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Collaborations  within TPChange

Gradients in trace constituents in the UTLS 
are large, but also strongly variable and 
important for radiative flux divergence as 
well as mixing processes. The gradients are 
strongly impacted by 
− vertical transport from lower troposphere  
− differential horizontal transport and 
− diabatic processes in the UTLS. 
Quantifying the contributions is key to 
understanding the current structure of the 
UTLS as well as future changes.

O1     Quantify WCB impact on extra-tropical UTLS aerosol and trace gas  
           distribution (WP1, WP2) 
O2     Identify controls on synoptic-scale variability of extra-tropical UTLS  

      humidity structure (WP3, WP4) 
O3     Identify the signature of different synoptic-scale processes in multicom- 
          ponent UTLS composition (aerosol, trace gases & water isotopes) (WP5)

Main goal:  
Identify the fingerprints of (diabatic & transport) 
processes shaping exTL structure by analysing 
the UTLS multicomponent composition

Climatological relevance of WCB related moisture transport 

Motivation Results from phase I Research plan phase II

B08 Lagrangian analysis of the multicomponent structure 
of the extratropical UTLS
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Transport and moist processes 
affect constituents differently. 
Therefore consideration of the 
UTLS multi-component com-
position may provide  indications 
of key processes shaping the 
distribution of trace constituents  
in the UTLS.
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Figure 4. Ascent statistics that help us understand the convective behaviour of WCB trajectories. In (a) histograms for ⌧600 (solid line) and
⌧WCB (dashed line) ascent times are shown, as well as the three categories into which they are grouped. In (b) the ⌧300 (black) and ⌧400 (grey)
ascent times are shown. The distributions are different because many trajectories ascend a large portion convectively but not the full 600 hPa.

the mean and median values. This is consistent with the find-
ing by Oertel et al. (2023) that convective trajectories origi-
nate in a more southerly part further away from the cyclone
centre compared to slow trajectories. The initial total water
content behaves similar to the temperature; i.e. it decreases
with increasing ascent time (Fig. 6a). Consequently, the av-
erage Qtot(0) is 12.9 g kg�1 for convective trajectories and
11.3 g kg�1 for slow trajectories. The spread increases with
ascent time. This means that we find a strong correlation for
short ascent times with high vapour content and high tem-
peratures. We suggest that this is because higher tempera-
tures and vapour content mean that more buoyancy can be
generated by latent heating, leading to faster ascent times
(this is in line with findings from Schäfler and Harnisch,
2014). The initial hydrometeor content varies but is gener-
ally small (< 0.4 g kg�1, average of 0.08 g kg�1 for all tra-
jectories, Fig. 6a) with a weak dependence on ⌧600.

5.2 Trajectory characteristics at the end of the WCB
ascent

5.2.1 Temperature and pressure

The pressure and temperature at the end of the ascent is
lower for trajectories with smaller ⌧600 values compared to
more slowly rising trajectories (Fig. 5b). This difference per-
sists even many hours after completion of the ascent, with
the minimum pressure and temperature that convective tra-
jectories reach averaging 236 hPa and �56 °C and 314 hPa
throughout the entire simulation and �44 °C for slow tra-
jectories (not shown). This is partially due to the fact that
faster trajectories ascend earlier and therefore further south
(not shown), where the atmosphere is deeper. However, even
when trajectories are rising at the same latitude, those with
lower ⌧600 values will rise on average 90 hPa higher (not
shown). The differences seen for final temperature and pres-
sure are therefore largely due to differences in initial humid-

ity and temperature, where larger values favour latent heat
release and stronger cross-isentropic transport.

5.2.2 Hydrometeor content

The total hydrometeor content at the end of the ascent
(Qhy(1)) is strongly influenced by ascent time and in-
creases for a shorter ⌧600 (the maximum value of 0.17 g kg�1

is reached for ⌧600 = 1.5 h, Fig. 6b). Therefore, on aver-
age, convective trajectories transport far more hydromete-
ors (mass and number) into the UTLS than slow trajectories.
This is made evident by the fact that even though convective
trajectories make up only 5.8 % of all trajectories, they ac-
count for 14.3 % of Qhy(1). The mean Qhy(1) remains below
0.04 g kg�1 for ⌧600 > 10 h, where the spread is low. Ice is
the dominant hydrometeor species at the end of the ascent
for all trajectories, constituting 99 % of Qhy(1) (the remain-
ing 1 % is predominantly snow). No liquid hydrometeors are
found, although T (1) is not below 235 K (the homogeneous
freezing temperature) for all trajectories.

5.2.3 Vapour content and relative humidity over ice

Aside from condensate, WCB trajectories also transport wa-
ter vapour into the UTLS. Specific humidity is strongly cor-
related with the saturation specific humidity over ice, which
depends on temperature and pressure only (Fig. 7b), indi-
cating that transport of specific humidity has strong ther-
modynamic constraints. This is also evident from the final
vapour content Qv(1) (Fig. 6) showing the same dependence
on ⌧600 as the final temperature (Fig. 5b). As a result, the
majority of trajectories (65 %) have a relative humidity with
respect to ice (RHi(1)) of (100 ± 6) % (Fig. 7a). However,
while the thermodynamic conditions at the end of the ascent
are the dominant factors in determining vapour content, a
significant minority of trajectories deviate from 100 % sat-
uration: 3.5 % of trajectories have RHi(1) < 94 %, and 31 %
have RHi(1) > 106 %. Notably, more trajectories are super-

https://doi.org/10.5194/acp-24-14073-2024 Atmos. Chem. Phys., 24, 14073–14099, 2024
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Figure 5. Mean (solid line) and median (dashed line) of the temperatures (black) and pressures (red) at the (a) beginning and (b) end of
the WCB ascent. The 10th and 90th percentiles are shaded. Faster trajectories start their ascent at higher temperatures and pressures and
conversely end their ascent at significantly lower temperatures and pressures. Note: the pressure axis is not flipped to make the correlation
with temperature more obvious.

Figure 6. Mean (solid line) and median (dashed line) total moisture content (Qtot, black) as well as the vapour (Qvap, green) and hydrometeor
(Qhyd, blue) content at the (a) beginning and (b) end of the WCB ascent. The 10th and 90th percentiles are shaded. Note: the different y axis
for Qhyd(0) in (a) is due to the difference in magnitude.

saturated than sub-saturated, with 70 % of all trajectories be-
ing supersaturated with respect to ice upon completing their
ascent and entering the UTLS. This indicates that the WCB
transports substantial amounts of ice-supersaturated air into
the UTLS. The variability in RHi(1) likely stems from the
different microphysical properties of the trajectories which
control the relaxation of supersaturation to saturation values.

There are notable differences in RHi(1) between convec-
tive and slow trajectories. On average, convective trajecto-
ries have a slightly lower RHi(1) of 102.6 % compared to
104.7 % for slow trajectories. Although these averages are
similar, the RHi(1) distributions differ significantly between
the two groups. Convective trajectories exhibit a sharp peak
at 97 % with a tail extending to higher values, while slow
trajectories show a more bell-shaped distribution, peaking at
108 % (Fig. 7a). Consequently, only 56.5 % of convective tra-
jectories are supersaturated, compared to 80 % of slow trajec-
tories. This finding is particularly interesting given that con-
vective trajectories contain much higher hydrometeor con-

centrations than slow trajectories at the end of the ascent. The
lower ice number concentration in slow trajectories (Fig. 11)
likely increases the supersaturation relaxation timescale and
allows for the persistence of higher relative humidity.

We can summarise Sect. 5.2 by noting that convective tra-
jectories reach higher into the atmosphere at the end of the
ascent and have lower specific humidity than slow trajecto-
ries and higher hydrometeor contents than slow trajectories.
The specific humidity at the end of the ascent is predom-
inantly constrained by the outflow temperature. Substantial
spread in the specific humidity at a given temperature is in-
troduced by deviations away from saturation, which are more
abundant in slow compared to convective trajectories. At the
end of the ascent, convective trajectories contain, on average,
10 times more ice crystals (or 2 times more for the median)
and roughly twice the ice mass compared to slow trajecto-
ries. Consequently, while both convective and slow trajecto-
ries transport a similar total water mass to the UTLS – with a
minimum observed for intermediate ascent timescales – the

Atmos. Chem. Phys., 24, 14073–14099, 2024 https://doi.org/10.5194/acp-24-14073-2024
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Uncertainties in modelling WCB moisture transport 

Schwenk et al., ACP, 2025

Figure 2. Histograms for a) temperature T , c) pressure p, e) specific humidity qv , g) ice mass mixing ratio qi (note the logarithmic x-axis)

and i) relative humidity over ice RHi at the end of ascent. Each figure shows distributions for PPE members with the largest mean (blue) and

smallest mean (orange), as well as the average distribution in grey and the min/max distributions per variable bin in the shaded area. b), d),

f), h) and j) show T
mean, p

mean, q
mean

v , q
mean

i and RH
mean

i per PPE member, respectively, sorted according to the mean, with 5th to 95th

percentiles and inter-quartile range shaded in grey.
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Figure 7. (a) Relative humidity over ice for all trajectories as well as the convective and slow trajectories, shown as a normalised histogram at
the end of the ascent for all (black), convective (blue) and slow (orange) trajectories. (b) Two-dimensional histogram of calculated saturation
specific humidity (over ice) given temperature and pressure at the end of the ascent (y axis), over the actual specific humidity (x axis).

Figure 8. Two-dimensional normalised histograms showing (a) DR, (b) DRmphys, (c) DRmix, (d) CR, (e) PE and (f) P (1) over ⌧600. Mean
(solid) and median (dashed) are plotted in cyan.

itation efficiency PE. PE is very close to 1 for all trajecto-
ries (Fig. 8e), indicating that WCB air parcels are extremely
efficient at removing the hydrometeors they form/grow dur-
ing the ascent. For the fastest ascents, PE decreases sharply,
which is reflected in the large final hydrometeor content for
convective trajectories. Because of the longevity of ice par-
ticles in convective trajectories, PE also remains larger for
faster ascent times in the hours after the ascent (not shown).

Finally, PE and CR can be combined to a microphysi-
cal drying ratio DRmphys (Eq. 9) analogous to DRmix and
the fractional moisture loss discussed earlier. In contrast to
the fractional moisture loss, DRmphy quantifies the loss of
moisture due to cloud microphysical processes in the ab-
sence of turbulent mixing. DRmphys is approximately equal
to PE · CR as HYD(1) and ✏ are much smaller than 1 (not

shown). Furthermore, since PE is essentially 1 for most tra-
jectories, DRmphys is almost equal to CR. Only for the fastest
trajectories do we see a dip in DRmphys that reflects the sharp
decrease in PE.

In summary, the main pathway for moisture removal for
all trajectories is precipitation with mixing processes playing
a secondary role. Fractional moisture loss is > 95 % for all
trajectories and is mainly controlled by the vertical displace-
ment that WCB parcels experience, i.e. temperature at the
end of the ascent. This is reflected in CR, which behaves like
final pressure and temperature, and PE, which is close to 1.
The exception for PE is convective trajectories, where PE de-
creases sharply with decreasing ascent time. This shows that
convective activity has a large impact on the efficiency with
which moisture is removed by the end of the WCB ascent.

Atmos. Chem. Phys., 24, 14073–14099, 2024 https://doi.org/10.5194/acp-24-14073-2024
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Convection parameterisation

Schwenk and Miltenberger, in prep.
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Other results & contributions to TPchange 

− observational evidence for WCB impact on UTLS humidity and cloud 
(analysis of  radiosonde, IAGOS and satellite (MSG) data) 

− novel aged WCB diagnostic for flight planning & analysis (TPex) 
e.g. Breuninger et al., ACP, 2025; Joppe et al., ACP, 2025 

− diabatic PV tendencies for cirrus impact                     Emig et al., ACP, 2025

Objectives 

Strategy 
− use of high-resolution and climatological Lagrangian analysis 

framework developed in phase 1 
− extension of modelling capibilites to include aerosol, secondary aerosol 

precursors and water isotopes (boxmodels, ICON-MeSSY) 
− tighter integration of observational (radiosonde, satellite, TPexI/II, 

NAWDIC) and laboratory (A05/A07(E)) data

Work plan 

WP 1: Transport of aerosols by WCBs (PhD 1) 
ICON-MESSy simulations of observed cases (e.g. TPex I) 
WP 2: Transport of trace gases by WCBs (PhD 1) 
offline boxmodel for SOA transport, comparison with MESSy 
WP 3: Analysis of UTLS moisture variability, cross-tropopause 
moisture gradient and Lagrangian history (PhD2) 
climatological analysis of radiosonde and ERA5 data 
WP 4: Detailed analysis of physical processes controlling UTLS 
structure with high-resolution simulations (PhD2) 
high-resolution ICON simulations of archetypical cases selected in WP3 
WP 5: Multicomponent signature for typical modes of variability in 
UTLS moisture (PhD1/PhD2) 
offline SOA, isotope simulations for archetypical cases selected in WP3, 
synthesis on archetypical multi-component UTLS structure 

Miltenberger, Allibe et al., in prep.

m
ax

 R
H

i [
1]

de
ut

er
iu

m
 e

xc
es

s

T (end of ascent) [K]


