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Abstract. Water vapour isotopes re�ect the history of moist atmospheric processes encountered by the vapour
since evaporating from the ocean, offering potential insights into the controls of shallow trade-wind cumuli.
Given that these clouds, particularly their amount at the cloud base level, play an important role in the global
radiative budget, improving our understanding of the hydrological cycle associated with them is crucial. This
study examines the variability of water vapour isotopes at cloud base in the winter trades near Barbados and
explores its connection to the atmospheric circulations ultimately governing cloud fraction. The analyses are
based on nested COSMOiso simulations with explicit convection during the EUREC4A (Elucidating the role of
clouds-circulation coupling in climate) �eld campaign. It is shown that the contrasting isotope and humidity char-
acteristics in clear-sky versus cloudy environments at cloud base emerge due to vertical transport on timescales
of 4 to 14 h associated with local, convective circulations. In addition, the cloud base isotopes are sensitive to
variations in the large-scale circulation on timescales of 4 to 6 d, which shows on average a Hadley-type subsi-
dence but occasionally much stronger descent related to extratropical dry intrusions. This investigation, based
on high-resolution isotope-enabled simulations in combination with trajectory analyses, reveals how dynami-
cal processes at different timescales act in concert to produce the observed humidity variations at the base of
trade-wind cumuli.

1 Introduction

The response of shallow trade-wind clouds to climate change
is uncertain and known to contribute substantially to the
spread of climate projections (e.g. Bony et al., 2015; Zelinka
et al., 2017). Especially the cloud fraction at cloud base has
been identi�ed as a key variable in�uencing the spread of the
modelled feedback of these clouds to climate change (Bony
et al., 2017). To shed light on the mechanisms controlling
cloud base cloud fraction in the trades, the �eld campaign
EUREC4A (Stevens et al., 2021) was conducted in early
2020 near Barbados. The collected observations highlight the
role of shallow mesoscale circulations (George et al., 2023)

in driving the variability of vertical velocities at cloud base,
which is an important control of cloud fraction at this level
(Vogel et al., 2022). It remains to be investigated how these
circulations, which have recently gained attention from the
scienti�c community, shape the environment, particularly the
distribution of humidity (Albright et al., 2022) and eventually
cloud fraction.

Here, we are interested in using the abundance of heavy
stable water vapour isotopologues as tracers of cloud mi-
crophysical processes, as well as turbulent and convective
mixing. Heavy stable water vapour isotopologues (hereafter
isotopes) are water molecules containing a heavy hydrogen
(1H2H16O or HDO) or oxygen atom (1H2

18O). Compared
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958 L. Villiger and F. Aemisegger: The imprint of the atmospheric circulation at different scales

to their light counterpart (1H2
16O), they have lower satura-

tion vapour pressures and lower diffusion velocities. This im-
plies that the heavy water molecules preferably stay in the
condensed phase, where they establish stronger intermolec-
ular bonds compared to their lighter counterpart (equilib-
rium fractionation). Furthermore, the near-surface humidity
gradient leads to a differentiation in the relative concentra-
tion of the two heavy isotopes (1H2H16O and1H2

18O) due
to their differences in diffusivity (non-equilibrium fraction-
ation). This results in a change in the relative abundance of
heavy-to-light isotopes during phase transitions. The isotopic
composition of a water sample is typically assessed with the
� value for2H and18O, respectively:

� 2HT‰U D

 
2Rsample

2RVSMOW
� 1

!

� 1000; (1)

� 18OT‰U D

 
18Rsample

18RVSMOW
� 1

!

� 1000: (2)

The R in the equations above stands for the atomic ratio of
the concentration of the heavy to the light isotope, namely
2R D T2HU

T1HU
and18R D T18OU

T16OU
, in the water sample and the in-

ternationally accepted Vienna Mean Ocean Standard Water 2
(VSMOW; International Atomic Energy Agency, 2017). The
relative variations of� 2H and� 18O due to non-equilibrium
fractionation are assessed with the deuterium excess:

d-excessD � 2H � 8� � 18O; (3)

which is a measure of the thermodynamic disequilibrium
of the environment during phase transitions (e.g. Pfahl and
Wernli, 2008). Due to these mechanisms, the abundance of
heavy isotopes re�ects the integral of all phase changes and
mixing processes that occur along the �ow. While the �rst-
order isotope variable� 2H is sensitive to microphysical pro-
cesses and mixing (Gat, 1996; Galewsky et al., 2016), the
second-order isotope variabled-excess is sensitive to the
thermodynamic conditions at the moisture source (Pfahl and
Wernli, 2008; Aemisegger et al., 2021).

Part 1 of this companion paper showed that the hori-
zontal variability of humidity and� 2H of vapour at the
cloud base emerges from the circulation involving ascent
within convective clouds and subsidence outside of clouds,
which we will henceforth refer to as the cloud-relative cir-
culation (Fig. 1a). Cloudy cloud base patches (representing
the ascending branch) are moister and more enriched than
the background conditions. In contrast, clear-sky, dry-warm
cloud base patches (hereafter dry-warm patches; represent-
ing the descending branch) are drier and more depleted than
the background conditions. This suggests, against the above-
formulated expectations, that the isotopic characteristics of
the two cloud base features mainly re�ect vertical transport
and are not primarily controlled by local microphysical or
turbulent mixing processes, an aspect that we will investigate
in more detail here in part 2 of this study.

In this paper, we establish a link between isotopes in the
trade-wind region and the characteristics of atmospheric cir-
culations. For this, we use three nested convection-resolving
COSMOiso simulations with different resolutions and air par-
cel backward trajectories from the cloud base environment.
This data set, and the applied methods, is described in de-
tail in Sect. 2. First, we look at processes on the subdaily
timescale (Sect. 3). We investigate how convection drives the
variability of humidity and isotopes in different cloud base
environments (cloudy vs. dry-warm). Since convection in the
trades has a clear diel cycle (Vial et al., 2019, 2021; Vo-
gel et al., 2020), we use the diel cycle as a framework to
answer the following question. Does the diel cycle of hu-
midity and� 2H in different cloud base environments re�ect
the growth and decay of convection? Second, we test the hy-
pothesis that the large-scale circulation transporting air into
the trade-wind region leaves a distinct isotope signal in the
cloud base vapour (Sect. 4). We thus address the following
question. Which of the three variables, speci�c humidity (q),
� 2H, andd-excess, is most strongly in�uenced by the large-
scale circulation? In the conclusion, we combine the �ndings
from the two research questions (Sect. 5).

2 Data and methods

2.1 Data sets

The data from three convection-resolving COSMOiso sim-
ulations, described and evaluated in Villiger et al. (2023),
are used. Convection resolving means that the convection
schemes of the model (parameterising deep and shallow con-
vection; see Tiedtke, 1989; Theunert and Seifert, 2006) were
disabled. We have used the COSMOiso model in this set-up
in many previous studies (Dahinden et al., 2021; Diekmann
et al., 2021; Thurnherr et al., 2021; de Vries et al., 2022), in
which the comparison with isotope observations in various
regions of the world has shown a good performance of the ex-
plicit convection set-up. Furthermore, previous analyses have
shown that COSMO simulations at a range of resolutions
(grid spacing� 25 km) do not necessarily provide more real-
istic results in terms of radiation and precipitation patterns
if shallow convection is parameterised (Vergara-Temprado
et al., 2020).

For the three simulations used here, a 20 s model time step
was applied, and hourly output was generated. The simula-
tions differ in terms of domain as well as horizontal (10, 5,
1 km) and vertical (40, 60, 60 levels) grid spacings. These
differences are summarised below (for more details, see Vil-
liger et al., 2023, in particular their Fig. 2):

– COSMOiso;10 km has a horizontal resolution of 0.1� , has
40 vertical levels, and covers most of the North Atlantic.
Horizontal winds above 850 hPa in COSMOiso;10 km
were nudged towards a simulation performed with the
global model ECHAM6-wiso (Cauquoin et al., 2019;
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Figure 1. Idealised schematic of the processes affecting(a) the � 2H in vapour within the circulation associated with clouds and(b) the
d-excess in vapour during large-scale transport. Shown are three atmospheric layers: the subcloud layer, the cloud layer, and the free tropo-
sphere. They are separated by the cloud base level (dotted grey) and the trade inversion (dashed brown). It is assumed that the two boundaries
have an uneven topography in reality. However, in the simulations, cloud base is identi�ed at a constant height. Therefore, the cloud (trans-
parent blue in panela), the clear (transparent yellow ina) and the dry-warm (transparent red ina) cloud base environments are de�ned at the
�at cloud base (see Sect. 2.3 for the detailed de�nition of the three environments).(a) Within the cloud-relative circulation, air parcels (E)
take up freshly evaporated (and therefore isotopically heavy) vapour (high� 2H; enriched in1H2H16O) from near the ocean surface; (B) may
encounter below-cloud processes such as partial or full evaporation of hydrometeors and equilibration between vapour and liquid droplets,
which can have a depleting or an enriching effect on the vapour (depending on the saturation level of the subcloud layer and the formation
altitude of the rain; Aemisegger et al., 2015; Graf et al., 2019); and (C) will continuously lose heavy isotopes (lowering� 2H; depleted in
1H2H16O) as soon as they reach the lifting condensation level and cloud and rain droplets are formed. Note that the temperature effect makes
the fractionation stronger with increasing altitude. At any height, the now isotopically light air parcels may be detrained from the cloud into
the surrounding clear-sky environment. Here, (D) the air parcel's vapour can get further depleted by mixing with vapour from above the
trade inversion.(b) Within the large-scale circulation, air parcels can (E) take up moisture that is freshly evaporated from the ocean surface
under non-equilibrium conditions and therefore have a relatively highd-excess (Pfahl and Wernli, 2008) and (D) get moistened through the
detrainment of cloudy air from precipitating clouds and have a comparatively lowd-excess (Noone, 2012; Thurnherr and Aemisegger, 2022).

Cauquoin and Werner, 2021), which also served as a
source for initial, lateral, and top boundary conditions
at 6-hourly intervals. A Rayleigh damping to the top
boundary condition was used in the upper levels of the
model domain. The ECHAM6-wiso simulation, itself,
was nudged towards ERA5 (Hersbach et al., 2020) to
reproduce the large-scale meteorological conditions of
the simulated period. COSMOiso;10 km covers the period
from 6 January to 13 February 2020 of which the �rst
10 d are treated as spin-up and are not included in the
analysis.

– COSMOiso;5 km has a horizontal resolution of 0.05� ,
has 60 vertical levels, and covers a subset of the west-
ern North Atlantic, including the northern part of the
South American continent. Initial and lateral bound-
ary conditions originate from COSMOiso;10 km at hourly
time steps. The spectral nudging technique was iden-
tical to the �rst COSMOiso simulation but nudged to-
wards COSMOiso;10 km horizontal winds above 850 hPa
instead of ECHAM6-wiso. COSMOiso;5 km covers the
period from 20 January to 13 February 2020. All simu-
lated days are included in the analysis.

– COSMOiso;1 km has a horizontal resolution of 0.01� ,
has 60 vertical levels, and covers the focus area of the
EUREC4A campaign's �eld activity. Initial and lateral
boundary conditions originate from COSMOiso;5 km at
hourly time steps, and the spectral nudging was directed
towards COSMOiso;5 km wind data. COSMOiso;1 km
covers the period from 20 January to 13 February 2020,
and all simulated days are taken into account for the
analysis.

COSMOiso;1 km and COSMOiso;5 km are used to char-
acterise the cloud-relative circulation (Sect. 3), and
COSMOiso;10 km is used to assess the large-scale circulation
(Sect. 4). For this, air parcel backward trajectories are cal-
culated with data from COSMOiso;5 km and COSMOiso;10 km
using the Lagrangian analysis tool LAGRANTO (Wernli and
Davies, 1997; Sprenger and Wernli, 2015, see detailed de-
scription of trajectory starting points in Sect. 2.4 and 2.5).
LAGRANTO trajectories are based on the three-dimensional
hourly wind �elds of the respective data set, which do not
resolve sub-grid-scale boundary layer processes. To allevi-
ate this limitation, we compute a large set of trajectories.
Note also that the COSMOiso;10 km trajectories spend compa-
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rably little of their lifetime near the boundary layer, and the
COSMOiso;5 km trajectories are explicitly started from fea-
tures that are dominated by subsidence and thus well charac-
terised by the grid-scale winds.

2.2 De�nition of cloud base

Cloud base is identi�ed using the same procedure as in Vil-
liger et al. (2023), which includes the following steps:

1. Vertical pro�les at every grid point in the domain 54.5–
61� W and 11–16� N are checked for cloud water con-
tent exceeding 10 mgkg� 1 (threshold for the detection
of clouds used in Vial et al., 2019) at any model level
below 1.3 km. The lowest model level meeting this cri-
terion is taken as the cloud base of the respective verti-
cal pro�le. If a given pro�le does not contain any clouds
(i.e. does not meet the criteria), it is ignored in the sub-
sequent step.

2. In order to extract cloud base conditions, we determine
one representative cloud base model level for the do-
main 54.5–61� W and 11–16� N by calculating the me-
dian over the cloud base model levels identi�ed for
cloudy pro�les in the previous step.

3. Steps 1 and 2 are repeated for every hourly time step
of the simulated time period. The resulting time series
of cloud base model levels can then be used to extract
cloud base variables from the COSMOiso simulations.

The hourly cloud base levels alternate between 783 and
970 m for COSMOiso;10 km and change between three lev-
els, i.e. 761, 914, and 1082 m, for COSMOiso;5 km and
COSMOiso;1 km.

2.3 De�nition of cloud base features

The COSMOiso;1 km and COSMOiso;5 km grid points at cloud
base in the domain 54.5–61� W and 11–16� N are assigned
to three categories representing features from the circula-
tion associated with clouds, clear-sky regions with dry-warm
anomalies, and clear-sky regions without dry-warm anoma-
lies (see details in Villiger et al., 2023, note that here we do
not differentiate between precipitating and non-precipitating
clouds). The following de�nitions are applied to assign the
data points to the three categories cloud, dry-warm, and clear:

– Cloud grid points are identi�ed based on liquid cloud
water content exceeding 10 mgkg� 1.

– Dry-warm grid points are identi�ed by a positive
anomaly in potential temperature (� ) and a negative
anomaly inq. The anomalies are de�ned grid-point-
wise by removing the daily cycle. For each grid point,
the hour-of-the-day mean and standard deviation are
calculated over the whole simulated period (20 Jan-
uary to 13 February 2020). Dry-warm grid points are

then selected using the following criteria:qi;t < qi;h (t) �
� (qi;h (t)) and� i;t > � i;h (t)C� (� i;h (t)) (i denoting the grid
points inside the evaluation domain,t the hourly time
steps of the simulated period,h(t) the hour of the day
corresponding to the time stept, and � the standard
deviation of the considered variable). We checked that
these criteria exclusively select clear-sky grid points
(i.e. liquid cloud water content below 10 mgkg� 1) with-
out using an additional criterion for the liquid cloud wa-
ter content. An overview of the number of identi�ed
dry-warm grid points per time step is given in Fig. 2,
and an exemplary time step illustrating their spatial dis-
tribution is given in Fig. 3.

– The remaining clear-sky grid points (i.e. liquid cloud
water content below 10 mgkg� 1 but no positive
anomaly in� combined with a negative anomaly inq)
are categorised asclear.

The reasoning behind the separation of dry-warm and clear
grid points at cloud base into different categories stems from
part 1 of this study. We assume that the characteristics of
the dry-warm category result from coherent mesoscale sub-
sidence and, therefore, can give insight into the downward
branch of the cloud-relative circulation (sketched in Fig. 1).
A dry-warm anomaly is expected at the cloud base level of
the downward branch because (1) subsidence causes adia-
batic warming (generating a warm anomaly at cloud base),
and (2) a coherent mesoscale dry-warm anomaly ensures a
certain distance from clouds and through this minimises the
in�uence of mixing with moist air from surrounding clouds,
thereby avoiding major impacts of evaporating cloud and rain
droplets. Crucially, the absence of mixing and phase changes
along the subsidence path leads to a conservation of the iso-
tope signal in the vapour from the point at which it was de-
trained from the cloud down to cloud base. As shown in the
exemplary time step in Fig. 3, our de�nition of dry-warm in-
deed applies to grid points that are well away from clouds
and therefore are optimal to analyse the processes associated
with subsidence alone, which we expect to be resolved in the
simulations used here.

For the clear category, we assume that several processes
(subsidence, turbulent mixing, and evaporation of cloud and
rain droplets) impact its characteristics. Some of these, e.g.
turbulent mixing, occur on shorter temporal and spatial
scales than resolved by our backward trajectories based on
hourly simulation output. Whether the two cloud base envi-
ronments, clear and dry-warm, truly emerge due to different
processes is assessed statistically using backward trajectories
as described in the next section.

Although we have a special interest in the dry-warm cat-
egory, it is important to remember that clear grid points at
cloud base cover a much larger area. Namely, about 81 % of
the cloud base grid points in COSMOiso;1 km are categorised
as clear and only about 8 % as dry-warm, considered over the
whole simulated period. This means, for instance, that for the
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Figure 2. Hourly time series of fraction (left axis) and number (right axis) of cloud base grid points in the domain 54.5–61� W and 11–16� N
categorised as dry-warm in COSMOiso;5 km (grey continuous) and COSMOiso;1 km (black dashed). In case of COSMOiso;5 km, these cloud
base grid points serve as starting points of the dry-warm backward trajectories (see text for details). The total numbers of cloud base grid
points in the considered domain are 12 632 for COSMOiso;5 km and 316 028 for COSMOiso;1 km.

mass balance at cloud base, the clear category plays a more
important role than the dry-warm one (knowing that at the
cloud base level, local downward winds of similar magnitude
prevail in both; see Villiger et al., 2023, their Fig. 15d).

2.4 Lagrangian characterisation of the cloud-relative
circulation

To investigate the formation mechanism of the dry-warm
patches at cloud base, we calculate 24 h backward trajec-
tories. We start them at hourly time steps between 22 Jan-
uary and 13 February 2020 from all cloud base grid points
identi�ed as dry-warm in the domain 54.5–61� W and 11–
16� N in the COSMOiso;5 km simulation. Note that the num-
ber of dry-warm cloud base grid points varies from time step
to time step (Fig. 2). Summed over all time steps, this re-
sults in a total of 568 124 dry-warm trajectories. Similarly,
we start 24 h backward trajectories every hourly time step
between 22 January and 13 February 2020 from 1000 ran-
domly selected cloud base grid points identi�ed as clear in
the COSMOiso;5 km simulation. We �x the number of clear
trajectories for computational reasons, since about 9000 grid
points are identi�ed as clear every hourly time step (not
shown). Summed over all time steps, this results in a total
of 539 460 clear trajectories. The starting points of the dry-
warm (red areas) and clear (yellow dots) backward trajecto-
ries are shown for an exemplary time step in Fig. 3d.

To learn about the overturning time and vertical depth of
the cloud-relative circulation, we determine the altitude and
time step, at which each air parcel was last located inside a
cloud before arriving at cloud base (i.e. we perform a last
point of saturation analysis; cf. Galewsky et al., 2016). For
this, we check the cloud liquid water content along each tra-
jectory and identify the last time step before arrival, when
the cloud liquid water content exceeded 10 mgkg� 1 (sketch
in Fig. 4). We refer to the air parcel's altitude at this time step
as cloud detrainment altitude (Figs. 5c and 10a) and interpret
it as the upper turning point of the circulation (where the air
parcel is detrained from the cloudy updraught and starts to

subside towards the surface). Note that only 58 % of the air
parcels arriving in a dry-warm cloud base environment en-
counter a cloud during the previous 24 h. For air parcels ar-
riving at clear grid points at cloud base, this value amounts
to 79 %.

We limit the trajectories to 24 h because we want to
isolate the coupling between the upward and downward
branch of the circulation. Since the upward branch (i.e. con-
vection) is known to have a clear diel cycle (Vial et al.,
2019, 2021; Vogel et al., 2020, 2022), it is reasonable
to look at the downward branch over the same time pe-
riod. We use COSMOiso;5 km for these trajectories because
COSMOiso;1 km has too small a domain to trace air parcels
over several hours. We use the variables cloud detrainment
altitude and time step in Sects. 3 and 5.

2.5 Lagrangian characterisation of the large-scale
circulation

We calculate backward trajectories based on
COSMOiso;10 km data to evaluate the role of the large-
scale circulation for the isotopic composition of vapour
around cloud base in Sect. 4. A total of 138 trajectories,
reaching 6 d backwards in time, are started every hour from
22 January to 13 February 2020, which is suf�cient to cap-
ture the in�uence of a large-scale signal. The starting points
are distributed over three vertical levels and horizontally
spaced with a distance of 100 km in the domain 54.5–61� W
and 11–16� N. The three vertical levels at 940, 920, and
900 hPa are chosen such that they bracket cloud base to take
into account some variability in the cloud base level in the
coarse resolution data set. Hereafter, the air parcel's arrival
level is referred to as cloud base. Furthermore, we do not
distinguish between different cloud base mesoscale features
(as in Sect. 2.3 and 2.4), because we expect the large-scale
circulation to modulate isotope signals at the large scale.

To distinguish between different large-scale �ow patterns
and to assess the coupling between large-scale �ow and cloud
base isotopes, we calculate the mean 1 h vertical displace-
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Figure 3. Spatial distribution of(a, d) cloud base grid points identi�ed as cloud (blue), dry-warm (red), or clear (yellow; only a subset
of 1000 randomly selected data points),(b, e) speci�c humidity (q), and(c, f) potential temperature (� ) at cloud base at 15:00 UTC on 2
February 2020. Shown is the data from(a–c) COSMOiso;1 km and(d–f) COSMOiso;5 km in the domain 54.5–61� W and 11–16� N. The
fraction of grid points in the domain identi�ed as dry-warm is(a) 3.3 % or(d) 4.3 %.(d) COSMOiso;5 km backward trajectories (see text for
details) are started from the red areas (representing all dry-warm cloud base grid points) and the yellow dots (representing 1000 randomly
selected clear grid points at cloud base). For scale, the �ight track of the aircraft ATR42 (Bony et al., 2022) during EUREC4A is shown in
pink.

ment based on the change of altitude (1z X d; sketch in Fig. 4)
over different time windows (X D 1; : : :; 6 d) for each trajec-
tory. This variable is used in Sects. 4 and 5.

The sources of the moisture arriving in the EUREC4A do-
main and their associated conditions are characterised based
on the algorithm developed by Sodemann et al. (2008) and
using the COSMOiso;10 km trajectories. In short, a trajectory-
based water mass balance is computed and temporal changes
in q along the backward trajectories are identi�ed as uptakes
if positive and rain events if negative. The weight of each
uptake is determined according to its mass contribution to
the �nal q at arrival by proportionally discounting the in-
�uence of uptakes happening before rain events underway.
Moisture source conditions, in particular the relative humid-
ity with respect to sea surface temperature (RHSST), which
is known to control thed-excess signal, were calculated as
mass-weighted means using the weights of the individual up-
takes (for more details, see Aemisegger et al., 2014).

3 Cloud base isotopes and the cloud-relative
circulation

This section discusses how the cloud-relative circulation
(Fig. 5) drives the diel cycle of isotopes in different cloud
base environments (Fig. 6). For this, we analyse the tem-
poral evolution of the isotope signals at the cloud base data

points from COSMOiso;1 km categorised as cloud, clear, and
dry-warm (Sect. 2.3). In addition, we use COSMOiso;5 km
trajectories to derive an estimate of the rooting altitude of
the subsiding branch of the cloud-relative circulation (cloud
detrainment altitude; see Sect. 2.4). When combining these
two data sets, it is important to know that the vertical ve-
locities within cloud and dry-warm cloud base environments
are stronger in COSMOiso;1 km than in COSMOiso;5 km. How-
ever, the diel cycles of vertical velocities in the two data
sets are the same (not shown). We argue that we can use the
variables characterising the cloud-relative circulation derived
from the COSMOiso;5 km trajectories, as our primary focus
lies in discerning their variation (and not their absolute val-
ues) throughout the day and in understanding how this varia-
tion correlates with changes in cloud base isotopes.

Before we move on to exploring the potential coupling be-
tween the cloud-relative circulation and cloud base isotope
signals, we have to brie�y address the evaluation of the diel
cycles with observations. The modelled diel cycles cannot be
evaluated directly with observations due to the lack of avail-
able observations at cloud base in different environments
(cloud, clear, dry-warm) over the entire day. Instead, an eval-
uation of the diel cycle from observations at a close-by land
site along the east coast of Barbados (BCO site; see Bailey
et al., 2023) has been done, which shows a good agreement
with the model (Appendix A). The diel cycles ofq and� 2H
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Figure 4. Schematic of two individual air parcel's backward trajectory started from cloud base. The red trajectory showcases the procedure
to identify the cloud detrainment altitude and time step of the air parcel (red star). This procedure is applied to the COSMOiso;5 km backward
trajectories (Sect. 2.4). The black trajectory showcases the procedure to obtain the mean vertical displacement over a certain time period
(1z � X h), which is calculated for the COSMOiso;10 km backward trajectories (Sect. 2.5). Here,z0 h indicates the altitude from which the
backward trajectory is started, andz� 1 h, z� 2 h, z� 3 h; : : :;z� X h the altitude of the air parcel 1; 2; 3h; : : :;X h before arrival at cloud base,
respectively. The altitude difference betweenz0 h andz� X h divided by the hours between the two considered time steps yields the mean
altitude change overX h, i.e.1z X h. Note that if time periods longer than 24 h are considered, the notation is adapted to days instead of hours
(i.e. 1z X d).

in clouds at cloud base are in phase with and of the same am-
plitude as the respective variable at the coastal site. A slight
delay in phasing of the diel cycles in the clear and dry-warm
patches at cloud base compared to the near-surface coastal
point is due, on the one hand, to the circulation including the
condensational depletion in clouds (see also discussions be-
low) and, on the other hand, to the stronger direct in�uence of
surface evaporation as well as below-cloud interaction with
falling rain at the BCO. From this short comparison with the
observational BCO data, we conclude that the physical in-
gredients shaping the diel cycle are adequately represented
in the model.

We start the discussion of the diel cycles by consider-
ing the variations of cloud fraction and precipitation over
a typical day. The cloud fraction at cloud base is maximal
at night between 22:00 and 02:00 LT (local time; 02:00–
06:00 UTC), followed by a continuous decrease until reach-
ing a minimum shortly after noon between 13 and 15:00 LT
(17:00–19:00 UTC; Fig. 5a). The reduction of clouds at
low levels is associated with a progressive deepening of
the clouds (Fig. 5a), which simultaneously leads to an in-
crease in precipitation (Fig. 5b). The deepest clouds associ-
ated with the highest rain rates are observed around 06:00 LT
(10:00 UTC). This is in good agreement with Vial et al.
(2019, their Fig. 3a, c), who also found a maximum in cloud
fraction at low levels (� 900 m) during the night and at
higher levels (� 2500 m) during early morning, as well as
a peak in precipitation around 06:00 LT. In terms of abso-
lute values, the rain rates in COSMOiso;1 km match the ones
of Vial et al. (2019), ranging from 0.01 to 0.04 mmh� 1. For
cloud fractions, however, we �nd larger values at low levels

and smaller values at higher levels compared to Vial et al.
(2016). The underestimation of cloud fraction at higher lev-
els was already noted and discussed in Villiger et al. (2023).
The driver of this nighttime convective strengthening is as-
sumed to be the horizontal inhomogeneity in the long-wave
cooling (Gray and Jacobson, 1977; Randall et al., 1991; Vial
et al., 2019).

Convection, measured in terms of updraught strengths
(wup in Fig. 5b), is strongest when clouds are deep-
est (Fig. 5a) and precipitation is most intense (Fig. 5b).
In other words, the strongest updraughts occur around
06:00 LT (10:00 UTC) and the weakest ones around 18:00 LT
(22:00 UTC). Vogel et al. (2020, their Fig. 3) and Vogel et al.
(2022, their extended data Fig. 1) found similar diel cycles
for the convective mass �ux at cloud base in EUREC4A ob-
servations, with high values during the morning and low val-
ues during the evening. Note, however, that the updraught
strengths considered here are not directly comparable to
the mass �uxes from Vogel et al. (2020, 2022). Their mass
�uxes are about 1 order of magnitude smaller than our up-
draught strengths, because their de�nition takes into account
the cloud-core area fraction and vertical velocity while we
only consider vertical velocity.

Assuming an approximately closed cloud-relative circula-
tion, we expect that the variation of the ascending branch
(i.e. updraught strengths, rain rates, cloud fraction, and verti-
cal extent) over the day triggers a response in the descending
branch. A physically meaningful response can be found in
the COSMOiso;5 km trajectories: air parcels arriving at dry-
warm cloud base grid points require 10–14 h to cover the
distance from the altitude where they were detrained from a
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Figure 5. Diel cycle of(a) cloud (�lled contours) and rain (contours) fraction at different levels, de�ned as fraction of grid points per model
level exceeding the threshold of 10 and 1 mgkg� 1 cloud and rain water, respectively; (b, left) average precipitation; (b, right) strength of
updraughts at cloud base, de�ned as the mean of positive vertical velocities in cloud grid points (wup); and(c) median cloud detrainment
altitude (continuous; lefty axis) and time step (as hour before arrival; dashed; righty axis) of the air parcels arriving at clear (yellow)
and dry-warm (red) cloud base grid points, only considering those air parcel trajectories that have been inside a cloud (Sect. 2.4). The
hour-of-the-day mean values in the domain 54.5–61� W and 11–16� N during the period 20 January to 13 February 2020 are shown. Data:
(a, b) COSMOiso;1 km and(c) COSMOiso;5 km trajectories.

cloud to the altitude of cloud base (red dashed line in Fig. 5c).
In other words, the altitude at which these air parcels were
detrained (red continuous line in Fig. 5c) should re�ect the
cloud characteristics 10–14 h earlier. If we, for example, look
at the air parcels arriving 13:00 LT (17:00 UTC) at dry-warm
cloud base grid points, we learn that these air parcels were
detrained 12 h earlier (the time of the day with the high-
est low-level cloud fraction; Fig. 5a) from clouds at 1570 m.
Contrastingly, the air parcels arriving 01:00 LT (05:00 UTC)
at dry-warm cloud base grid points were detrained 11 h ear-
lier (the time of the day with the lowest low-level cloud frac-
tion; Fig. 5a) from clouds at 1360 m. Thus, the amount of
low-level clouds and their vertical extent determines the av-
erage detrainment altitude of dry-warm air parcels.

A similar diel cycle is found for the air parcels arriv-
ing at clear grid points at cloud base. However, the subsi-
dence times are shorter (4–9 h; yellow dashed in Fig. 5c),
and the cloud detrainment altitudes are correspondingly
lower (1060–1200 m; yellow continuous in Fig. 5c). Earlier
(Sect. 2.3), we formulated the hypothesis that the dry-warm
and clear cloud base characteristics emerge due to different
processes. The trajectory analysis discussed here suggests
that it is more accurate to speak of different paths than pro-
cesses. The air forming the dry-warm patches originates from
altitudes where it is likely also mixed with air from the free
troposphere. Contrastingly, the clear environments form out
of air that was detrained from clouds earlier, at lower alti-
tudes. In our understanding, both categories belong to the
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subsiding branch of the cloud-relative circulation, with the
dry-warm path connecting cloud base with higher detrain-
ment altitudes.

If we link the two different transport histories with
the idealised schematic, illustrating processes altering� 2H
(Fig. 1a), we come to the conclusion that we must �nd con-
trasting isotope signals in the three cloud base environments
dry-warm, clear, and cloud. The dry-warm air has ascended
the furthest and should therefore be the most depleted en-
vironment. In addition, mixing with free tropospheric air
would further deplete the vapour before it subsides into the
dry-warm patches at cloud base. The clear air has ascended
less and should therefore be more enriched. In the cloud air,
condensation and rainout of heavy isotopes just started, and
therefore its vapour should be the most enriched.

The above considerations are con�rmed by the data. Look-
ing at � 2H (Fig. 6, left y axis), we �nd the most enriched
vapour in the cloud and the most depleted vapour in the dry-
warm cloud base environments. Similar characteristics are
found forq (Fig. 6, righty axis), with the highest values in
the cloud and the lowest in the dry-warm environments (as
expected from the de�nition of dry-warm). The three envi-
ronments differ not only in absolute values but also in the diel
cycles. The diel cycles of� 2H andq are more pronounced
for the dry-warm (amplitudes of� 4 ‰ and 1.6 gkg� 1) and
clear environments (amplitudes of� 1.6 ‰ and 0.8 gkg� 1)
than for the cloud environments (amplitudes of� 0.9 ‰ and
0.5 gkg� 1). The cloud patches are fed by updraughts bring-
ing moisture from the subcloud layer, in which the amplitude
of the variability inq and� 2H is small and of about the same
extent as observed in clouds (see part 1 of this study and Ap-
pendix A). While the cloudy grid points are thus largely unaf-
fected by the diel cycle of convection, the dry-warm and clear
grid points reach their most depleted and driest state shortly
after noon local time, when cloud base cloudiness is mini-
mal (Fig. 5a), updraughts are weak (Fig. 5b) and air parcels
from comparably high altitudes arrive in the two cloud base
environments (Fig. 5c).

Two mechanisms likely contribute to the drying and de-
pletion of the clear and dry-warm cloud base grid points over
the course of the day: (1) a small immediate effect due to
the decrease in cloud fraction, which reduces the moistening
and enrichment of the clear and dry-warm patches through
lateral detrainment from surrounding clouds, and (2) a dom-
inating temporally delayed effect due to the vertical growth
of clouds, which has the consequence that the detrainment
from clouds happens at increasing altitudes where tempera-
ture is lower and, therefore, saturatedq is less. With increas-
ing altitudes, the isotope signal is also more depleted due
to the continuous condensation and rainout in the convec-
tive updraughts which transport the vapour to these altitudes
in the �rst place. Assuming that the vapour detrained from
clouds experiences little to no phase changes or mixing with
advected vapour during its journey back to cloud base (i.e.
closed circulation), it follows that its isotope signal is approx-

imatively conserved. Thus, the higher the detrainment from
clouds, the lower the amount of vapour that returns to cloud
base and the more depleted its isotope signal. This mecha-
nism would explain the differences ofq and � 2H between
the clear and dry-warm patches, as well as their diel cycles. A
link between the altitude of origin (cf. detrainment altitude)
and the depletion of the vapour was previously determined
by Risi et al. (2019). Furthermore, George et al. (2023) dis-
covered that the ascending branch of mesoscale circulations
is associated with a moisture accumulation in the subcloud
layer and at cloud base, while the descending branch is as-
sociated with a moisture de�cit. Both studies back our sug-
gestion that the mesoscale spatial and temporal variability of
cloud base isotopes is closely linked to the cloud-relative cir-
culation.

As mentioned at the beginning of this section, we have to
be careful with the absolute values of the variables derived
from the COSMOiso;5 km trajectories when combining them
with variables from the COSMOiso;1 km simulation. A com-
parison to literature, however, gives con�dence that the ob-
tained values for the detrainment time and altitude are mean-
ingful. George et al. (2023) identi�ed shallow mesoscale cir-
culations in EUREC4A dropsonde observations as dipoles
between the divergence in the subcloud layer and the di-
vergence in the cloud layer. They �nd the highest lagged
anti-correlation between the divergences of the two layers
for a temporal lag of 7 to 8 h, which can be interpreted as a
minimal lifetime of these circulations. This observation sup-
ports the subsidence times of 4 to 14 h as identi�ed with our
COSMOiso;5 km trajectories. Furthermore, their de�nition of
the cloud layer, ranging from 900 to 1500 m, largely over-
laps with our diagnosed detrainment altitudes, giving them
additional independent credibility.

In this section, we showed that at the subdaily timescale,
q or � 2H at cloud base vary little inside clouds, while their
variations in the clear and dry-warm environments re�ect the
deepening of convection over the day, which (with a 4–9 h
and a 10–14 h lag, respectively) causes drying and vapour
depletion of the clear and dry-warm environments. The in-
formation gained fromq and� 2H seems congruent, while the
d-excess contains no signal of a diel cycle in any cloud base
environment (not shown; Villiger, 2022), pointing towards a
dominant control by the large-scale circulation (see Sect. 4).
Finally, we found evidence for the fact that the circulation
associated with clouds is only a few hundred metres deep.

4 Cloud base isotopes and the large-scale
circulation

This section investigates which of the three variables,q, � 2H,
or d-excess, at the base of trade-wind clouds is most strongly
in�uenced by the large-scale circulation. For this, we use
trajectories calculated based on the COSMOiso;10 km simu-
lation (Sect. 2.5), which arrive evenly distributed near cloud
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Figure 6. Diel cycle of� 2H in vapour with the median shown as a thick line and the 25–75-percentile range as shading/thin lines (continuous;
left y axis) andq (dashed; righty axis) of cloud (blue), clear (yellow), and dry-warm (red) cloud base grid points. The hour-of-the-day mean
values in the domain 54.5–61� W and 11–16� N during the period 20 January to 13 February 2020 are shown. Data: COSMOiso;1 km.

base and are not targeted at cloud, clear, or dry-warm envi-
ronments. We use the mean vertical displacement over time
periods exceeding 1 d (1z X d) to distinguish between large-
scale circulation patterns. For Hadley-cell-like subsidence,
resulting from the balance between radiative cooling and
adiabatic warming, a vertical displacement of� 1.5 hPah� 1

(Salathé and Hartmann, 1997) is expected. For air parcels
that go through an extratropical dry intrusion before arriving
in the trades (Aemisegger et al., 2021; Villiger et al., 2022),
the subsidence of individual air parcels exceeds� 8 hPa h� 1

(Raveh-Rubin, 2017).
The strongest link between the large-scale circulation and

the cloud base� 2H in the trades is found if the air parcel's
vertical displacement during 4 d before arrival is considered
(Table 1). For thed-excess, the strongest link is found for 6 d
or more (the trajectory length is limited by the domain size
in this analysis). The correlations are weaker for shorter or

longer timescales, and the relationship is such that the vapour
is more depleted and has a higherd-excess when the subsi-
dence of the air parcels is stronger (Fig. 7b, c). In comparison
to the isotope variables,q is less in�uenced by the large-scale
vertical displacement (comparably low correlations, with the
maximum found for 2 d; Table 1 and Fig. 7a), illustrating
the limited memory of moist processes registered byq alone.
This difference in memory of the history of moist processes
along the �ow inq and� 2H is due to the fact thatq alone is
determined to �rst order by the temperature just before the
detrainment from clouds (i.e. last saturation paradigm; see
Sherwood, 1996; Sherwood et al., 2010), while the� 2H con-
tains information on bothT1H2

16OUandT1H2H16OU, which
relates to the condensation history in the clouds. Thed-
excess in turn connects to the non-equilibrium conditions at
the evaporative moisture source, while being at �rst order un-
affected by equilibrium cloud processing.
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Figure 7. Relation between vapour(a) q, (b) � 2H, and(c) d-excess of the COSMOiso;10 km air parcels at their arrival near cloud base and
their mean vertical displacement (1z X d) over the period (X d), which yielded the highest correlation (Table 1), i.e. 2, 4, and 6 d. The data
points are coloured according to the arrival time step of the air parcels. Shown are the mean values over the 138 COSMOiso;10 km air parcels
arriving simultaneously (every hour from 22 January to 13 February 2020) at the three cloud base trajectory starting levels (940, 920, and
900 hPa) in the domain 54.5–61� W and 11–16� N. See Sect. 2.5 for details about how the subsidence is calculated. The dashed black lines
indicate the mean values of the respectivex andy variable over all arrival time steps. The data points with black borders represent arrival
at 12:00 UTC on 22 January 2020, 15:00 UTC on 31 January 2020, 18:00 UTC on 8 February 2020, and 18:00 UTC on 12 February 2020.
Data: COSMOiso;10 km.

The physical link between the subsidence and� 2H is
straightforward: the stronger the subsidence, the isotopically
lighter the vapour because it originates from higher altitudes
(Risi et al., 2019). The link between the subsidence and the
d-excess can be explained by the contrasting conditions at
the site where the vapour is evaporated and picked up by the
air parcels embedded in the large-scale circulation (i.e. at the
moisture source; see examples in Appendix C). Air parcels
descending within an extratropical dry intrusion are expected
to be drier and to create a stronger near-surface humidity gra-
dient (i.e. lower RHSST) at the moisture source (increasing
thed-excess) than air parcels crossing the North Atlantic at
low levels within the comparably moist trade winds where
frequent detrainment of cloudy air occurs (lowering thed-

excess; Fig. 1b). This interplay between large-scale subsi-
dence, humidity gradient, andd-excess is visualised in Fig. 8.
The air parcel'sd-excess at arrival is clearly more strongly
in�uenced by the humidity gradient at the moisture source
(Fig. 8a) than by the humidity gradient at the arrival location
(Fig. 8b).

The maximum correlation shown in Table 1 is slightly
higher for thed-excess than for the� 2H and small forq.
Moreover, the vertical displacement time window leading to
the highest correlation extends further back for thed-excess
than for � 2H or humidity. Both �ndings suggest that of the
three variables, thed-excess is most strongly in�uenced by
the large-scale circulation through the conditions created at
the moisture source. This meets expectations, as thed-excess
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Figure 8. Relation between relative humidity with respect to sea surface temperature (RHSST) andd-excess in vapour of the COSMOiso;10 km
air parcels at their arrival near cloud base.(a) RHSSTat the moisture source of the air parcels (Pearson correlation coef�cientD � 0:92; two-
tailedp value< 10� 6); (b) RHSST at the air parcel's arrival location (Pearson correlation coef�cientD � 0:37; two-tailedp value< 10� 6).
The data points are coloured according to the mean vertical displacement of air parcels during the last 6 d before arrival at cloud base
(1z 6 d, i.e. the variable shown on they axis of Fig. 7c). Shown are the mean values over the 138 COSMOiso;10 km air parcels arriving
simultaneously (from 22 January to 13 February 2020) at the three cloud base trajectory arrival levels (940, 920, and 900 hPa) in the domain
54.5–61� W and 11–16� N. The dashed black lines indicate the mean values of the respectivex andy variable over all arrival time steps.
Data: COSMOiso;10 km.

Table 1. Pearson correlation coef�cients between vapourq, � 2H,
andd-excess of the COSMOiso;10 km air parcels at their arrival near
cloud base and their mean vertical displacement (1z X d; Sect. 2.5)
during theX D 1: : :6d before arrival. The correlations are calcu-
lated between the mean values of the 138 air parcels arriving every
hour between 22 January and 13 February 2020 (shown in Fig. 7).
The strongest correlation for each variable is shown in bold. Combi-
nations with no statistically signi�cant association between the two
variables (i.e. two-tailedp value> 0:05; seep values in Table B1)
are highlighted in italics. Data: COSMOiso;10 km.

1z X d

1 d 2 d 3 d 4 d 5 d 6 d

q 0.29 0.33 0.19 0.05 0.07 0.13
� 2H 0.3 0.54 0.63 0.71 0.57 0.43
d-excess � 0:16 � 0:25 � 0:37 � 0:54 � 0:72 � 0.75

is known to be sensitive to the non-equilibrium fractionation
conditions at the moisture source (Pfahl and Wernli, 2008;
Aemisegger et al., 2021) and less to subsequent cloud pro-
cesses, which often happen under conditions close to equilib-
rium. Contrastingly,� 2H is sensitive to equilibrium and non-
equilibrium processes, meaning the source signal is more
quickly overwritten than the one ofd-excess.

The mean vertical displacement over all arrival time steps
is 1.5 hPah� 1 (Fig. 7), which corresponds to a Hadley-cell-
like descent. However, it can be substantially stronger or

weaker for individual time steps. To illustrate the variability
in the large-scale circulation, four time steps with contrast-
ing 6 d subsidence are selected (Fig. 9). The two cases with
weaker subsidence (Fig. 9a, b) are associated with the typi-
cal zonal �ow of the trades. In the two cases with stronger
subsidence (Fig. 9c, d), the trades are interrupted by Rossby-
wave breaking events over the central North Atlantic, which
steer the air parcels from the extratropics towards low lati-
tudes and cause a rapid descent along the slanted isentropes
from the upper into the lower troposphere. As expected from
the correlation analysis above (Table 1, Fig. 7), the different
large-scale circulation patterns of the four cases lead to clear
differences in thed-excess (ranging from 15.5 ‰ to 18.3 ‰)
and the� 2H (ranging from� 77:1 ‰ to � 84:2 ‰) at the air
parcel's arrival location but not inq (ranging from 11.0 to
11.4 gkg� 1). This analysis on the in�uence of the large-scale
circulation on cloud base isotopes showed, that on a daily
timescale thed-excess is mainly impacted by the different
regimes of the large-scale �ow in the winter trades, while
� 2H connects to the strength of the large-scale subsidence in
addition to the strong in�uence of the cloud-relative circula-
tion.

5 Summary and conclusion

In this �nal section, we combine the insights from relating
isotope signals at cloud base to the circulation at different
scales. In a �rst step (Sect. 3), we analysed the imprint of
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Figure 9. COSMOiso;10 km trajectories for exemplary dates with different strength of the large-scale 6 d subsidence (the corresponding
moisture sources are shown in Fig. C1). Arrival time steps are indicated in black on the left side of the panels. The dates were selected from
Fig. 7 as indicated by the black bordered markers. The trajectories arrive at 940, 920, and 900 hPa in the domain 54.5–61� W and 11–16� N.
Together with each air parcel's position (black dots) 3.5 d before arrival, the sea level pressure (grey contours) and the dynamical tropopause
(2 pvu at 320 K; red contours) are shown for the corresponding date indicated in grey at the top left or bottom right of each panel. Shown
are the domain 0–85� W and 5� S–55� N and the air parcels arriving(a) at 15:00 UTC on 31 January (q D 11:3 gkg� 1, � 2H D � 77:1 ‰,
d D 15:5 ‰, 6 d subsidenceD � 2:8 mms� 1 or 1:1 hPah� 1); (b) at 18:00 UTC on 12 February (q D 11:0 gkg� 1, � 2H D � 79:0 ‰, d D
16:5 ‰, 6 d subsidenceD � 3:6 mms� 1 or 1:5 hPah� 1), (c) at 18:00 UTC on 8 February (q D 11:1 gkg� 1, � 2H D � 80:2 ‰, d D 17:9 ‰,
6 d subsidenceD � 4:9 mms� 1 or 2hPah� 1), and(d) at 12:00 UTC on 22 January 2020 (q D 11:4 gkg� 1, � 2H D � 84:4 ‰, d D 18:3 ‰, 6 d
subsidenceD � 6:3 mms� 1 or 2.6 hPah� 1). The dates are sorted according to the strength of the subsidence over 6 d, starting with the case
with the weakest subsidence in panel(a). Data: COSMOiso;10 km.

the cloud-relative circulation on cloud base water vapour iso-
topes in the trade-wind region. For this, we distinguished be-
tween three cloud base environments, i.e. cloud, clear, and
dry-warm. We showed that the three environments differ re-
garding the values and diel cycles ofq and� 2H, and we could
attribute these differences to distinct processes in the cloud-
relative circulation (see underlying concept in Fig. 1a). Fur-
thermore, we demonstrated thatq and� 2H of the cloud en-
vironment remain largely unaffected by the vertical growth
of convection over the day, while the other two environments
show a diel cycle linked to the cloud fraction at the cloud
base and the cloud depth. Through the vertical growth of
the clouds during the day, the altitude at which the vapour
is detrained from the cloud is lifted. This cloud detrainment
altitude of the air parcels arriving in the clear or dry-warm
patches was identi�ed as the main control of the degree of

drying and depletion at cloud base. Since the cloud detrain-
ment altitudes are higher for the dry-warm than for the clear
environment, the drying and depletion is stronger in the for-
mer. The information gained fromq and � 2H was largely
congruent. However, by combining the two variables for the
dry-warm environment (Fig. 10a), we �nd a group of data
points (encircled in black) that is shifted towards lower� 2H
but shows no peculiarities inq or the detrainment altitude.
The stronger depletion of these data points can only be un-
derstood if the in�uence of the large-scale circulation is taken
into account.

We investigated the imprint of the large-scale circula-
tion on cloud base water vapour isotopes in a second step
(Sect. 4). We illustrated that� 2H andd-excess of the vapour
near the cloud base (independently of the cloud base envi-
ronment, i.e. cloud, clear, or dry-warm), but notq, vary on
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Figure 10. Relation between hourly median values ofq and� 2H in the vapour of the cloud base grid points identi�ed as dry-warm in the
domain 54.5–61� W and 11–16� N from COSMOiso;1 km. They are coloured according to(a) the cloud detrainment altitude derived from
the COSMOiso;5 km trajectories and(b) 1z over 4 d from the COSMOiso;10 km trajectories. Rayleigh distillation curves for an open system
(i.e. assuming 100 % precipitation ef�ciency; light grey continuous) and three exemplary mixing lines (dark grey dashed) with the mixing
endmembers (dark grey squares) are shown for reference. Data points with enhanced large-scale subsidence leading to low� 2H values are
encircled in black.

the synoptic scale following changes in the large-scale circu-
lation in a physically meaningful way. Namely, the vapour in
the trade-wind region is more depleted and has a higherd-
excess the stronger the subsidence (i.e. the more negative the
vertical displacement) during the preceding 4 to 6 d. The� 2H
in cloud base vapour was found to be most strongly linked to
the 4 d vertical displacement (Pearson correlation of 0:71),
which also explains the more depleted data points (encir-
cled in black) in Fig. 10. Contrastingly, thed-excess is most
strongly linked to the 6 d vertical displacement (Pearson cor-
relation of� 0:75). The strong link between thed-excess and
the large-scale circulation found here is in agreement with
Aemisegger et al. (2021, their Fig. 16), who found a clear
link (Pearson correlation of� 0:73) between thed-excess in
vapour measured on Barbados in the subcloud layer and the
distance to the moisture source, during a �eld experiment in
early 2018. The analysis also showed that the identi�ed path-
ways of air parcels arriving in the lower troposphere qualita-
tively agree with the ones identi�ed in Villiger et al. (2022).

In Fig. 10, we summarise the main �ndings of this study.
Namely, the values ofq and � 2H in dry-warm cloud base
environments are determined (a) by the cloud-relative circu-
lation through the cloud detrainment altitude (re�ecting the
diel cycle of convection) as well as (b) by the large-scale sub-
sidence re�ecting different circulation patterns with distinct
moisture source conditions. The isotope-shaping processes
within these two circulations occur at different timescales.

While the cloud detrainment takes place 4 to 14 h before the
air parcels arrive at cloud base, the moisture source condi-
tions are shaped by the subsidence during the 4 to 6 d before
the air parcels arrive in the trades. We, here, focus on the
dry-warm environments because it is the cloud base environ-
ment where the in�uence from the cloud-relative circulation
is strongest.

To deepen our understanding of the hydrological cycle as-
sociated with shallow trade-wind cumulus clouds, the role
of mixing and liquid-vapour interaction processes embedded
in the cloud-relative circulation should be examined in more
detail. In Fig. 10 the� 2H–q value pairs of dry-warm cloud
base environments together with reference lines illustrating
the impact of mixing (dark grey dashed lines) and precip-
itation production in clouds (assuming 100 % precipitation
ef�ciency; light grey lines) show that a combination of pro-
cesses is involved including mixing and microphysical pro-
cesses. To disentangle the in�uence of these processes on the
isotope signal, the cloudy pro�les from EUREC4A observa-
tions and simulations should be studied in more detail in the
future. Furthermore, a tagging experiment with numerical
tracers distinguishing subcloud layer and free-tropospheric
moisture would help to disentangle the contribution of the
circulations associated with clouds of varying depths and
the large-scale circulation (Brient et al., 2019). Our analy-
sis demonstrated that isotopes represent the integral signal
of past moist atmospheric processes encountered along the

Atmos. Chem. Phys., 24, 957–976, 2024 https://doi.org/10.5194/acp-24-957-2024



L. Villiger and F. Aemisegger: The imprint of the atmospheric circulation at different scales 971

�ow. Particularly novel was the �nding that isotopes serve as
indicators for changes in atmospheric circulations on various
scales. By investigating the isotope signal at cloud base in
the trade-wind region, we could identify the imprint of dif-
ferent large-scale circulation patterns and the circulation as-
sociated with clouds that, in concert, determine the formation
of clouds and precipitation.

Appendix A: Evaluation of the simulated diel cycle
with observations

In this appendix, the modelled diel cycles (Fig. A2) of near-
surface humidity and isotope variables are evaluated using
observations (Bailey et al., 2023) from the EUREC4A �eld
campaign (Stevens et al., 2021). For this purpose, the data
points from the lowest model level and the grid point clos-
est to the Barbados Cloud Observatory (BCO; Fig. A1) were
extracted from the three COSMOiso simulations. Note that
an evaluation of the diel cycles of cloud base variables is not
possible because no continuous measurements at this altitude
exist. Cloud base measurements from the ATR42 were all
collected between 03:00 and 18:00 LT.
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Figure A1. Grid point of the COSMOiso;10 km (teal), COSMOiso;5 km (yellow), and COSMOiso;1 km (red) model set-up closest to the BCO
(black marker). The altitude of the lowest model level is given in brackets (in metres above sea level (ma:s:l:)). The BCO is located 17 ma:s:l:
(Stevens et al., 2016, their Fig. 2), and the isotope observations were conducted at� 3 m above ground (Bailey et al., 2023).

Figure A2. Diel cycles of near-surface(a) q, (b) � 2H, and(c) d-excess in the COSMOiso;10 km (teal), COSMOiso;5 km (yellow dashed), and
COSMOiso;1 km (red dotted) simulations together with observations collected during EUREC4A at the Barbados Cloud Observatory (BCO;
black, labelled BCOPicarro; see Bailey et al., 2023, for a description of the BCO observations). For all four data sets, the period from 20
January to 13 February 2020 is considered for the calculation of the diel cycle. For COSMOiso, the data from the lowest model level and the
grid point closest to the BCO are selected (Fig. A1). Note that the lowest model level is different for the three COSMOiso set-ups and does
not correspond to the altitude of the observations. Therefore, differenty axes are used for the simulations (left) and the observations (right).
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Appendix B: Relation between cloud base conditions
and large-scale circulation

In this appendix, two-sidedp values (Table B1) for the corre-
lations listed in Table 1 are given. They indicate that all cor-
relations are statistically signi�cant, except for the one be-
tween cloud baseq and the large-scale subsidence over 4 d
(1z 4 d) or 5 d (1z 5d; see Table B1).

Table B1. Two-sidedp values indicating whether there is a statistically signi�cant association between two variables. The same variable
combinations as in Table 1 are investigated. Non-signi�cant associations between two variables (i.e. two-tailedp value> 0:05) are high-
lighted in bold. Data: COSMOiso;10 km.

1z X d

1 d 2 d 3 d 4 d 5 d 6 d

q 1:9 � 10� 12 3:2 � 10� 15 4:2 � 10� 6 2:8� 10� 1 9:7� 10� 2 2:1 � 10� 3

� 2H 1:0� 10� 12 2:0 � 10� 43 2:5 � 10� 61 3:4 � 10� 85 1:7 � 10� 49 1:1 � 10� 25

d-excess 2:4 � 10� 4 4:6 � 10� 9 3:1 � 10� 19 9:0 � 10� 43 2:4 � 10� 89 1:8 � 10� 100

Appendix C: Moisture uptake along the
COSMOiso ;10 km trajectories

In this appendix, the moisture uptakes along the trajectories
shown in Fig. 9 are displayed (i.e. the moisture sources).

Figure C1. COSMOiso;10 km moisture sources for the trajectories shown in Fig. 9. The arrival time steps, indicated in black on the left
side of the panels, are(a) 15:00 UTC on 31 January,(b) 18:00 UTC on 12 February,(c) 18:00 UTC on 8 February, and(d) 12:00 UTC on
22 January 2020. The sea level pressure (grey contours) and the dynamical tropopause (2 pvu at 320 K; red contours) are shown 2 d before
arrival. The corresponding date is indicated in grey at the bottom right of each panel. Shown is the domain 0–85� W and 5� S–55� N. Data:
COSMOiso;10 km.

https://doi.org/10.5194/acp-24-957-2024 Atmos. Chem. Phys., 24, 957–976, 2024



974 L. Villiger and F. Aemisegger: The imprint of the atmospheric circulation at different scales

Data availability. The COSMOiso simulations are published
in the ETH research collection: https://doi.org/10.3929/ethz-b-
000584213 (Villiger and Aemisegger, 2022).

Author contributions. FA designed the project and acquired the
funding. LV with the support of FA carried out the COSMOiso sim-
ulations, performed the data analysis, and wrote the paper. LV and
FA discussed the results and the structure of the paper in detail.

Competing interests. The contact author has declared that nei-
ther of the authors has any competing interests.

Disclaimer. Publisher's note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional af�liations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the �nal responsibility
lies with the authors.

Acknowledgements. We thank Heini Wernli (ETH Zürich) for
the scienti�c advice and support in this project as well as for his
comments on the manuscript. We appreciate the technical support
from Urs Beyerle (ETH Zürich) regarding the cluster on which
the model calculations were performed and the help from Fabi-
enne Dahinden with the installation of the model on the cluster.
We are grateful to La Fondation des Treilles for hosting the work-
shop “How and why do shallow clouds organise? First lessons from
EUREC4A” (21–26 March 2022), organised by Sandrine Bony and
Bjorn Stevens. This workshop served as a source of inspiration for
this paper. We are grateful to Ann Kristin Naumann and an anony-
mous reviewer for their insightful and constructive comments which
helped to improve the clarity of the manuscript.

Financial support. This research has been supported by
the Schweizerischer Nationalfonds zur Förderung der Wis-
senschaftlichen Forschung (grant no. 188731).

Review statement. This paper was edited by Johannes Quaas and
reviewed by Ann Kristin Naumann and one anonymous referee.

References

Aemisegger, F., Pfahl, S., Sodemann, H., Lehner, I., Senevi-
ratne, S. I., and Wernli, H.: Deuterium excess as a proxy for
continental moisture recycling and plant transpiration, Atmos.
Chem. Phys., 14, 4029–4054, https://doi.org/10.5194/acp-14-
4029-2014, 2014.

Aemisegger, F., Spiegel, J. K., Pfahl, S., Sodemann, H., Eugster, W.,
and Wernli, H.: Isotope meteorology of cold front passages: A
case study combining observations and modeling, Geophys. Res.

Lett., 42, 5652–5660, https://doi.org/10.1002/2015GL063988,
2015.

Aemisegger, F., Vogel, R., Graf, P., Dahinden, F., Villiger, L.,
Jansen, F., Bony, S., Stevens, B., and Wernli, H.: How Rossby
wave breaking modulates the water cycle in the North At-
lantic trade wind region, Weather Clim. Dynam., 2, 281–309,
https://doi.org/10.5194/wcd-2-281-2021, 2021.

Albright, A. L., Bony, S., Stevens, B., and Vogel, R.: Observed sub-
cloud layer moisture and heat budgets in the trades, J. Atmos.
Sci., 79, 2363–2385, https://doi.org/10.1175/JAS-D-21-0337.1,
2022.

Bailey, A., Aemisegger, F., Villiger, L., Los, S. A., Reverdin, G.,
Quiñones Meléndez, E., Acquistapace, C., Baranowski, D. B.,
Böck, T., Bony, S., Bordsdorff, T., Coffman, D., de Szoeke, S.
P., Diekmann, C. J., Dütsch, M., Ertl, B., Galewsky, J., Henze,
D., Makuch, P., Noone, D., Quinn, P. K., Rösch, M., Schnei-
der, A., Schneider, M., Speich, S., Stevens, B., and Thompson,
E. J.: Isotopic measurements in water vapor, precipitation, and
seawater during EUREC4A, Earth Syst. Sci. Data, 15, 465–495,
https://doi.org/10.5194/essd-15-465-2023, 2023.

Bony, S., Stevens, B., Frierson, D. M., Jakob, C., Kageyama,
M., Pincus, R., Shepherd, T. G., Sherwood, S. C., Siebesma,
A. P., Sobel, A. H., Watanabe, M., and Webb, M. J.: Clouds,
circulation and climate sensitivity, Nat. Geosci., 8, 261–268,
https://doi.org/10.1038/ngeo2398, 2015.

Bony, S., Stevens, B., Ament, F., Bigorre, S., Chazette, P., Crewell,
S., Delanoë, J., Emanuel, K., Farrell, D., Flamant, C., Gross,
S., Hirsch, L., Karstensen, J., Mayer, B., Nuijens, L., Rup-
pert, J. H., Sandu, I., Siebesma, P., Speich, S., Szczap, F.,
Totems, J., Vogel, R., Wendisch, M., and Wirth, M.: EUREC4A:
A �eld campaign to elucidate the couplings between clouds,
convection and circulation, Surv. Geophys., 38, 1529–1568,
https://doi.org/10.1007/s10712-017-9428-0, 2017.

Bony, S., Lothon, M., Delanoë, J., Coutris, P., Etienne, J.-C.,
Aemisegger, F., Albright, A. L., André, T., Bellec, H., Baron,
A., Bourdinot, J.-F., Brilouet, P.-E., Bourdon, A., Canonici, J.-
C., Caudoux, C., Chazette, P., Cluzeau, M., Cornet, C., Des-
bios, J.-P., Duchanoy, D., Flamant, C., Fildier, B., Gourbeyre,
C., Guiraud, L., Jiang, T., Lainard, C., Le Gac, C., Lendroit,
C., Lernould, J., Perrin, T., Pouvesle, F., Richard, P., Ro-
chetin, N., Salaün, K., Schwarzenboeck, A., Seurat, G., Stevens,
B., Totems, J., Touzé-Peiffer, L., Vergez, G., Vial, J., Vil-
liger, L., and Vogel, R.: EUREC4A observations from the
SAFIRE ATR42 aircraft, Earth Syst. Sci. Data, 14, 2021–2064,
https://doi.org/10.5194/essd-14-2021-2022, 2022.

Brient, F., Couvreux, F., Villefranque, N., Rio, C., and Hon-
nert, R.: Object-oriented identi�cation of coherent struc-
tures in large eddy simulations: Importance of down-
drafts in stratocumulus, Geophys. Res. Lett., 46, 2854–2864,
https://doi.org/10.1029/2018GL081499, 2019.

Cauquoin, A. and Werner, M.: High-resolution nudged isotope
modeling with ECHAM6-Wiso: Impacts of Updated Model
Physics and ERA5 Reanalysis Data, J. Adv. Model. Earth Sy.,
13, 1–19, https://doi.org/10.1029/2021MS002532, 2021.

Cauquoin, A., Werner, M., and Lohmann, G.: Water isotopes – cli-
mate relationships for the mid-Holocene and preindustrial period
simulated with an isotope-enabled version of MPI-ESM, Clim.
Past, 15, 1913–1937, https://doi.org/10.5194/cp-15-1913-2019,
2019.

Atmos. Chem. Phys., 24, 957–976, 2024 https://doi.org/10.5194/acp-24-957-2024



L. Villiger and F. Aemisegger: The imprint of the atmospheric circulation at different scales 975

Dahinden, F., Aemisegger, F., Wernli, H., Schneider, M., Diekmann,
C. J., Ertl, B., Knippertz, P., Werner, M., and Pfahl, S.: Disen-
tangling different moisture transport pathways over the eastern
subtropical North Atlantic using multi-platform isotope obser-
vations and high-resolution numerical modelling, Atmos. Chem.
Phys., 21, 16319–16347, https://doi.org/10.5194/acp-21-16319-
2021, 2021.

de Vries, A. J., Aemisegger, F., Pfahl, S., and Wernli, H.: Stable wa-
ter isotope signals in tropical ice clouds in the West African mon-
soon simulated with a regional convection-permitting model, At-
mos. Chem. Phys., 22, 8863–8895, https://doi.org/10.5194/acp-
22-8863-2022, 2022.

Diekmann, C. J., Schneider, M., Knippertz, P., de Vries, A. J.,
Pfahl, S., Aemisegger, F., Dahinden, F., Ertl, B., Khosrawi, F.,
Wernli, H., and Braesicke, P.: A Lagrangian perspective on sta-
ble water isotopes during the West African monsoon, J. Geophys.
Res.-Atmos., 126, 1–23, https://doi.org/10.1029/2021JD034895,
2021.

Galewsky, J., Steen-Larsen, H. C., Field, R. D., Worden, J., Risi, C.,
and Schneider, M.: Stable isotopes in atmospheric water vapor
and applications to the hydrologic cycle, Rev. Geophys., 54, 809–
865, https://doi.org/10.1002/2015RG000512, 2016.

Gat, J. R.: Oxygen and hydrogen isotopes in the hydro-
logic cycle, Annu. Rev. Earth Pl. Sc., 24, 225–262,
https://doi.org/10.1146/annurev.earth.24.1.225, 1996.

George, G., Stevens, B., Bony, S., Vogel, R., and Nau-
mann, A. K.: Widespread shallow mesoscale circula-
tions observed in the trades, Nat. Geosci., 16, 584–589,
https://doi.org/10.1038/s41561-023-01215-1, 2023.

Graf, P., Wernli, H., Pfahl, S., and Sodemann, H.: A new interpre-
tative framework for below-cloud effects on stable water iso-
topes in vapour and rain, Atmos. Chem. Phys., 19, 747–765,
https://doi.org/10.5194/acp-19-747-2019, 2019.

Gray, W. M. and Jacobson, R. W.: Diurnal-variation
of deep cumulus convection, Mon. Weather Rev.,
105, 1171–1188, https://doi.org/10.1175/1520-
0493(1977)105<1171:DVODCC>2.0.CO;2, 1977.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A.,
Muñoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara,
G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., Hólm, E., Janisková, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P.,
Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J. N.: The
ERA5 global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999–
2049, https://doi.org/10.1002/qj.3803, 2020.

International Atomic Energy Agency: Reference Sheet
for VSMOW2 and SLAP2 international measurement
standards, IAEA, Vienna, https://nucleus.iaea.org/sites/
AnalyticalReferenceMaterials/Shared%20Documents/
ReferenceMaterials/StableIsotopes/VSMOW2/VSMOW2_
SLAP2.pdf (last access: 19 January 2024), 2017.

Noone, D.: Pairing measurements of the water vapor isotope ratio
with humidity to deduce atmospheric moistening and dehydra-
tion in the tropical midtroposphere, J. Climate, 25, 4476–4494,
https://doi.org/10.1175/JCLI-D-11-00582.1, 2012.

Pfahl, S. and Wernli, H.: Air parcel trajectory analysis of stable iso-
topes in water vapor in the eastern Mediterranean, J. Geophys.
Res.-Atmos., 113, 1–16, https://doi.org/10.1029/2008JD009839,
2008.

Randall, D. A., Harshvardhan, and Dazlich, D. A.: Diurnal
variability of the hydrologic-cycle in a general-circulation
model, J. Atmos. Sci., 48, 40–62, https://doi.org/10.1175/1520-
0469(1991)048<0040:DVOTHC>2.0.CO;2, 1991.

Raveh-Rubin, S.: Dry intrusions: Lagrangian climatology and dy-
namical impact on the planetary boundary layer, J. Climate, 30,
6661–6682, https://doi.org/10.1175/JCLI-D-16-0782.1, 2017.

Risi, C., Galewsky, J., Reverdin, G., and Brient, F.: Controls on
the water vapor isotopic composition near the surface of tropi-
cal oceans and role of boundary layer mixing processes, Atmos.
Chem. Phys., 19, 12235–12260, https://doi.org/10.5194/acp-19-
12235-2019, 2019.

Salathé, E. P. and Hartmann, D. L.: A trajectory anal-
ysis of tropical upper-tropospheric moisture and convec-
tion, J. Climate, 10, 2533–2547, https://doi.org/10.1175/1520-
0442(1997)010<2533:ATAOTU>2.0.CO;2, 1997.

Sherwood, S. C.: Maintenance of the free-tropospheric tropical wa-
ter vapor distribution, Part II: Simulation by Large-Scale Ad-
vection, J. Climate, 9, 2919–2934, https://doi.org/10.1175/1520-
0442(1996)009<2919:MOTFTT>2.0.CO;2, 1996.

Sherwood, S. C., Roca, R., Weckwerth, T. M., and Andronova,
N. G.: Tropospheric water vapor, convection, and climate, Rev.
Geophys., 48, 1–29, https://doi.org/10.1029/2009RG000301,
2010.

Sodemann, H., Schwierz, C., and Wernli, H.: Interannual variability
of Greenland winter precipitation sources: Lagrangian moisture
diagnostic and North Atlantic Oscillation in�uence, J. Geophys.
Res.-Atmos., 113, 1–17, https://doi.org/10.1029/2007JD008503,
2008.

Sprenger, M. and Wernli, H.: The LAGRANTO Lagrangian anal-
ysis tool - Version 2.0, Geosci. Model Dev., 8, 2569–2586,
https://doi.org/10.5194/gmd-8-2569-2015, 2015.

Stevens, B., Farrell, D., Hirsch, L., Jansen, F., Nuijens, L., Serikov,
I., Brügmann, B., Forde, M., Linne, H., Lonitz, K., and Prospero,
J. M.: The Barbados Cloud Observatory: Anchoring investiga-
tions of clouds and circulation on the edge of the ITCZ, B. Am.
Meteorol. Soc., 97, 735–754, https://doi.org/10.1175/BAMS-D-
14-00247.1, 2016.

Stevens, B., Bony, S., Farrell, D., Ament, F., Blyth, A., Fairall,
C., Karstensen, J., Quinn, P. K., Speich, S., Acquistapace, C.,
Aemisegger, F., Albright, A. L., Bellenger, H., Bodenschatz,
E., Caesar, K.-A., Chewitt-Lucas, R., de Boer, G., Delanoë, J.,
Denby, L., Ewald, F., Fildier, B., Forde, M., George, G., Gross,
S., Hagen, M., Hausold, A., Heywood, K. J., Hirsch, L., Jacob,
M., Jansen, F., Kinne, S., Klocke, D., Kölling, T., Konow, H.,
Lothon, M., Mohr, W., Naumann, A. K., Nuijens, L., Olivier, L.,
Pincus, R., Pöhlker, M., Reverdin, G., Roberts, G., Schnitt, S.,
Schulz, H., Siebesma, A. P., Stephan, C. C., Sullivan, P., Touzé-
Peiffer, L., Vial, J., Vogel, R., Zuidema, P., Alexander, N., Alves,
L., Arixi, S., Asmath, H., Bagheri, G., Baier, K., Bailey, A.,
Baranowski, D., Baron, A., Barrau, S., Barrett, P. A., Batier, F.,
Behrendt, A., Bendinger, A., Beucher, F., Bigorre, S., Blades, E.,
Blossey, P., Bock, O., Böing, S., Bosser, P., Bourras, D., Bouruet-
Aubertot, P., Bower, K., Branellec, P., Branger, H., Brennek,
M., Brewer, A., Brilouet , P.-E., Brügmann, B., Buehler, S. A.,

https://doi.org/10.5194/acp-24-957-2024 Atmos. Chem. Phys., 24, 957–976, 2024



976 L. Villiger and F. Aemisegger: The imprint of the atmospheric circulation at different scales

Burke, E., Burton, R., Calmer, R., Canonici, J.-C., Carton, X.,
Cato Jr., G., Charles, J. A., Chazette, P., Chen, Y., Chilinski,
M. T., Choularton, T., Chuang, P., Clarke, S., Coe, H., Cornet,
C., Coutris, P., Couvreux, F., Crewell, S., Cronin, T., Cui, Z.,
Cuypers, Y., Daley, A., Damerell, G. M., Dauhut, T., Deneke, H.,
Desbios, J.-P., Dörner, S., Donner, S., Douet, V., Drushka, K.,
Dütsch, M., Ehrlich, A., Emanuel, K., Emmanouilidis, A., Eti-
enne, J.-C., Etienne-Leblanc, S., Faure, G., Feingold, G., Ferrero,
L., Fix, A., Flamant, C., Flatau, P. J., Foltz, G. R., Forster, L.,
Furtuna, I., Gadian, A., Galewsky, J., Gallagher, M., Gallimore,
P., Gaston, C., Gentemann, C., Geyskens, N., Giez, A., Gollop,
J., Gouirand, I., Gourbeyre, C., de Graaf, D., de Groot, G. E.,
Grosz, R., Güttler, J., Gutleben, M., Hall, K., Harris, G., Helfer,
K. C., Henze, D., Herbert, C., Holanda, B., Ibanez-Landeta, A.,
Intrieri, J., Iyer, S., Julien, F., Kalesse, H., Kazil, J., Kellman, A.,
Kidane, A. T., Kirchner, U., Klingebiel, M., Körner, M., Krem-
per, L. A., Kretzschmar, J., Krüger, O., Kumala, W., Kurz, A.,
L'Hégaret, P., Labaste, M., Lachlan-Cope, T., Laing, A., Land-
schützer, P., Lang, T., Lange, D., Lange, I., Laplace, C., Lavik,
G., Laxenaire, R., Le Bihan, C., Leandro, M., Lefevre, N., Lena,
M., Lenschow, D., Li, Q., Lloyd, G., Los, S., Losi, N., Lovell,
O., Luneau, C., Makuch, P., Malinowski, S., Manta, G., Mari-
nou, E., Marsden, N., Masson, S., Maury, N., Mayer, B., Mayers-
Als, M., Mazel, C., McGeary, W., McWilliams, J. C., Mech,
M., Mehlmann, M., Meroni, A. N., Mieslinger, T., Minikin, A.,
Minnett, P., Möller, G., Morfa Avalos, Y., Muller, C., Musat, I.,
Napoli, A., Neuberger, A., Noisel, C., Noone, D., Nordsiek, F.,
Nowak, J. L., Oswald, L., Parker, D. J., Peck, C., Person, R.,
Philippi, M., Plueddemann, A., Pöhlker, C., Pörtge, V., Pöschl,
U., Pologne, L., Posyniak, M., Prange, M., Quiñones Meléndez,
E., Radtke, J., Ramage, K., Reimann, J., Renault, L., Reus, K.,
Reyes, A., Ribbe, J., Ringel, M., Ritschel, M., Rocha, C. B.,
Rochetin, N., Röttenbacher, J., Rollo, C., Royer, H., Sadoulet,
P., Saf�n, L., Sandiford, S., Sandu, I., Schäfer, M., Schemann,
V., Schirmacher, I., Schlenczek, O., Schmidt, J., Schröder, M.,
Schwarzenboeck, A., Sealy, A., Senff, C. J., Serikov, I., Shohan,
S., Siddle, E., Smirnov, A., Späth, F., Spooner, B., Stolla, M.
K., Szkó�ka, W., de Szoeke, S. P., Tarot, S., Tetoni, E., Thomp-
son, E., Thomson, J., Tomassini, L., Totems, J., Ubele, A. A.,
Villiger, L., von Arx, J., Wagner, T., Walther, A., Webber, B.,
Wendisch, M., Whitehall, S., Wiltshire, A., Wing, A. A., Wirth,
M., Wiskandt, J., Wolf, K., Worbes, L., Wright, E., Wulfmeyer,
V., Young, S., Zhang, C., Zhang, D., Ziemen, F., Zinner, T., and
Zöger, M.: EUREC4A, Earth Syst. Sci. Data, 13, 4067–4119,
https://doi.org/10.5194/essd-13-4067-2021, 2021.

Theunert, F. and Seifert, A.: Simulation studies of shallow con-
vection with the convection-resolving version of DWD Lokal-
Modell, COSMO Newsl., 6, 121–128, 2006.

Thurnherr, I. and Aemisegger, F.: Disentangling the impact of
air–sea interaction and boundary layer cloud formation on sta-
ble water isotope signals in the warm sector of a South-
ern Ocean cyclone, Atmos. Chem. Phys., 22, 10353–10373,
https://doi.org/10.5194/acp-22-10353-2022, 2022.

Thurnherr, I., Hartmuth, K., Jansing, L., Gehring, J., Boettcher,
M., Gorodetskaya, I., Werner, M., Wernli, H., and Aemiseg-
ger, F.: The role of air–sea �uxes for the water vapour isotope
signals in the cold and warm sectors of extratropical cyclones
over the Southern Ocean, Weather Clim. Dynam., 2, 331–357,
https://doi.org/10.5194/wcd-2-331-2021, 2021.

Tiedtke, M.: A comprehensive mass �ux scheme for cumu-
lus parameterization in large-scale models, Mon. Weather
Rev., 117, 1779–1800, https://doi.org/10.1175/1520-
0493(1989)117<1779:ACMFSF>2.0.CO;2, 1989.

Vergara-Temprado, J., Ban, N., Panosetti, D., Schlemmer, L., and
Schär, C.: Climate models permit convection at much coarser res-
olutions than previously considered, J. Climate, 33, 1915–1933,
https://doi.org/10.1175/JCLI-D-19-0286.1, 2020.

Vial, J., Bony, S., Dufresne, J. L., and Roehrig, R.: Cou-
pling between lower-tropospheric convective mixing and low-
level clouds: Physical mechanisms and dependence on con-
vection scheme, J. Adv. Model. Earth Sy., 8, 1892–1911,
https://doi.org/10.1002/2016MS000740, 2016.

Vial, J., Vogel, R., Bony, S., Stevens, B., Winker, D. M., Cai, X.,
Hohenegger, C., Naumann, A. K., and Brogniez, H.: A new look
at the daily cycle of tradewind cumuli, J. Adv. Model. Earth Sy.,
11, 3148–3166, https://doi.org/10.1029/2019ms001746, 2019.

Vial, J., Vogel, R., and Schulz, H.: On the daily cycle of mesoscale
cloud organization in the winter trades, Q. J. Roy. Meteor. Soc.,
147, 2850–2873, https://doi.org/10.1002/qj.4103, 2021.

Villiger, L.: Large-scale circulation drivers and stable water iso-
tope characteristics of shallow clouds over the tropical North
Atlantic, PhD thesis, ETH Zürich, https://doi.org/10.3929/ethz-
b-000586270, 2022.

Villiger, L. and Aemisegger, F.: Numerical weather simulation us-
ing COSMOiso over the tropical North Atlantic in January and
February 2020 in the context of EUREC4A, [data set], ETH
Research Collection, https://doi.org/10.3929/ethz-b-000584213,
2022.

Villiger, L., Wernli, H., Boettcher, M., Hagen, M., and Aemiseg-
ger, F.: Lagrangian formation pathways of moist anomalies
in the trade-wind region during the dry season: two case
studies from EUREC4A, Weather Clim. Dynam., 3, 59–88,
https://doi.org/10.5194/wcd-3-59-2022, 2022.

Villiger, L., Dütsch, M., Bony, S., Lothon, M., Pfahl, S., Wernli,
H., Brilouet, P.-E., Chazette, P., Coutris, P., Delanoë, J., Flamant,
C., Schwarzenboeck, A., Werner, M., and Aemisegger, F.: Wa-
ter isotopic characterisation of the cloud–circulation coupling in
the North Atlantic trades – Part 1: A process-oriented evaluation
of COSMOiso simulations with EUREC4A observations, Atmos.
Chem. Phys., 23, 14643–14672, https://doi.org/10.5194/acp-23-
14643-2023, 2023.

Vogel, R., Bony, S., and Stevens, B.: Estimating the shallow convec-
tive mass �ux from the subcloud-layer mass budget, J. Atmos.
Sci., 77, 1559–1574, https://doi.org/10.1175/JAS-D-19-0135.1,
2020.

Vogel, R., Albright, A. L., Vial, J., George, G., Stevens,
B., and Bony, S.: Strong cloud-circulation coupling ex-
plains weak trade cumulus feedback, Nature, 612, 696–700,
https://doi.org/10.1038/s41586-022-05364-y, 2022.

Wernli, H. and Davies, H. C.: A Lagrangian-based analy-
sis of extratropical cyclones. I: The method and some
applications, Q. J. Roy. Meteor. Soc., 123, 467–489,
https://doi.org/10.1256/smsqj.53810, 1997.

Zelinka, M. D., Randall, D. A., Webb, M. J., and Klein, S. A.:
Clearing clouds of uncertainty, Nat. Clim. Change, 7, 674–678,
https://doi.org/10.1038/nclimate3402, 2017.

Atmos. Chem. Phys., 24, 957–976, 2024 https://doi.org/10.5194/acp-24-957-2024


	Abstract
	Introduction

