of normalised CAP values are uncertain, and values
range between 0.1 and 0.5 (Lin & Colle, 2011; Westbrook
& Heymsfield, 2011). Here, we simultaneously scale CAP
of ice and snow with a factor fCAP that varies between 0.2
and 1, which results in normalised CAP values between 0.1
and 0.5. The normalised CAP value for the unperturbed
reference amounts to 0.5. Each PPE member includes the
same scaling factor for both ice and snow. As graupel and
hail approach the shape of a sphere, their CAP is kept
constant.

SAT

ICON uses a saturation adjustment scheme (once before
and once after the explicit microphysical processes), which
establishes thermodynamic equilibrium between water
vapour and cloud droplets by condensation or evapo-
ration of cloud droplets respectively. The instantaneous
removal of super- or subsaturation assumes that clouds
relax instantly to a thermodynamic equilibrium; that is,
no supersaturation with respect to liquid is possible (i.e.,
qv∕qv,s ≤ 1, with qv the specific humidity and qv,s the sat-
uration specific humidity over water). The use of a satu-
ration adjustment on coarser grid scales and with model
time steps longer than the characteristic time-scale for
condensation is considered adequate (Chuang et al., 1997).
However, at higher spatial resolutions, where large verti-
cal velocities may be present, supersaturated conditions
can establish. In such cases, the use of a saturation adjust-
ment can artificially increase condensation at lower levels
(Lebo et al., 2012) and modify diabatic heating profiles
(Igel & Van Den Heever, 2021). As the diabatic heat-
ing from the saturation adjustment is a primary heating
contribution for WCB ascent and essentially determines
diabatic heating during its ascent (Oertel et al., 2023a),
we also introduce perturbations to the saturation adjust-
ment by increasing the maximum possible saturation ratio
to values > 1. The details of CCN activation and cloud
base supersaturation cannot be resolved at the vertical
grid spacings and time steps used in our set-up. How-
ever, after CCN activation, supersaturation can be shown
to approach an equilibrium value, which is determined by
updraught velocity and diffusional growth of cloud par-
ticles (for a time-invariant updraught velocity). Based on
this consideration, we introduce a dynamic supersatura-
tion scaling, Equation (2), which allows supersaturation
depending on local vertical velocity. Thereby, higher super-
saturation can be established in faster updraughts (Korolev
& Mazin, 2003; Morrison & Grabowski, 2008).

To dynamically increase the saturation ratio S (S =
q∗

v,s(T, p)∕qv,s(T, p)), the critical specific humidity thresh-
old to equilibrate water vapour and cloud droplets q∗

v,s(T, p)
is set to

q∗
v,s(T, p) = [1 + (fSATw)]qv,s(T, p)|w > 0. (2)

The scaling factor fSAT that is applied to the critical sat-
uration specific humidity q∗

v,s(T, p) varies in the range of
0 to 0.1. The default is fSAT = 0, which simply uses the sat-
uration specific humidity qv,s(T, p) at temperature T and
pressure p as critical threshold for qv, that is the standard
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8 of 32 OERTEL et al.

saturation adjustment approach. Equilibrium supersat-
uration is approximately on the order of fSAT ∼ 0.001,
given the median estimated cloud droplet radius and low
number concentrations estimated from this case study.
To analyse the effect of very extreme supersaturation val-
ues in pristine conditions, maximum fSAT values for the
sensitivity experiments are set to 0.1.

SST

The lower tropospheric humidity in the WCB inflow
region is important for its subsequent ascent (Schäfler &
Harnisch, 2015; Quinting & Grams, 2021, 2022; Berman &
Torn, 2019, 2022; Dacre et al., 2019; Boettcher et al., 2021)
and can, for example, be modulated by the representa-
tion of the underlying SST (Christ et al., 2025). Errors
in the model representation of inflow specific humid-
ity can influence total diabatic heating in the WCB
and subsequently also the upper level flow (Schäfler &
Harnisch, 2015; Berman and Torn, 2022; Christ
et al., 2025). Specific humidity errors in the WCB inflow
region in NWP models can amount to up to 1–2 g ⋅ kg−1

(Schäfler et al., 2011; Schäfler & Harnisch, 2015). More-
over, the low-level stability (e.g., vertical 𝜃e gradient) is
important for detailed WCB ascent behaviour and in par-
ticular can modify the fraction of rapidly ascending WCB
trajectories (Oertel et al., 2019, 2021). To analyse the sen-
sitivity to the temperature and moisture availability in
the WCB inflow, we modify SST using a constant offset in
the range of ±2 K, which continuously changes surface
latent and sensible heat fluxes throughout the simula-
tion, and hence gradually influences low-level specific
humidity and temperature, and thus 𝜃e (see also Sánchez
et al., 2024). As free-running simulations are used, SST,
instead of ICs, were modified to avoid that the additional
moisture and temperature perturbations are immediately
removed during model spin-up through the introduced
imbalances. In NWP simulations with the ICON model,
SST is by default kept constant during the simulation.
The reference SST is taken from the analysis of ECMWF’s
Integrated Forecasting System (IFS) at initial time and
subsequently perturbed globally.

At 50◦N, an SST difference of 4 K corresponds approx-
imately to a 5–10◦ poleward shift (Roberts et al., 2021),
and could also be interpreted as uncertainty in cyclone
position and WCB inflow location. In subseasonal fore-
casts, substantial local SST biases of ±2 K can emerge and
are particularly large in the Gulf Stream region, which
impacts forecasts of the North Atlantic circulation and
Northern Hemispheric waveguide (Roberts et al., 2021).
Understanding the local SST impacts on WCB ascent
and downstream flow evolution can also mechanistically

link SST and boundary-layer processes to the midlatitude
upper level circulation (e.g., Czaja, 2019; Kwon et al., 2020;
Roberts et al., 2020, 2021, 2022; Schemm, 2023; Wenta
et al., 2024).

2.2.2 Design of experiments

To optimally cover the five-dimensional phase space
spanned by the uncertain parameters, optimal parameter
perturbations within the predefined parameter ranges
(Section 2.2.1) for the sensitivities are determined using
Latin hypercube sampling (Morris & Mitchell, 1995;
Stein, 1987), which maximises the minimum distance
between the input parameter combinations (Feingold
et al., 2016) and results in a uniform distribution of
parameter values. We use N = 10 × NP input parameter
combinations (where NP is the number of perturbed input
parameters) to train the emulator; that is, 50 initial param-
eter value combinations are used for simulations with
the full NWP model set-up (Johnson et al., 2015; Loeppky
et al., 2009). The simulations for the validation dataset
are obtained by extending the initial 50 input parameter
combinations by 20 additional simulations (N = 4 × NP),
which optimally fill the gaps in the phase space occu-
pied by the existing 50 parameter combinations. After the
augmentation, the resulting 70 parameter perturbations
also represent a Latin hypercube. The R package “LHS”
(Carnell, 2024) was used for the Latin hypercube design.

2.3 Gaussian process emulation

Gaussian process emulation (O’Hagan, 2006; Ras-
mussen, 2004; Rasmussen & Williams, 2006) is used to
develop statistical surrogate models for selected target
variables Y , such that Y can be approximated with the
emulator for any given input parameter value combina-
tion x = {x1, x2, … , x5} within the specified parameter
ranges. In atmospheric sciences, Gaussian process emu-
lation has been successfully applied to understand
parametric uncertainty and uncertainty related to bound-
ary/background conditions in numerical models (e.g.,
Glassmeier et al., 2019; Hoffmann et al., 2020; Johnson
et al., 2015; Lee et al., 2011; Posselt et al., 2016; Wellmann
et al., 2018, 2020).

A Gaussian process is a generalisation of the multi-
variate Gaussian distribution to an infinite number of
variables (Rasmussen, 2004). The Bayesian method can
be used to estimate multidimensional relationships from
sparse, but smoothly varying data. It is described by a
mean function m(x), where x = {x1, x2, … , x5} represent
the uncertain input parameter values, and a covariance
structure V(x,x′):
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OERTEL et al. 9 of 32

T A B L E 3 Overview of target variables diagnosed from the perturbed parameter ensemble members classified in target variables
characterising warm conveyor belt (WCB) ascent (Section 4), precipitation (Section 5), and large-scale flow patterns (Section 6). See text for
details.

Variable symbol Variable description Lagrange/Eulerian

Ntra Number of WCB trajectories Lagrange

𝜏600 Mean ascent time-scale Lagrange

f3h Fraction of trajectories with ascent time-scale below 3 hr Lagrange

f10h Fraction of trajectories with ascent time-scale below 10 hr Lagrange

ADH Total WCB ascent integrated diabatic heating Lagrange

wcp∕wwp Local maximum of cold-phase/warm-phase ascent velocity along
WCB ascent

Lagrange

𝜃cp∕𝜃wp Local maximum of cold-phase/warm-phase diabatic heating rate
along WCB ascent

Lagrange

P24h, P36h, P48h, P72h 24-hr, 36-hr, 48-hr, 72-hr integrated surface precipitation sum Eulerian

MPE Microphysical precipitation efficiency Eulerian

LPE Lagrangian precipitation efficiency estimate Lagrange

P99.9 Precipitation intensity Eulerian

PC1 (Z300),∗ PC1 (Z500)∗ Principal component for EOF 1 for geopotential at 300 and 500 hPa
at lead times 24, 48, and 72 hr

Eulerian

PC2 (Z300),∗ PC2 (Z500)∗ Principal component for EOF 2 for geopotential at 300 and 500 hPa
at lead times 24, 48, and 72 hr

Eulerian

PC3 (Z300),∗ PC3 (Z500)∗ Principal component for EOF 3 for geopotential at 300 and 500 hPa
at lead times 24, 48, and 72 hr

Eulerian

Note: Target variables denoted with an asterisk are analysed but no variance decomposition is explicitly performed. EOF: empirical orthogonal function.

Y ∼ GP[m(x),V(x,x′)],
m(x) = h(x)T𝜷,

V(x,x′) = 𝜎2c(x,x′),

where h(x) contains known regression functions of x, and
𝜷 consists of unknown coefficients that are fitted dur-
ing the training of the emulator. We use a linear mean
function. The covariance structure, which defines the
covariance in the target variable Y for any pair of input
parameter combinations x and x′, is specified by a scale
parameter 𝜎2 and a correlation function, c(x,x′), which
is here chosen to be the Matérn correlation as it can cope
with slightly rougher surfaces than the squared expo-
nential correlation (Johnson et al., 2015; Rasmussen &
Williams, 2006). The unknown hyperparameters of the
Gaussian process are estimated from the training data
using a maximum likelihood method.

We build independent Gaussian process emulators for
several target variables (see Table 3) that are described in
detail in Sections 4–6. For the training and validation of the
emulator, the entire 70-member PPE was split into a train-
ing dataset, comprising the first 50 members, and a valida-
tion dataset, comprising the remaining 20 members. The

quality of the individual emulators is evaluated by com-
paring the emulator predictions for the independent val-
idation data with the corresponding direct model output
following Johnson et al. (2015) and Wellmann et al. (2018).
The predicted values, and their 95% confidence intervals,
lie close to the line of equality, indicating a reasonable
model fit (Figure 2). An inherent property of a Gaussian
process is that the predicted target variable values for the
training dataset are identical to their real values (Figure 2;
see also Lee et al., 2011).

The computationally cheap and fast emulator can be
used to establish a dense sampling of the variation of the
target variable across the entire five-dimensional phase
space spanned by the uncertain input parameters and their
predefined ranges. The dense random sampling allows for
variance analysis and thereby for a quantification of the
contribution of each uncertain parameter to the total vari-
ance of a target variable across the entire phase space (see
Section 2.4). In particular, we use the emulator to gener-
ate a total of 50,000 (i.e., 10,000 per perturbed parameter)
predictions. To illustrate the methodology, Figure 3 shows
the emulator predictions for the target variable “number
of WCB trajectories” Ntra. Both the ICON data (orange
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F I G U R E 2 Validation of the fitted Gaussian process for the
number of trajectories Ntra. Emulator predictions for Ntra and
according 95% confidence intervals versus Ntra from the ICON
simulations for the validation data (black). The emulator
predictions for the training data are shown in red, visualising the
perfect fit of a Gaussian process emulator for the training data.

markers) and the emulator simulations (black line and
shading show mean and standard deviation of 50,000 emu-
lator predictions) suggest that Ntra linearly increases with
increasing SST within the perturbed range. Moreover, a
smaller influence from CCN and INP is evident, whereas
no systematic impact from CAP and SAT perturbations is
discernible.

2.4 Variance-based sensitivity analysis

The variance of a specific target variable across an ensem-
ble is a commonly used measure for uncertainty. In the
PPE, the uncertainty is introduced by the variations in the
input parameter values of the NP uncertain parameters.
For NP independent input parameters, the total variance V
can be decomposed into different contributions (Oakley &
O’Hagan, 2004):

V =
NP∑
i=1

Vi +
∑
i<𝑗

Vi,𝑗 + · · · + V1,… ,NP , (3)

where Vi are the contributions from each of the NP uncer-
tain parameters (in our case NP = 5), and the other terms
are the contributions from input parameter interactions.

We define the so-called “main effect” (ME) from each
uncertain input parameter as the fraction of variance
explained by the parameter considered:

MEi =
Vi

V
. (4)

The remaining fraction of the sum of all individual main
effects (1 −

∑NP
i=1MEi) is the interaction effect, which indi-

cates how much the individually perturbed input parame-
ters interact with each other.

We use the R package “sensitivity” (Iooss et al., 2023)
and the extended Fourier amplitude sensitivity test
(Saltelli et al., 1999) for variance decomposition, which
facilitates a global sensitivity analysis but requires a large
sample size. The large sample size of several thousands
of realisations of the target variable with densely spaced
input parameter values is only feasible with the computa-
tionally cheap emulators (see Section 2.3). For the variance
decomposition, we generate 10,000 predictions of the tar-
get variable per uncertain input parameter NP using the
surrogate model. Figure 3f shows the main effects for
Ntra: SST perturbations explain 90% of total variance in
Ntra (ME = 90%) within the predefined ranges, and CCN
and INP perturbations almost equally contribute approxi-
mately 5% and 4% respectively to the total variance in Ntra.
This is broadly consistent with the behaviours suggested
by the scatterplots in Figure 3a–e.

3 GROWTH OF ENSEMBLE
SPREAD IN BASIC
METEOROLOGICAL VARIABLES

A commonly used measure to evaluate uncertainty in an
ensemble is the ensemble standard deviation, often termed
ensemble spread. In this section we illustrate the evolution
of ensemble spread in the PPE and compare its evolu-
tion with quasi-operational forecasts with ECMWF’s IFS,
including physics and IC perturbations (Pickl et al., 2022),
to qualitatively validate the effect of the parameter pertur-
bations on the PPE ensemble spread. Note that a quan-
titative validation of the PPE quality and comparison
with the quasi-operational IFS ensemble would require
boot-strapping to quantify the ensemble spread, account-
ing for the difference in the number of ensemble members
as well as consideration of the spread–error relation. This
is, however, beyond the scope of this study, which focuses
on the quantification of individual parameter sensitivities.

Operationally, the ECMWF applies both stochastically
perturbed parametrisation tendencies (SPPT), an opera-
tionally applied technique to increase ensemble spread by
perturbing physics tendencies (Leutbecher et al., 2017),
and IC perturbations (Buizza et al., 2008; Leutbecher
et al., 2017; Leutbecher & Palmer, 2008). These two estab-
lished perturbation approaches provide a range of rea-
sonable ensemble spread. Here, we qualitatively compare
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F I G U R E 3 Emulator predictions for, in total, 10, 000 × 5 predictions for the number of warm conveyor belt trajectories Ntra with
densely spaced input parameters combinations represented as function of (a) sea-surface temperature (SST), (b) cloud condensation nuclei
concentration (CCN), (c) ice nucleating particle concentration (INP), (d) capacitance (CAP), and (e) supersaturation (SAT). All predictions
include combined perturbations to all parameters within the predefined range. Shown are the mean (red lines), standard deviation (grey
shading), and 5th and 95th percentiles (grey lines) from the emulator predictions, as well as the direct ICON output from the training (orange
dots) and validation data (orange dots with red border). (f) Fraction of explained variance per input parameter (main effect, ME; grey)
including input parameter interaction effects (black).

the PPE with two simulations that include these differ-
ent perturbation approaches; namely, (a) IC and SPPT
(“IFS-IC+SPPT”) and (b) SPPT only (“IFS-SPPT only”).
The IFS simulations are run with the model version
IFS CY46R1 with a TCo399L91 resolution and include
20 perturbed members plus unperturbed control forecast;
see (Pickl et al., 2022, for details). The simulations are ini-
tialised at 0000 UTC, October 4, 2016; that is, they simulate
the same WCB case study. Data are also available on a
1◦ × 1◦ grid. The analysis focuses on the spread in 500 hPa
geopotential (Z500), which is a metric of the larger scale
flow evolution, and on the near-surface temperature and
specific humidity, which impact low-level moisture flux
into the WCB.

Figure 4 shows the poleward-directed WCB ascent
associated with the cyclone south of Greenland

(Figure 4a,b) and the downstream ridge amplification
over the eastern North Atlantic and Europe (Figure 4c).
The parameter perturbations lead to substantial ensemble
spread across the PPE that grows with time, as shown by
the example for the spread of Z500 interpolated to a reg-
ular 1◦ × 1◦ (Figure 4). The increase of spread of Z500 is
particularly large in the diabatically active regions near
and downstream of the WCB ascent region. After 3 days
lead time, the ensemble spread is largest at the western
edge of the poleward-extended ridge into which the WCB
air parcels ascend (Figure 4c). However, despite the com-
bined parameter perturbations, the simulations do not
diverge entirely and all PPE members reasonably simulate
the WCB ascent and large-scale flow evolution. Overall,
the spread of geopotential height averaged across the
WCB inflow, ascent, and outflow region remains smaller
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12 of 32 OERTEL et al.

F I G U R E 4 Ensemble mean
(black) and standard deviation
(shading) of 500 hPa geopotential in the
50-member training perturbed
parameter ensemble after (a) 24 hr, (b)
48 hr, and (c) 72 hr lead time. Coloured
markers show the position and pressure
of warm conveyor belt (WCB) air
parcels from the unperturbed reference
simulation (only every 10th WCB
trajectory is shown).

in the PPE than in the quasi-operational “IFS-IC+SPPT”
simulations throughout the troposphere and at all lead
times (Figure 5a), which can be anticipated because the
“IFS-IC+SPPT” ensemble additionally incorporates IC
uncertainty. Nevertheless, the emerging spread in the PPE
shows that the small-scale microphysical process pertur-
bations as well as the perturbations that are introduced at
the surface through SST are projected to the larger scale
flow and to higher altitudes (Figure 5a).

The PPE spread is similar to the one from a 21-member
IFS ensemble simulation (Figure 5a), which is produced
with SPPT. As the IC perturbations in the IFS grow rapidly,
the spread in the “IFS-IC+SPPT” is generally larger than
in “IFS-SPPT only” and the PPE, and is not equal to zero at
initialisation time (in contrast to the spread in “IFS-SPPT
only” and the PPE).

The spread of near-surface specific humidity
(Figure 5b) grows faster in the PPE than in the “IFS-SPPT
only”’ (note that SPPT is strongly reduced in the bound-
ary layer and zero at the surface; Leutbecher et al. (2017),

whereas the growth rate of temperature is slightly smaller
in the PPE than in the “IFS-SPPT only” (Figure 5c).
Moreover, for the first 2 days’ lead time the spread of tem-
perature and specific humidity in the PPE decreases with
height, because the latent and sensible heat fluxes, most
strongly influenced by SST perturbations, induce growth
of spread from the surface (Figure 5b,c). Specifically,
warmer SST increases the latent and sensible heat fluxes
in the warm and cold sectors of the cyclone, which leads
to a moistening and warming of the near surface, such
that low-level temperature and specific humidity across
the PPE members continuously diverge with increasing
lead time.

After several hours lead time, the maximum differ-
ence in low-level 𝜃e (averaged over the WCB ascent region
in the North Atlantic at 850 hPa) among all PPE mem-
bers remains below 1.5 K (not shown).Differences in aver-
aged low-level specific humidity remain below 1 g ⋅ kg−1

and are well within the range of WCB inflow moisture
biases reported by Schäfler and Harnisch (2015). All PPE
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F I G U R E 5 Ensemble spread per lead time in the 50-member
training perturbed parameter ensemble (PPE; circles), and
compared with 21-member Integrated Forecasting System (IFS)
simulations run with stochastically perturbed parametrisation
tendencies (SPPT) only (“IFS-SPPT only”; triangles) and run with
SPPT and initial condition (IC) perturbation (“IFS-IC+SPPT”;
crosses). The spread is spatially averaged across −50 to −5◦E and
35–75◦N. (a) Geopotential Z (m2 ⋅ s−2), (b) specific humidity
qv (kg⋅, kg−1), and (c) temperature T (K). The IFS ensemble is
initialised 6 hr later than the ICON PPE. IFS ICs perturbations
create spread already at the initial lead time in “IFS-IC+SPPT”.

members are characterised by potentially unstable condi-
tions (i.e., d𝜃e∕dz < 0 K ⋅ m-1) in the lowest 1.5 km over
the ocean surface (not shown). The vertical redistribution
of higher temperature and moisture content with warmer
SST leads to systematically stronger potential instability,
and the depth of the potentially unstable layer is slightly
extended. The lower tropospheric WCB inflow region is
thus characterised by enhanced temperature and moisture
availability, as well as slightly decreased static stability and
enhanced potential instability when SST is warmed.

From the comparison of the ensemble spread, we con-
clude that the choice of parameter perturbation ranges
is reasonable; that is, the combined perturbations induce
substantial spread that is also projected to the larger
scale—albeit more slowly than in the operational IFS
ensemble with a very different perturbation design. At
the same time, the PPE members are still reasonably
representing the synoptic situation and do not entirely
diverge from the reference simulation. The projection of
small-scale perturbations to the large-scale flow is rele-
vant in the error growth framework (Baumgart et al., 2019;
Zhang et al., 2007), as small-scale errors near the waveg-
uide can be amplified through dry dynamic Rossby wave
amplification.

In the following, we discuss how the perturbations
influence WCB ascent (Section 4), which propagates cloud
microphysical perturbations from the smaller to the larger
scale and SST perturbations from the surface to the upper
troposphere. In Sections 5 and 6, we illustrate which per-
turbations most strongly influence precipitation character-
istics and the larger scale flow.

4 INFLUENCE OF PARAMETER
PERTURBATIONS ON WCB ASCENT

The parameter perturbations influence the WCB ascent in
many different ways. In the following, we discuss the per-
turbation impact on the WCB ascent in detail (Section 4.1)
before quantifying dominant sources of uncertainty for
the observed changes in WCB characteristics (Section 4.2),
focusing specifically on WCB air mass transport and ascent
time-scales, total ascent integrated diabatic heating, and
local diabatic heating and ascent velocity maxima along
the ascent (see Table 3).

4.1 WCB ascent characteristics

As exemplified in Section 2.3, the number of WCB tra-
jectories Ntra—that is, the number of trajectories fulfilling
the criterion of at least 600 hPa ascent in 48 hr— which
is a proxy for air mass transport from the lower into
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F I G U R E 6 Number of warm conveyor belt trajectories in the
individual end members. Red and blue boxplots respectively show
perturbed parameter ensemble (PPE) members with positive and
negative sea-surface temperature (SST) perturbations. Shown are
median (grey line), mean (grey marker), and outliers exceeding the
5th and 95th percentiles (grey points). The whiskers denote the 5th
and 95th percentile range. CCN: cloud condensation nuclei
concentration; INP: ice nucleating particle concentration; CAP:
capacitance of snow and ice; SAT: supersaturation with respect to
liquid.

the upper troposphere, varies across the individual sim-
ulations (Figure 6). Ntra across all PPE members varies
between 28,000 and 54,000. On average, Ntra is larger in
the members with positive SST perturbations (Figure 6).
Among all end members, the largest influence on Ntra
results from changes of SST, although CCN perturbations
to a smaller extent also change Ntra (Figure 6). The individ-
ual perturbations of INP, SAT, and CAP only lead to minor
Ntra changes. These results are consistent with Figure 3f
and will be discussed further in Section 4.2.

The larger Ntra for warmer SST conditions results to
some extent from the poleward expansion of the WCB
inflow and ascent region. Figure 7a shows the track of the
centre of mass of the WCB inflow position for both SST
end members and the unperturbed reference, which illus-
trates the more poleward orientation of the WCB inflow
position with increased SST. Close to the initialisation
time of the simulation, WCB air parcels originate from
the same region, whereas the mean region of origin drifts
further apart with increased lead time and results in a
more poleward-directed mean track with warmer SST.
Figure 7b illustrates the systematic poleward expansion of
the WCB origin region with increased SST for both end
members, whereby the southern edge of the WCB origin
region is hardly modified. Specific humidity in the WCB
inflow averaged over all WCB trajectories does not dif-
fer strongly between the SST end members, or across the

individual PPE members (not shown). This is a direct
result of the poleward expansion (and not poleward shift)
of the region of origin; that is, incorporation of air
masses climatologically characterised by lower temper-
ature, and thus lower specific humidity, into the WCB
inflow (Figure 7b). However, at a given latitude, the spe-
cific humidity content (Figure 7b) and temperature (not
shown), and thus equivalent potential temperature 𝜃e,
of WCB inflow is higher when SST is increased. This
gives rise to increased latent heat release and stronger
cross-isentropic ascent. As a result, air parcels farther
poleward also realise a deep ascent of 600 hPa, which
extends the WCB ascent region further poleward and
shifts the mean WCB inflow positions with increasing SST
(Figure 7a).

In addition to an increase in Ntra and poleward exten-
sion of the WCB origin and ascent regions with increasing
SST, the detailed WCB ascent behaviour is substantially
influenced by the parameter perturbations. The distribu-
tions of the time-scale for WCB ascent 𝜏600, defined as
the minimum time required to ascend 600 hPa, is shifted
to shorter time-scales with warmer SST across the PPE
(Figure 8). Mean 𝜏600 is reduced and, in particular, 𝜏600
values below 25 hr occur more frequently. In contrast, the
frequency of more gradual and slantwise WCB trajectories,
characterised by ascent time-scales of more than 30 hr, is
hardly influenced by the perturbations. Hence, the param-
eter perturbations more strongly influence the fraction of
faster ascending WCB trajectories. Very rapid and con-
vective ascent, with 𝜏600 values below 3–4 hr, also occurs
more frequently in warmer SST conditions. Lifting of the
potentially unstable air ahead of the cold front favours con-
vective ascent embedded in the WCB ascent region (Oertel
et al., 2020). We hypothesise that the increase of poten-
tial instability through increasing SST favours enhanced
convective ascent. However, the high correlation (> 0.99)
between low-level temperature and stability hinders the
disentangling of the effect of stability versus 𝜃e.

To summarise, taking Ntra as proxy for air mass trans-
port from the lower into the uppermost troposphere,
increased SST leads to enhanced air mass transport. This is
consistent with other WCB cases that have shown sensitiv-
ity to the underlying SST (Christ et al., 2025). The increase
in Ntra partially results from the poleward extension of
the WCB inflow and ascent region, given an increase
in 𝜃e in these regions resulting from enhanced surface
fluxes. Moreover, warmer SST is associated with faster
ascent; that is, shorter ascent time-scales, and in particular
a larger number of very rapidly ascending WCB trajec-
tories. Though changes in absolute SST directly impact
surface fluxes, the influence of SST on surface fluxes can
be further strengthened by feedback with cyclone dynam-
ics. An initial increase of surface latent heat flux can
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F I G U R E 7 (a) Evolution of
mean warm conveyor belt (WCB)
inflow region (longitude and latitude
at start of ascent) during first 48 hr
lead time for the simulations with
maximum perturbations of
sea-surface temperature (SST) only
(red: SST + 2 K; blue: SST − 2 K).
The line width is proportional to the
number of WCB trajectories. The
coloured markers indicate the
positions at 12 hr (triangle), 24 hr
(square), and 36 hr (circle) lead time.
(b) Two-dimensional distribution of
WCB inflow latitude (lat, ◦) and
specific humidity qv (g ⋅ kg−1) for the
unperturbed reference member (grey
contours). Red and blue shading
shows the frequency difference
between SST + 2 K and SST − 2 K
end members.

slightly increase cyclone strength through enhanced dia-
batic heating (Binder et al., 2016; Christ et al., 2025), and
the associated increase in near-surface wind speeds may
further strengthen surface fluxes. The contribution of the
cloud microphysical perturbations to changes in the WCB
ascent characteristics relative to the impact of SST will be
quantified in Section 4.2.

The detailed analysis of diabatic heating and vertical
velocity along WCB trajectories provides more insight into
the influence of microphysical heating on WCB ascent
velocity, as well as the impact of parameter perturba-
tions. Figure 9a,b shows 1-hr integrated diabatic heat-
ing Δ𝜃 and 1-hr mean vertical velocity w along WCB
trajectory ascent stratified into 2 K temperature bins fol-
lowing the ascent averaged over all WCB trajectories per
PPE member. Stratification into temperature bins, instead
of commonly used pressure bins, emphasises the coher-
ent diabatic heating structures dominated by individ-
ual cloud microphysical processes that are more directly

influenced by temperature than pressure. The shapes of
the quasi-vertical Lagrangian profiles of w and Δ𝜃 are
(surprisingly) similar (Figure 9a,b), which emphasises the
strong correlation between latent heat release, primarily
from cloud microphysical heating, and vertical velocity of
WCB air parcels. Both profiles are characterised by two
local maxima each: one in the warm-phase region and one
in the cold-phase or mixed-phase region above the melt-
ing level (Figure 9a,b). The warm-phase and cold-phase
maxima in Δ𝜃 respectively arise to a large extent from
latent heat release from condensational growth of cloud
droplets (realised by the first saturation adjustment; dark
red line in Figure 9c) and deposition of vapour onto frozen
hydrometeors (pink line in Figure 9c). Both maxima are
separated by a local minimum in Δ𝜃 and w, which coin-
cides with the melting level at 273 K and the maximum
of cooling from melting of sedimenting frozen hydrome-
teors (green line in Figure 9c). The locally reduced total
diabatic heating from melting locally reduces the vertical
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F I G U R E 8 Histograms of time-scale for warm conveyor belt
ascent 𝜏600 (hr). Red and blue colours respectively show
distributions for members with positive and negative sea-surface
temperature (SST) perturbations. The highlighted distributions
show the unperturbed reference (grey), and the end members with
+2 K and −2 K perturbations to SST. The vertical lines show the
respective mean values of 𝜏600.

velocity during WCB ascent, indicating that latent heat
release modulates vertical velocity. At the warmest tem-
perature, averaged vertical velocity is slightly negative,
as trajectories descend slightly before their main ascent
(Figure 9b). In the upper troposphere, both Δ𝜃 and w
decrease as the WCB air parcels finish their ascent. The
vertical profile of the liquid fraction (Figure 9d) illustrates
that the liquid fraction decreases rapidly with decreasing
temperature, although the mixed-phase region in the WCB
can extend to temperatures just below 240 K.

PPE members with high SST (Figure 9a,b; red line) are
characterised by larger maximum Δ𝜃 in the warm-phase
region and a larger maximum Δ𝜃 in the mixed-phase
region, which manifests in larger 1-hr w throughout the
entire ascent. For colder SST (Figure 9a,b; blue line), the
effect is reversed; that is, diabatic heating and the verti-
cal velocity are reduced. The variability of the maximum
Δ𝜃 in the mixed phase is, however, not only strongly
influenced by SST perturbations. In contrast, the small-
est diabatic heating rates in the mixed phase near the Δ𝜃
maximum occur in the simulations where CAP is reduced
(Figure 9a; purple line); that is, where the mass growth
rate of frozen hydrometeors through vapour deposition
is lower. The reduction of vapour deposition leads to an
even stronger reduction of total Δ𝜃 than the decrease of
SST does. This is also directly imprinted in the vertical
velocity (Figure 9b; purple line), which is substantially
reduced as a result from reduced diabatic heating, con-
firming from a model perspective the observation-based
hypothesis by von Terzi et al. (2022) that increased

enhanced depositional growth in the dendritic growth
layer around 260 K locally increases vertical velocity (see
also Schrom & Kumjian, 2016). A reduction of CAP also
leads to a vertical displacement of the diabatic heating
profile from vapour deposition, such that Δ𝜃 (and w) are
larger at temperatures below 250 K for low CAP mem-
bers, because the heating is delayed along the ascent. Thus,
enhanced vertical velocity can be sustained in colder tem-
peratures at higher altitudes. The feedback between CAP
and Δ𝜃 (as well as w) is primarily relevant during the tran-
sition to a fully glaciated cloud; that is, when latent heating
is less thermodynamically constrained by the saturation
adjustment.

We conclude that the WCB ascent velocity in the
cold-phase region is directly influenced by latent heat
release from cloud formation, that is, the detailed rep-
resentation of cloud microphysical process rates locally
influences the ascent strength of the ascending WCB air
parcels. In the following, we quantify the contributions
of the individual perturbed parameters to the total vari-
ance in WCB ascent behaviour and diabatic heating to
disentangle the different sources of uncertainty.

4.2 Quantification of uncertainty
contributions for WCB ascent
characteristics

The parameter impacts on the general WCB ascent
behaviour described in Section 4.1 can be summarised
by changes in Ntra, mean 𝜏600, and the fraction of
rapidly ascending trajectories with 600 hPa ascent times
below 3 hr and 10 hr (f3h and f10h respectively; Figures 6
and 8). Following the method illustrated earlier for Ntra
(Sections 2.3 and 2.4), we develop statistical surrogate
models independently for these target variables using
Gaussian process emulation and perform variance-based
sensitivity analysis.

Consistent with the mean modulation of Ntra by SST
(Figure 6), the variance decomposition shows that SST
explains the largest percentage of variance in Ntra, with
only small contributions from CCN and INP (Figure 10).
Extending this analysis to 𝜏600 confirms the qualita-
tive conclusions from Section 4.1, suggesting that SST
also most strongly contributes to the variance in 𝜏600
(Figures 8 and 10). Thus, the air mass transport into the
upper troposphere and the WCB ascent time-scales are
most strongly influenced by SST, whereas the changes
in cloud microphysical parameters have a comparably
small contribution. This also applies to the fraction of
fast WCB trajectories with 𝜏600 values below 10 hr (f10h).
Here, the main effect of SST represents more than 80% of
the variance. The fraction of convectively ascending WCB
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OERTEL et al. 17 of 32

F I G U R E 9 (a, c) The 1-hr diabatic heating Δ𝜃 (K), (b) 1-hr mean vertical velocity w (m ⋅ s−1), and (d) mean liquid fraction fliquid along
warm conveyor belt trajectories for individual ensemble members in temperature bins. The dashed lines show the 0◦C isotherm and the
−38◦C isotherm. (a) Total Δ𝜃 with the respective envelopes from all perturbed parameter ensemble (PPE) members. In the warm phase
(T > 273 K), PPE members are stratified according to their sea-surface temperature (SST) perturbations (blue envelope: SST < 0 K; red
envelope: SST > 0 K). In the cold phase (T < 273 K), PPE members are stratified according to their capacitance (CAP) perturbations (purple
envelope: CAP < 0.6; pink envelope: CAP > 0.6). Four selected end members are highlighted in bold (grey: REF; blue: SST− (−2 K); red:
SST+ (+2 K); purple: CAP− (CAP = 0.2). (b) As (a) but for w. (c) Δ𝜃 from the first saturation adjustment (SATAD), depositional growth of
frozen hydrometeors (QXDEP), and melting of frozen hydrometeors (QXMLT) from the unperturbed reference simulation. Additionally, the
respective envelopes from all PPE members are shown, whereby SATAD is stratified according to SST perturbations (blue envelope:
SST < 0 K; red envelope: SST > 0 K) and QXDEP is stratified according to CAP perturbations (purple envelope: CAP < 0.6; pink envelope:
CAP > 0.6). (d) fliquid is stratified according to CAP perturbations (purple envelope: CAP < 0.6; pink envelope: CAP > 0.6).

trajectories (f3h) is noticeably influenced by SAT (ME =
16%), in addition to SST (ME = 76%), which is thus still
the major source of uncertainty (Figure 10). The increase
of maximum SAT during the ascent reduces diabatic
heating from condensational growth of cloud droplets,
which feeds back on the vertical velocity. In particular, the
rapidly ascending trajectories are heated most strongly
by condensational growth in the lower troposphere. As
a result, facilitating larger SAT in the saturation adjust-
ment scheme to some extent reduces the major diabatic
heating source of the fastest trajectories, and thus the frac-
tion of convectively ascending trajectories. Owing to the

scaling of maximum supersaturation with w, Equation (2),
the effect is strongest for the most rapidly ascending
trajectories. The large variability in Ntra across the PPE
also substantially influences the total WCB-related dia-
batic heating (Figure 10), defined as the sum of 600 hPa
ascent-integrated diabatic heating (ADH600) over all WCB
trajectories (

∑Ntra
i=1 ADH600,i). As Ntra is most strongly influ-

enced by SST, the variance in the total WCB-integrated
diabatic heating is also most strongly influenced by
SST, and intuitively warmer SST results in enhanced
heat transport into the uppermost troposphere by
the WCB.
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F I G U R E 10 Main effects (MEs) for number of trajectories
Ntra, mean ascent time-scale 𝜏600, fraction of trajectories with
𝜏600 < 3 hr and 𝜏600 < 10 hr, total warm conveyor belt
(WCB)-integrated diabatic heating

∑Ntra
i=1 ADH600,i, and maximum of

1-hr mean vertical velocity w and 1-hr diabatic heating Δ𝜃 of WCB
trajectories for the cold phase (cp; T < 273 K) and warm phase (wp;
T > 273 K). The grey colour represents the contributions from
parameter interactions (INT). SST: sea-surface temperature; CCN:
cloud condensation nuclei concentration; INP: ice nucleating
particle concentration; CAP: capacitance of snow and ice; SAT:
supersaturation with respect to liquid.

The detailed temperature-resolved diabatic heating
and vertical velocity rates along the ascent are influenced
by both SST and CAP, as illustrated in Figure 9a,b. The
variance decomposition provides more details on the dom-
inant sources of uncertainty and also includes the impacts
of CCN, INP, and SAT. To describe the variability in the
Lagrangian profiles shown in Figure 9a,b we develop
Gaussian processes to predict the amplitude of both local
maxima of 1-hr Δ𝜃 and 1-hr w. The maxima of 1-hr Δ𝜃 and
1-hr w in the cold phase (i.e., at temperatures below 273 K),
Δ𝜃cp and wcp, are most strongly influenced by CAP (ME >

70%). As mentioned earlier, the feedback of a reduction of
CAP on vertical velocity in the cold phase demonstrates
that diabatic heating from depositional growth influences
local vertical velocity (Schrom & Kumjian, 2016; von Terzi
et al., 2022). A total of 10–20% of the variance is also
explained by changes to CCN and INP, which additionally
influence diabatic heating in the upper troposphere. The
impact of SST on the vertical velocity maximum in the cold
phase is relatively small. In contrast, more than 85% of the
variance in warm-phase maximum w (wwp) is influenced
by SST, and the main effect of SST for the warm-phase
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F I G U R E 11 Main effects (MEs) for emulator predictions as in
Figure 3 with gradually decreasing range of sea-surface temperature
(SST) variability used in the variance decomposition. The numbers
of perturbed parameter ensemble members in each SST range
amount to 70 for ±2 K, 52 for ±1.5 K, 34 for ±1.0 K., 18 for ±0.5 K,
and 4 for ±0.1 K. CCN: cloud condensation nuclei concentration;
INP: ice nucleating particle concentration; CAP: capacitance of
snow and ice; SAT: supersaturation with respect to liquid.

diabatic heating maximum (Δ𝜃wp) amounts to 71%. For
Δ𝜃wp, the sum of all individual main effects accounts
only for 82% of the variance, indicating that the diabatic
heating maximum is additionally influenced by the inter-
actions between the individual parameters. This suggests
that for Δ𝜃wp not only the underlying SST is important,
but parameter combinations result in nonlinear changes in
Δ𝜃wp that cannot be captured by one-at-a-time parameter
perturbations.

4.3 Influence of reduction of SST
uncertainty range

The relative parameter influence depends directly on
the predefined ranges of the parameter perturbations.
Although the range of SST perturbations introduces spe-
cific humidity biases well within the range of observations
(Schäfler & Harnisch, 2015), the absolute values of the
upper and lower limits are uncertain. To evaluate the
dependency of the relative importance of SST perturba-
tions on the predefined SST range, we reduce the SST range
gradually from ±2 K to ±0.1 K for the variance-based
sensitivity analysis exemplary for the target variable Ntra
(Figure 11 and Supporting Information Figure A1). The
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variance decomposition suggests that SST remains the
dominant driver of uncertainty for Ntra for perturbation
ranges larger than ±1 K (Figure 11). Only when the SST
uncertainty range decreases below ±0.5 K do the rela-
tive contributions of CCN and INP become almost equally
important as the contributions from SST perturbations.
Although the emulator is based on the full 50 training
PPE members, only 18 PPE members are within the SST
range of ±0.5 K, which may lead to some uncertainty in
the estimation of individual parameter uncertainty if the
response surface between individual parameters was not
sufficiently smooth and not adequately represented by the
emulator. Overall, this corroborates the important role of
absolute SST for WCB ascent by increasing WCB inflow
specific humidity, temperature, and potential instability.
Yet, CCN and INP perturbations also systematically influ-
ence WCB ascent, although their impact on WCB ascent,
specifically Ntra, is substantially smaller than the applied
SST perturbations are (see also Figure 6). Once SST pertur-
bations are removed (Figure 11 and Supporting Informa-
tion Figure A1), CCN and INP are the dominant sources
of uncertainty, whereby CCN and INP are respectively
positively and negatively correlated with Ntra.

In summary, uncertainty in the WCB ascent character-
istics results primarily from variability in the prescribed
SST, although the detailed representation of cloud micro-
physical processes additionally contributes to uncertainty
in the detailed ascent behaviour. The larger sensible and
latent heat fluxes, which are primarily caused by warmer
SST, warm, moisten, and destabilise the lower troposphere.
The ascending WCB efficiently feeds on the additional
heat and moisture source, whereby diabatic heating from
enhanced cloud formation determines the cross-isentropic
ascent and influences the detailed WCB ascent behaviour.
In particular, in the cold phase, cloud microphysical pro-
cesses have a dominant influence on local vertical velocity
along the ascending airstream.

5 PARAMETER IMPACT ON
PRECIPITATION
CHARACTERISTICS

In the following, we quantify the parameter impact on
NWP forecast properties, starting with surface precipita-
tion characteristics and continuing with the large-scale
upper level flow pattern (Section 6).

To understand how the parameter perturbations influ-
ence precipitation formation and surface precipitation
characteristics, we consider both Eulerian and Lagrangian
perspectives, and specifically analyse time and domain
mean surface precipitation sums (Section 5.1), cloud
microphysical precipitation efficiencies (Section 5.2), and

precipitation intensities and their spatial distribution
(Section 5.3).

5.1 Integrated surface precipitation

The surface precipitation in the North Atlantic during the
case study period is primarily associated with WCB ascent
(Figure 1a,c,e). The total hourly surface precipitation sums
are highest during October 4 and decrease on October 5
toward October 6 (Figure 12a) as the WCB airstream
moves poleward and the ascending motion weakens (cf.
Figure 7a). The temporal evolution of hourly surface pre-
cipitation across the individual PPE members is very
similar (Figure 12a), but generally members with posi-
tive SST perturbations have larger surface precipitation
amounts, which is consistent with more pronounced WCB
ascent and higher surface fluxes in high SST scenarios.
For each PPE member, the total area-integrated surface
precipitation sum is calculated and integrated over the
first 24 hr (Psfc,24h), 36 hr (Psfc,36h), 48 hr (Psfc,48h), and 72 hr
(Psfc,72h) lead time of the simulation. To remove effects
from model spin-up, the first 3 hr lead time are always
excluded. The precipitation is only considered in a box
confined to the major WCB ascent region, which extends
from −55 to −14◦E and 35–75◦N to minimise effects from
non-WCB-related precipitating systems. For the time- and
domain-integrated precipitation sums, Gaussian process
emulators were trained for each of the integration times
(Supporting Information Figures A2–A5). The parameter
influence on the respective surface precipitation sums is
summarised in Figure 13.

As expected from the sensitivity of WCB ascent
behaviour to SST, warmer SST is associated with increased
surface precipitation related to generally enhanced
ascending motion (Figure 8) and increased moisture avail-
ability in the inflow region (Figure 7b and Supporting
Information Figure A6). The variance of surface precip-
itation sums at shorter integration times of 24 hr and
36 hr is additionally influenced by cloud microphysical
parameters, especially CCN and CAP, which influence
hydrometeor growth rates and therefore efficiency of pre-
cipitation formation. The contributions of CCN and CAP
to the variance of the time- and domain-integrated precip-
itation sums gradually decreases as the integration time
increases (Figure 13). For an integration time of 72 hr,
which approximately covers the life cycle of this WCB
case, almost all the variance in surface precipitation is
explained by SST, which is almost linearly related to the
precipitation sum (Supporting Information Figure A2).
The 72-hr integrated surface precipitation sums in the
PPE members vary by up to ±8% compared with the
unperturbed reference. Thus, during the life cycle of the
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F I G U R E 12 (a) Evolution of hourly
precipitation sums in the North Atlantic
region (−55◦E to −14◦E, 35◦N to 75◦N) for
all perturbed parameter ensemble (PPE)
members plus end members. Each member
is coloured according to their sea-surface
temperature (SST) perturbation, except for
the cloud condensation nuclei (CCN) end
members and the reference, which are
coloured in green and grey respectively.
The markers denote the temporal mean. (b)
Evolution of hourly microphysical
precipitation efficiency (MPE) in the North
Atlantic region for all PPE members plus
end members coloured according to their
CCN perturbation, except for the two SST
end members and the reference, which are
coloured in red, blue and grey respectively.
The markers denote the temporal mean
used for Gaussian process emulation. (c) As
(b) but for spatially averaged total water
path (TWP, kg ⋅ m−2). (d) Lagrangian
precipitation efficiency (LPE), defined as
rain mass fraction, qr∕(qr + qc), along
ascending warm conveyor belt trajectories
for all PPE members plus end members
coloured according to their CCN
perturbation except for the two SST end
members and the reference, which are
coloured in red, blue and grey respectively.

WCB, the available moisture in the WCB inflow sub-
stantially impacts total precipitation during subsequent
ascent, whereas at shorter integration times the precipita-
tion efficiency influences the time and domain sums. This
suggests that the ascending WCB airstream efficiently

transports the available low-level humidity upward, which
finally results in larger time- and domain-integrated sur-
face precipitation sums if SST is increased. We conclude
that the moisture availability in the WCB inflow, influ-
enced by the effect of SST on latent heat fluxes, is a primary
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F I G U R E 13 Main effects (MEs) for time- and
domain-integrated precipitation sums integrated over different lead
times of 24, 36, 48, and 72 hr, microphysical precipitation efficiency
(MPE), the maximum of Lagrangian precipitation efficiency prior to
warm conveyor belt ascent (LPEmax), LPE after 5 hr (LPE5h), and the
frequency of intense surface precipitation (exceedance of 99.9th
percentile of the unperturbed reference simulation, P99.9th). The grey
colour represents the contributions from parameter interactions
(INT). SST: sea-surface temperature; INP: ice nucleating particle
concentration; CAP: capacitance of snow and ice; CCN: cloud
concentration nucleus; SAT: supersaturation with respect to liquid.

source of uncertainty for WCB-related precipitation sums
on longer integration time-scales. Yet, detailed represen-
tation of precipitation efficiency and hydrometeor growth
rates becomes more important if shorter time-scales are
considered. For example, emulation of Psfc,24h shows that
an increase in CCN concentration and a reduction of the
strength of vapour deposition (CAP) decrease surface
precipitation sums on a time-scale of 24 hr, and together
contribute about 40% to the total variance (Figure 13). In
next Section 5.2 we elaborate on the impacts on precipita-
tion efficiency that can delay precipitation formation for
several hours.

5.2 Precipitation efficiency

Precipitation efficiency describes how efficiently cloud
condensate is converted to surface precipitation. We disen-
tangle the parameter influence on precipitation efficiency
from two complementary perspectives, a Lagrangian and
Eulerian approximation of precipitation efficiency, which
are outlined in the following.

1. Cloud microphysical precipitation efficiency We first
approximate the cloud microphysical precipitation
efficiency (MPE), Equation (5) (e.g., Sui et al., 2007),
defined as the ratio of domain-integrated surface pre-
cipitation Psfc to the vertically integrated sum of
vapour deposition and condensation rates. Hence,
MPE specifies how efficient cloud condensate formed
by particle nucleation, vapour deposition, and con-
densation is converted to precipitation-sized parti-
cles and reaches the surface. As ICON uses two
saturation adjustments, the estimation of MPE in
ICON needs to consider the partially counteracting
effects of the second saturation adjustment (SATAD2),
which strongly influences the hydrometeor and spe-
cific humidity budget; see Oertel et al. (2023a) for more
details. In the mixed-phase region at a temperature
below 273 K, vapour deposition on frozen hydrome-
teors (QXDEP) causes subsaturation with respect to
liquid. This subsaturation is compensated by the sec-
ond saturation adjustment, which is called after the
explicit cloud microphysical processes and which evap-
orates cloud droplets until critical saturation spe-
cific humidity q ∗v,s (T, p) is again established. This
growth of frozen hydrometeors at the expense of cloud
droplets (i.e., the Wegener–Bergeron–Findeisen pro-
cess; Storelvmo & Tan, 2015) needs to be considered for
the approximation of MPE in ICON. To account for this
quasi-compensation, the mass growth rates from the
second saturation adjustment and vapour deposition
are summed up prior to their vertical integration over
all net positive contributions. We approximate MPE as
follows:

MPE = Psfc

[SATAD] + [(SATAD2 + QXDEP)]
. (5)

Square brackets denote a vertically integrated quan-
tity. Prior to vertical integration, negative process rates,
which indicate a loss of hydrometeor mass through
evaporation or sublimation, are removed. Note that
the feedback between the second saturation adjust-
ment and the turbulence scheme in ICON in the
warm-phase and mixed-phase regions can introduce
some uncertainties in the approximation of MPE; see
Oertel et al. (2023a) for details. MPE is calculated
hourly from 1-hr Psfc sums and 1-hr instantaneous con-
densation (SATAD and SATAD2) and vapour deposi-
tion (QXDEP) rates, which were added up in the box
confined to the major WCB ascent region (−55◦E to
−15◦E and 35◦N–55◦N). As this area is relatively large,
we assume that advective fluxes of cloud condensate
into and out of the region are negligible.
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2. Lagrangian (warm-phase) precipitation efficiency We
define a Lagrangian precipitation efficiency (LPE) as
the ratio of rainwater content to the sum of rain and
cloud water content along the ascending WCB trajec-
tories, Equation (6). To analyse the evolution of mean
LPE along the ascent, WCB trajectories are centred rel-
ative to the start of their fastest 600 hPa ascent period
(t = 0 hr). LPE is primarily meaningful to quantify the
effects of CCN and SST in the early phase of WCB ascent
when the frozen fraction is small. It provides a suit-
able WCB-centred perspective to understand how the
parameter perturbations influence (warm-phase) pre-
cipitation formation along the ascent and disregards
effects from non-WCB-related clouds.

LPE =
qr

qr + qc
. (6)

The Eulerian MPE overall varies between 15% and 40%
(Figure 12b). In all PPE members, MPE decreases with
increasing lead time and concomitant weakening of WCB
ascent, cloud formation, and total surface precipitation (cf.
Figure 12a). The temporal change of MPE (i.e., the evolu-
tion of hourly MPE in each PPE member related to the syn-
optic evolution) amounts to 10–15%. The maximum MPE
difference between the individual PPE members has the
same order of magnitude. For example, during the main
WCB ascent phase on October 4, MPE in the unperturbed
reference simulation amounts to 35% and decreases to 20%
towards the end of the simulation when WCB ascent weak-
ens. This is of similar magnitude to the difference between
the CCN end members: the temporal averaged MPE of
the high CCN end member amounts to 18%, whereas it
amounts to 34% in the low CCN end member (Figure 12b).
This illustrates that prescribed aerosol concentrations in
this case study can influence the precipitation efficiency
similarly strongly as the variability in the synoptic forcing.

We use the temporal mean MPE (discarding the first
3 hr to account for model spin-up; Figure 12b) to train
a Gaussian process. Subsequent variance decomposi-
tion (Figure 13) suggests that the MPE is most strongly
influenced by CCN perturbations with additional uncer-
tainty contributions from ice-phase microphysics (INP
and CAP). Although the contribution of INP and CAP
to total variance in MPE is smaller than the contri-
bution from CCN, uncertainties related to ice-phase
microphysics also influence MPE in the WCB cloud
band. Consistent with previous studies (e.g., Barrett &
Hoose, 2023; Noppel et al., 2010) on the impact of aerosol
concentrations on (convective) clouds, MPE is reduced
when CCN concentrations are increased. Enhanced
CCN concentrations increase the number concentration
of cloud droplets, and thus shift the cloud droplet size

distribution to smaller droplet diameters. Consequently,
the conversion of cloud droplets to rain is less efficient,
as the collision–coalescence process is reduced. This,
in turn, increases the cloud liquid water path (Support-
ing Information Figure A7a), and thus the total water path
(Figure 12c). In summary, CCN concentrations substan-
tially influence precipitation efficiency and detailed WCB
cloud structure, such as the total water path, whereas SST
perturbations determine total surface precipitation sums
through their control on specific humidity influx into the
system.

Those two different impacts also arise in the
Lagrangian perspective. Considering the LPE, two differ-
ent aspects need to be considered (Figure 12d). Prior to
the start of WCB ascent at t = 0 hr (defined as the start
time of the fastest 600 hPa ascent period), LPE is large and
approaches 1 (Figure 12d). This is caused by precipitation
that sediments from above into the WCB air parcels that
are still located in the lower troposphere prior to their
ascent. Air parcels are mostly located below the cloud
base; that is, cloud droplets are mostly absent and cloud
formation through cloud droplet activation and subse-
quent condensational growth is not yet active. Thus, prior
to the ascent, the WCB air parcel’s hydrometeor content
is substantially influenced by the precipitating cloud from
above (Figure 12d). In this phase, the major source of
uncertainty is related to SST perturbations (Figures 12d
and 13), as the total precipitation, which is related to qr
near the surface, is strongly influenced by SST (as dis-
cussed earlier herein). After the start of the ascent at
t = 0 hr, cloud formation through cloud droplet activation
and subsequent condensational growth of cloud droplets
starts along the WCB trajectories in all PPE members.
Thus, qc increases, leading to a decrease of LPE following
the ascent (Figure 12d). Depending on the precipitation
efficiency, a fraction of the newly formed qc is converted
to qr. The more efficiently that qc is converted into qr,
the larger the LPE remains along the ascent. In general,
LPE decreases continuously along the ascent, because at
colder temperature the ice-phase processes dominate, and
ice, snow, and graupel become more relevant, which is
not accounted for in this definition of LPE. After the start
of the ascent, the major influence on LPE results from
the representation of CCN. Consistent with MPE, larger
CCN concentrations substantially reduce the conversion
efficiency of cloud droplets to raindrops, which leads to a
continuously lower LPE along the ascent (Figure 12d).

To quantify the contribution of individual param-
eters to the described variance in LPE evolution, we
train Gaussian processes for LPE at characteristic time
steps. These times include the time of maximum LPE
prior to the start of the ascent (LPEmax; Figure 12d) and
5 hr after the ascent (LPE5h) when the liquid fraction
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is still large. As described qualitatively earlier herein,
variance-based sensitivity analysis confirms that the major
source of uncertainty for maximum LPE before ascent is
SST (Figure 13), which mainly influences the total rainwa-
ter content through enhanced ascent and moisture avail-
ability. The contribution of SST to the variance in LPE is
reduced during the ascent and is reduced to almost 0%
during the ascent at t = 5 hr and afterwards. At that time,
CCN have the largest main effect and are thus the dom-
inant source of uncertainty for LPE. Yet, the main effect
of CCN also decreases along the ascent at later times, and
the contribution from the interaction terms between the
individual parameters increases (not shown). At colder
temperatures, ice-phase microphysical processes become
more active and interact with the warm-phase microphys-
ical processes in the mixed-phase region. The increasing
contribution from the parameter interactions may suggest
that complicated process interactions become more impor-
tant in the mixed-phase region. More in-depth analysis of
individual process rates that determine the detailed cloud
structure and precipitation formation in the ice-phase and
mixed-phase is required to understand such process inter-
actions, which is beyond the scope of this study.

In the following, we illustrate how combined changes
in precipitation efficiency and total precipitation sums
influence surface precipitation distribution and intensity.

5.3 Precipitation distribution
and intensity

To illustrate how changes in precipitation efficiency influ-
ence the spatial precipitation distribution and intensity, we
compute surface precipitation composites for each ensem-
ble member (Figure 14a). To account for the variability and
spatial shifts of the WCB inflow region (see Figure 7), the
composites are centred relative to the centre of mass of
the poleward-shifting WCB inflow region and are averaged
over the first 2 days of the simulation (afterwards the WCB
inflow region is less well confined due to the very small
number of WCB trajectories). Specifically, we focus on the
impact of CCN concentration as the primary influence
on precipitation efficiency results from CCN perturbations
(Figure 13).

The precipitation composite for the unperturbed refer-
ence simulation (Figure 14a, black contours) illustrates the
southwest to northeast extended precipitating WCB cloud
band (Figure 1a,c,e). The precipitation rates are strongest
in an elongated band around the average WCB inflow
region ahead of the cold front (Figures 1a,c,e, and 14a). To
illustrate the effect of CCN concentrations on the surface
precipitation distribution, the difference between compos-
ites of the low and high CCN end members is shown

(Figure 14a); that is, green shading shows where the low
CCN end member produces higher surface precipitation
rates, and brown shading shows where the high CCN end
member has higher precipitation rates. Though the area
mean composite precipitation hardly differs between the
low and high CCN concentration simulations, as expected
from the relatively small effect of CCN on total precipi-
tation sums (Figure 13), a dipole structure is visible. The
low CCN simulation is characterised by higher precipita-
tion rates in the main precipitating region near the mean
WCB inflow region. In contrast, in the high CCN sim-
ulation, the precipitation rates are larger further to the
east; that is, downstream of the mean WCB inflow region
considering the eastward movement of the entire system.
The downstream shift of surface precipitation relative to
the WCB is consistent with a delayed precipitation for-
mation for high CCN concentrations, whereas in cleaner
conditions precipitation formation is more efficient and
the cloud precipitates more readily. At the downstream
side of the cloud band the reduction in precipitation for
low CCN conditions amounts to 80–100% of precipitation
in the unperturbed reference (Figure 14b, purple shading).
In contrast, in the core precipitating region, the precipita-
tion difference between the low and high CCN members
exceeds 30% of precipitation in the unperturbed reference
simulation (Figure 14b, green shading).

Hence, in addition to a downstream shift of the pre-
cipitating region, high CCN concentrations also reduce
the precipitation intensity in the cold frontal region of the
WCB (Figure 14b,c). Indeed, the frequency of the most
intense hourly surface precipitation rates in high CCN
conditions is reduced compared with low CCN conditions
(Figure 14c). Figure 14d shows the ratios of binned surface
precipitation rate frequencies for selected subgroups of the
PPE (see Figure 14c for distributions of hourly precipita-
tion rate frequencies across the PPE). For each subgroup,
the PPE is split in half stratified by the respective per-
turbed parameter values. For example, the green curve
shows the ratio of low CCN to high CCN PPE members,
and suggests that the most intense surface precipitation
rates more frequently occur in low CCN members. In con-
trast, the frequency of less intense precipitation rates is
reduced in low CCN members. SST perturbations (red
curve in Figure 14d) also influence the precipitation rate
distributions: higher SST conditions are consistently asso-
ciated with a higher frequency of precipitation in all inten-
sity ranges. Generally, for moderate precipitation rates,
SST seems to dominate the impact, whereas for the most
intense precipitation rates the CCN seem to be the domi-
nant influence.

To corroborate the parameter influence on precipita-
tion intensity we emulate the frequency of the most intense
precipitation rates, defined as exceedance of the 99.9th
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24 of 32 OERTEL et al.

F I G U R E 14 (a) Warm conveyor belt (WCB) inflow centred composites of surface precipitation. Black contours show composite
precipitation centred relative to average WCB trajectory inflow position for the reference simulation at 0.1, 0.5 and 1.5 kg ⋅ m−2. Shading
shows the composite difference between the end member simulations with high and low cloud concentration nuclei (CCN) concentrations
(CCN − −CCN+); that is, green colours indicate enhanced surface precipitation in CCN− and brown colours indicate enhanced surface
precipitation in CCN+. (b) As (a) but the difference between CCN− and CCN+ is shown relative to the unperturbed reference simulation:
(CCN − −CCN+)∕REF (%). (c) Histogram of hourly surface precipitation rates (kg ⋅ m2 ⋅ hr−1) for the unperturbed reference simulation
(REF) and the envelopes for perturbed parameter ensemble (PPE) members with high and low CCN concentrations, respectively, for a bin
width of 0.1 mm ⋅ hr−1. (d) Ratios of binned surface precipitation rate frequencies for selected subgroups of the PPE x and y (fx∕fy). Shown are
ratios of low and high CCN members (green), high and low sea-surface temperature (SST; red), low and high ice nucleating particle
concentration (INP; blue), high and low capacitance (CAP; purple), and low and high supersaturation (SAT; orange). Additionally, the ratio
of training and validation data is shown as reference (T/V).

percentile of hourly precipitation rates in the unperturbed
reference simulation. Variance decomposition shows that
CCN have a dominant impact on the precipitation inten-
sity, with additional contributions from SST. Specifically,
low CCN concentrations and high SST result in higher
precipitation intensity (Figure 13).

To summarise, the influence of SST on WCB inflow
specific humidity and WCB ascent most strongly influ-
ences total domain-integrated surface precipitation at
longer lead times. The precipitation efficiency is sub-
stantially influenced by cloud microphysical parameters,
in particular CCN, but also CAP and INP, and delays
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precipitation formation, which subsequently influences
surface precipitation sums for shorter integration times of
24–36 hr. The delay of precipitation formation in high CCN
conditions also results in a downstream shift of surface
precipitation relative to the WCB ascent region. In con-
trast, the high precipitation efficiency in conditions with
low CCN concentrations increases the surface precipita-
tion rates directly ahead of the cold front, which is thus
associated with higher local precipitation intensity.

6 IMPACT ON UPPER LEVEL
LARGE-SCALE FLOW

The ensemble spread of Z500 in the PPE grows particularly
in regions where the WCB ascends and in the upstream
trough–ridge transition region (Figure 4), as illustrated in
Section 3. To identify the dominant pattern of variability
in the large-scale flow across the PPE and subsequently
determine the individual parameter contributions for the
observed differences, we perform an empirical orthogonal
function (EOF) analysis of geopotential at 300 hPa (Z300)
and 500 hPa (Z500) at three selected representative lead
times (dt = 24, 48, and 72 hr). The EOF is applied in the
North Atlantic region where the WCB ascends and the
upper level ridge amplifies using cosine latitude weights.
We use a box located between −40 and +50◦E and north
of 35◦N (Figure 15). The box is successively moved ±5◦ in
all directions, and the resulting EOF patterns are averaged
over the EOFs from each moving box. We incorporate the
sensitivity test for the location of the box to ensure that
the outcome remains independent of the specific domain
selection. The variability across different boxes is small,

and we thus conclude that the results are not very sensitive
to the exact extent of the defined region.

For all three lead times, EOF 1 explains about 80%
of variance for Z500 and Z300, whereas EOFs 2 and 3
each explain approximately 2–7% of total variance. The
spatial pattern of EOF 1 for Z300 shows strong signals
in the WCB ascent and upstream trough region at a lead
time of 24 hr (Supporting Information Figure A9c) and
48 hr (Figure 15a and Supporting Information Figure A9f),
and in the large-scale amplifying ridge at 72 hr (Support-
ing Information Figure A9i). Figure 15a illustrates a slight
westward shift of the upper level ridge after 48 hr lead
time for the PPE member that projects the least on the
first EOF (red contours; and in blue contours for the
PPE member with the strongest projection). The shift of
the upstream trough coincides with the WCB trajectory
positions (Figure 15b). After 72 hr lead time, the differ-
ences in the Z300 pattern between PPE members with the
strongest and weakest projection (Supporting Information
Figure A9i) emphasise the strength of the upper level ridge
and its westward extension; that is, PPE members that
weakly project on EOF 1 are characterised by a more west-
ward extended and stronger ridge. Simultaneously, the
ridge’s eastward extension is reduced (Supporting Infor-
mation Figure A9i).

The spatial patterns of EOFs 2 and 3 are less coher-
ent and explainable, but also emphasise variance in the
detailed upper level ridge characteristics where the WCB
ascends (Supporting Information Figures A10 and A11,
right columns). The EOF structures of Z500 show pat-
terns similar to those of Z300 (Supporting Information
Figures A10 and A11, middle columns) representing vari-
ance in the ridge characteristics, and are thus not discussed

F I G U R E 15 (a) Spatial pattern of the first empirical orthogonal function (EOF) of geopotential at 300 hPa (colours) after 48 hr lead
time (1800 UTC, October 5, 2016) and geopotential at 300 hPa (contours at 88 × 103 and 89.1 × 103 m2 ⋅ s−2) for the unperturbed reference
(yellow), and the experiments with maximum (blue) and minimum (red) projection onto the first EOF. (b) Warm conveyor belt (WCB)
trajectory positions coloured according to their pressure p (hPa; only every second WCB trajectory is shown) and geopotential at 925 hPa
(grey contours; every 50 geopotential metres) and geopotential at 300 hPa (yellow contours at 88 × 103 and 89 × 103 m2 ⋅ s−2) for the
unperturbed reference at the same time as (a).
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in detail. Overall, this illustrates that the combined pertur-
bations are projected onto the upper level large-scale flow,
where they can potentially grow (Baumgart et al., 2019;
Zhang et al., 2007).

To determine the contributions of the individual per-
turbed parameters to the EOF pattern, we compare the
parameter values with the respective amplitudes of the
principal components (PCs) for all PPE members. For
example, the amplitudes of PC 1 quantify how the ampli-
tude of EOF 1 varies across the PPE members. Figure 16
(top row and first column) shows the SST perturbation of
each PPE member versus the amplitude of the respective
first PC for Z300 for the three lead times (see blue dots for
dt = 48 hr). The strong negative correlation suggests that
PPE members with high SST perturbations project nega-
tively on EOF 1, and vice versa. Together with Figure 15a,
this shows that higher SST values are associated with a
stronger and more westward-directed upper level ridge
amplification, consistent with more pronounced WCB
ascent driven by higher SST (Section 4.1). This illustrates
that the WCB acts as a communicator between surface
and the upper level flow and is capable of projecting
perturbations to the jet stream, where they can amplify

substantially. The link between SST and upper level ride
amplification is consistent with previous studies that have
showed that North Atlantic blocking air masses experience
local moisture uptake in the western North Atlantic prior
to their arrival in the block (Wenta et al., 2024; Yamamoto
et al., 2021) and that have indicated a sensitivity of North
Atlantic blocking to western North Atlantic SST conditions
(Croci-Maspoli & Davies, 2009; Roberts et al., 2020, 2021,
2022; Czaja, 2019; Kwon et al., 2020).

The influence of SST on the amplitude of PC 1 increases
with increasing lead time (Figure 16, top row), suggest-
ing that the impact of SST on the upper level ridge is
continuous and increases with lead time. Moreover, the
amplitudes of PC 1 are not systematically correlated with
any other perturbed parameter (Figure 16, top row), sug-
gesting that SST is responsible for the major part of the
variance in the geopotential height pattern (within the
specified parameter ranges). The correlation patterns for
Z500 are very similar and shown in Supporting Informa-
tion Figure A8.

The dominant influence on the spatial patterns of
EOFs 2 and 3 are CCN + INP and CAP respec-
tively (Figure 16). The combination of CCN and INP

hr
hr
hr

,
,

,
,

,
,

F I G U R E 16 Scatter plots of the amplitudes of the first three principal components (PCs) for geopotential at 300 hPa (from top to
bottom) versus the parameter perturbations sea-surface temperature (SST), cloud condensation nuclei (CCN), ice nucleating particle
concentration (INP), and capacitance (CAP) coloured according to three selected lead times (24 hr, 48 hr, and 72 hr). The results for
geopotential at 500 hPa are summarised in Supporting Information Figure A8. We do not include scatter plots for supersaturation (SAT) as no
influence of SAT on PC1 to PC3 is visible.
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perturbations most strongly influence EOF 2, whereby
high CCN and high INP concentrations have an opposing
effect. EOF 3 is mostly determined by CAP. This empha-
sises that the small-scale cloud microphysics perturba-
tions are distinctly imprinted in the characteristics of the
upper level ridge, such that the EOF analysis objectively
identifies systematic differences. Although the explained
variance by the microphysical perturbations is smaller
than by SST perturbations, and despite less comprehensive
EOF patterns, the small-scale perturbations introduced
by cloud microphysical processes are still systematically
projected onto the upper level larger-scale flow.

7 CONCLUDING SUMMARY

The properties of precipitating systems, including the
induced modification of the larger scale flow, are influ-
enced by both changes in the larger scale environmental
conditions and the details of the microphysics. Here, we
investigate the impact of cloud microphysical and envi-
ronmental condition uncertainty for the large-scale cloud
system associated with the WCB airstream. In particu-
lar, we adopt a PPE approach combined with Gaussian
process emulation to Eulerian and Lagrangian diagnos-
tics and variance-based sensitivity analysis to quantify the
influence of parameter perturbations on the WCB ascent,
as well as on the associated surface precipitation and
the properties of the downstream ridge. The perturbed
parameters include CCN and INP concentrations, CAP of
ice and snow, equilibrium supersaturation prescribed in
the saturation adjustment scheme (SAT), and SST as a
proxy for specific humidity and temperature in the WCB
inflow region in the lower troposphere. The evolution of
the resulting ensemble spread in the PPE from combined
cloud microphysical and environmental perturbations is
qualitatively similar to a quasi-operational “IFS-SPPT
only” configuration (without IC perturbations), indicat-
ing that the parameter perturbations reasonably propagate
errors to the larger scale flow whereas the individual sim-
ulations do not diverge entirely. A quantitative compari-
son of the different ensembles is limited by the different
number of ensemble members used for the calculation of
ensemble spread here. In the PPE, the ensemble spread
primarily grows where the WCB airstream ascends into the
upper level ridge, corroborating the WCB’s role in amplify-
ing forecast errors (Grams et al., 2018; Martínez-Alvarado
et al., 2016; Pickl et al., 2023).

In summary, we find that SST most strongly influ-
ences WCB ascent characteristics, providing a thermody-
namic constraint on WCB ascent (Gertler et al., 2023; Joos
et al., 2023). Higher SST, and thus increased low-level
specific humidity, facilitates more pronounced and faster

WCB ascent and is associated with increased air mass
transport from the lower into the upper troposphere. On
the scale of the WCB airstream, this results in enhanced
surface precipitation. Moreover, more pronounced WCB
ascent influences the midtropospheric and upper level
flow pattern, and is associated with enhanced ridge
amplification, leading to a slightly stronger and more
westward-extended downstream ridge. This emphasises
that the WCB can project low-level perturbations into the
mid and upper troposphere near the jet stream, where
forecast errors can grow fast (Baumgart et al., 2019).

The cloud microphysical perturbations (specifically
CCN, INP, and CAP) have a smaller impact on the
large-scale flow. However, EOF analysis also shows that
the small-scale microphysical perturbations systemati-
cally and distinctly project onto the large-scale flow
pattern—albeit to a lesser extent than the SST perturba-
tions. The cloud microphysics impact primarily evolves
where the WCB ascends and propagates into the down-
stream ridge and upstream ridge–trough transition region.
Moreover, cloud microphysical perturbations, in particu-
lar the prescribed CCN concentration, strongly influence
precipitation efficiency, which modulates surface precipi-
tation sums on time-scales of approximately 1 day as well
as the local surface precipitation intensity and its spa-
tial distribution. For example, increased aerosol concen-
trations reduce the precipitation efficiency in the WCB,
which leads to a downstream shift of surface precipita-
tion as well as less intense precipitation rates. Overall, the
results from this case study suggest that CCN concentra-
tions influence total cloud water path and precipitation
efficiency, whereas total surface precipitation sums are
constrained by moisture availability, and thus indirectly by
SST perturbations. As faster WCB ascent is associated with
larger condensate transport into the upper troposphere
and lower stratosphere region and a longer lived cirrus
cloud shield (Schwenk & Miltenberger, 2024), the sensi-
tivity of WCB ascent behaviour to SST may also influence
the upper tropospheric cloud characteristics. Sensitivities
of the detailed WCB cloud structure during the ascent and
in the outflow region will be explored in further studies.
Finally, we find a feedback between cloud microphysi-
cal heating and WCB ascent velocity in the mixed- and
cold-phase regions. Reduction of the depositional growth
rate of ice and snow through lower CAP values leads to
a local reduction of vertical velocity in the WCB, as sug-
gested by von Terzi et al. (2022) based on observations.

In summary, we show that the combined perturbations
influence WCB ascent behaviour and associated precip-
itation characteristics and are projected onto the larger
scale upper level flow through the WCB. Individual uncer-
tain cloud microphysical parameters can influence fore-
cast properties, although their impacts are smaller than
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the influence of SST perturbations. Note that the quan-
tification of the dominant sources of uncertainty is only
valid within the predefined parameter ranges, and thus
depends on the a priori choice of input parameter values.
The forecast sensitivity to parameter perturbations pre-
sented here is likely model specific and may vary with dif-
ferent parametrisation schemes. In addition, WCB ascent
characteristics may be sensitive to additional uncertain
model parameters, which could not be tested in this study.
Thus, different sensitivities may appear if this approach
is extended to additional parameters. We hypothesise that
other WCB cases show similar sensitivities. The appli-
cation of this analysis framework to further WCB cases
would show if the sensitivities are more generally valid.
Overall, the PPE approach facilitates enhanced process
understanding and shows how the WCB airstream prop-
agates forecast errors from the surface into the upper
troposphere and from small to larger scales.
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