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Motivation Preliminary work Research plan phase II

Collaborations  within TPChange

- UTLS water vapour and clouds  are poorly represented in state-of-the-
art numerical models and impact on circulation by substantial gradients 
in radiative temperature tendencies.

- Impact on the extra-tropical mean circulation is not well understood 
and exhibits a crucial link to regional surface climate.

- The extra-tropical mean circulation is a coupled system of moist-
baroclinic eddies evolving along and shaping the midlatitude jet. 

- UTLS moisture and clouds directly shape the tropopause, implying 
changes to the jet, with potential eddy feedback.

- Eddies themselves exhibit sensitivities to model formulation (moist 
processes, clouds, resolution), which impact on mean circulation.

- Basic understanding is lacking
- of the indirect impact of ULTS moisture by upscale effects of 

transient weather features.
- of the relative importance of model sensitivities.

Formation of a modified mean state by 
eddy activity: Temporal evolution of the 
zonal-mean jet (colours) and kinetic 
energy of the eddies (contours) in a 
baroclinic life-cycle experiment.
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Collaborations
 Use of TPEx observations of UTLS moisture structure
 UTLS moisture profile variability; exchange of diagnostics
 Comparison of GCM with idealized storm-track experiments 

Moisture budget: provides context, help interpretation

    Quantify impact of newly developed schemes on UTLS     
                  moisture distribution and circulation feedback in storm tracks
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Figure 9 Keshtgar et al. 2023 from Figs. 5 and 6 in Teubler et al. 2023

Illustration of piecewise PV tendencies to quantify individual impacts: (left) diagnosing 
cloud-radiative impacts in an idealised cyclone and (right) low-frequency evolution at the 
end of the North-Atlantic storm track (onset of European blocking).

Detailed separation of diabatic PV contributions during WCB ascent: (left) ascent timescale 
distribution, diabatic PV modification in (middle) fast and (right) slow ascent.
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Figure 12. Mean evolution of PV and accumulated diabatic PV rates (APV, in PVU) along (a, d) fast, (b, e) intermediate, and (c, f) slow
WCB trajectories centered at the start of the fastest 600 hPa ascent phase (see Fig. 6). (a–c) PV and APV for relevant microphysical processes
(
P

MCRPHS; SATAD I and II, QXDEP, QXMLT, QXRIM, and QREVAP), as well as microphysics plus TURB, CON, and RAD (
P

DIAB).
Accumulated diabatic heating (ADH, in K) from all microphysical processes (blue dashed) and the net change in potential temperature (red,
1✓ ) are shown in the secondary axis. (d–f) APV from individual non-conservative processes: SATAD I and II, QXDEP, QXRIM, QREVAP,
QXMLT, CON, TURB, and RAD. Full PV is shown in the secondary axis.

Figure 13. Schematic (a) Eulerian and (b) Lagrangian perspectives of non-conservative processes in a WCB represented by the ICON
model. Additionally, (a) indicates the Wegener–Bergeron–Findeisen process (WBF), which is represented through the interaction of vapor
deposition (QXDEP) and the second saturation adjustment (SATAD II), as well as the quasi-compensation of SATAD II and the turbulent
temperature tendencies (TURB) in the lower troposphere. (b) The colors along fast and slow ascent indicate the respective ascent-integrated
diabatic heating anomalies, and the font size indicates the diabatic heating strength of the individual microphysical processes. The 0 �C
isotherm is slightly elevated along fast WCB ascent.

scheme (Sect. 2.3) suggest that changes in CCN concentra-
tion slightly modify averaged heating rate profiles (Fig. A2d)
and more strongly influence hydrometeor mass and number
concentration distributions (Fig. A2a, b). Previous studies us-
ing coarser-resolution numerical models and including ob-

servations (Joos et al., 2017; McCoy et al., 2018) have found
some impacts of aerosol concentrations on WCB-related pre-
cipitation and cloud structure. Mazoyer et al. (2021) reported
only a minor impact of changing CCN concentrations on the
entire simulation of a WCB case. Future studies should more
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Figure 6. Mean evolution of (a) pressure (p, in hPa), (b) potential
temperature (✓ , in K), (c) accumulated change in potential temper-
ature (1✓ , in K), and (d) specific humidity (qv , in g kg�1) since
the start of the fastest 600 hPa ascent phase for all WCB trajecto-
ries (black line; grey shading shows ± standard deviation) and for
the fastest 25 % (dark red), intermediate (red), and the slowest 25 %
(orange).

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

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

4.2 ADH from individual microphysical processes

In the following, we discuss the heating contributions from
the individual microphysical processes. Net microphysical
heating is dominated by condensation in the lower tropo-
sphere, which is realized by a first saturation adjustment, and

Figure 7. (a) 2D histogram of the duration of the fastest 600 hPa
WCB ascent phases (⌧600, in h) and the change in potential tem-
perature during this ascent phase (1✓ , in K). Red contours show
the maximum change in potential temperature along WCB trajecto-
ries. The black line and markers show the mean diabatic heating per
⌧600 bin. Vertical lines show 10th, 25th, 50th, 75th, and 90th per-
centiles of ⌧600. (b, c) Cumulative distributions of 600 hPa ascent-
integrated diabatic heating as a function of ⌧600. (b) Relative contri-
bution to total diabatic heating (black) and WCB trajectory number
(Ntra, grey) and (c) cumulative mean diabatic heating (black). The
vertical lines are placed at ⌧600 = 10 h and ⌧600 = 25 h.

leads to a rapid warming at the onset of the WCB ascent
(Figs. 8b, 9d–f). Condensation is the strongest in the warm-
phase region of the WCB as reflected by the diabatic heating
from the first saturation adjustment ahead of the cold front
(Fig. 10a, black contour); however, it is also relevant in the
mixed-phase region up to approximately 6 km height. In the
upper troposphere, vapor deposition on frozen hydromete-
ors takes over and dominates the subsequent cross-isentropic
ascent (Fig. 10b, black contour; Fig. 9d–f). Together, con-
densation (on average 17 K) and vapor deposition on frozen
hydrometeors (on average 13 K) dominate the microphysical
heating budget (Figs. 8b, 9d–f), as expected from previous
case studies (Joos and Wernli, 2012; Mazoyer et al., 2021).
Vapor deposition is additionally split into its contributions
from deposition on ice, snow, and graupel plus hail. In total,
integrated heating from vapor deposition on ice ADHQIDEP
is the largest with an average heating of 7 K along the ascent.
It also continues at higher altitudes and in lower temperature
ranges where depositional growth of snow is small (Fig. 9d–
f). ADHQSDEP amounts to on average 4 K, while vapor depo-
sition on graupel ADHQGDEP has the smallest contribution
of on average 1 K. The Eulerian perspective illustrates that
the heating maximum of depositional growth of frozen hy-
drometeors is located at around 6 km height (Fig. 10b, black
contours). Although heating dominates along the ascending
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UTLS humidity structure and controlling 
processes: (top left) UTLS humidity anomaly 
structure functions on different timescales. 
Variability of WCB outflow properties with (top 
right) microphysical parameters and (bottom 
right) convection parameterisation.

small CAP and INP                   large CAP and INP

convection parameterisation      
convection permitting

- Objective: Advance mechanistic and process understanding of the 
impact of UTLS moisture and clouds on the extra-tropical mean 
circulation with a focus on the transient eddy dynamics during 
transition towards a new mean state.

- Strategy: Isolate processes in the storm track in idealised experiments; 
collaborate with C03 to put results in the context of the general 
circulation.

B09N bridges gap between RAB smaller-scale mixing processes (GWs, 
cirrus, convection) and the larger, planetary-scale perspective of RAC.
- Work plan:
- WP1: Implementation of the idealised storm-track set-up and online PV 

diagnostics in ICON

Integrates set-up and developed diagnostics in common framework (Z03).
- WP2: Reference run  and cloud/ moisture diagnostics
Provides definition of “mean state”, transition time scale, and diagnostics of cloud/ 
moisture structure and radiative impacts (with B08 and GLACIATE).
- WP3: PV dynamics of the mean state

Quantifies eddy-driven changes and individual diabatic contributions to mean state, 
thereby linking transient, synoptic-scale processes to large-scale flow.
- WP4: Experiments with prescribed UTLS moisture perturbations
Explores impact of present-day variability, observed model biases, and expected 
future changes in UTLS moisture (with C03 and C05 for GCM context).
- WP5: Impact of model formulation 
Quantifies relative sensitivities of mean state to model formulation, using B06, B07, 
C08N developments with focus on cirrus, moisture gradients and eddies.

‘eddy fluxes’ ‘LHR below’

separate N into individual 
contributions, including cirrus

Contribution to TPChange synthesis
 Integrating B09N analysis tools and model set-ups in UTLS 
toolbox; test of developed parameterisations 
 Making available data from reference and sensitivity runs  

Z03

Z02

Main goal: Quantify the role of transient, weather-
scale processes in the storm tracks in shaping the 
impact of UTLS moisture on the extra-tropical mean 
state.
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