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Abstract. Water vapour isotopes reflect the history of moist atmospheric processes encountered by the vapour since evaporation
from the ocean. This study focuses on water isotope variability in the winter trades near Barbados at cloud base, which has
been identified as an important level for understanding the net radiative effects of shallow cumuli. The analyses are based on
nested convection resolving COSMOj, simulations during the EUREC*A field campaign. The two main findings are that (i)
the contrasting isotope and humidity characteristics in clear-sky versus cloudy cloud base environments emerge due to vertical
transport on time scales of 12 hours associated with local, convective circulations and show a clear diel cycle; and (ii) the
cloud base isotopes are, in addition, sensitive to variations in the large-scale circulation on time scales of several days, which
shows on average a Hadley-type subsidence 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
dynamical processes at different scales 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). To shed light on the mechanisms controlling cloud fraction
in the trades, the field campaign EUREC*A (Stevens et al., 2021) was conducted in early 2020 near Barbados. The collected
observations highlight the role of shallow mesoscale overturning circulations (George et al., 2022) 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 overturning circulations, which have recently gained attention from the scientific 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 microphysical
processes, as well as turbulent and convective mixing. Heavy stable water vapour isotopologues (hereafter isotopes) are water
molecules containing a heavy hydrogen (‘H2H'°0) or oxygen atom (*Hy'%0). Compared to their light counterpart (*Hy'60),

they have lower saturation vapour pressures and lower diffusive velocities. This results in a change in the relative abundance
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of heavy-to-light isotopes during phase transitions. The isotopic composition of a water sample is typically assessed with the

Jd-value for 2H and 30, respectively:

2
52H [%o] = (QRRSW - 1) -1000 (1)
VSMOW
18R” 1
18 _ sample
6770 [%o] = <18RVSMPOW - 1) -1000 )

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

% and 18R = Ezg{ , in the water sample and the internationally accepted Vienna Mean Ocean Standard Water 2 (VSMOW;

International Atomic Energy Agency, 2017). The relative variations of 62H and §'®0 is assessed with the deuterium excess:
d-excess = 6°H — 8 x §'%0 (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 reflects the integral of all phase changes that occur along
the flow. While the first-order isotope parameter 62H is sensitive to microphysical processes and mixing (Gat, 1996; Galewsky
et al., 2016), the second-order isotope parameter d-excess is sensitive to the thermodynamic conditions at the moisture source
(Pfahl and Wernli, 2008; Aemisegger et al., 2021). Part 1 of this paper showed that the horizontal variability of humidity and
d%H of vapour at the cloud base emerges due to the cloud-relative circulation (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; representing 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 reflect vertical transport and are not primarily controlled by local microphysical or turbulent mixing processes.

In part 2 of this study, we establish a link between isotopes in the trade-wind region and characteristics of atmospheric
circulations. For this, we use three nested convection resolving COSMO;;, simulations with different resolutions and air parcel
backward trajectories from the cloud base environment. This data set and the applied methods are described in detail in Sect. 2.
First, we look at processes on the mesoscale (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; Vogel et al., 2020; Vial et al., 2021), we use it as a framework to answer the question: Does the diel cycle
of humidity and §*H in different cloud base environments reflect the growth and decay of convection? Second, we test the
hypothesis 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 question: Which of the three variables, specific humidity, §*H, and d-excess
is most strongly influenced by the large-scale circulation? In the conclusion, we combine the findings from the two research

questions (Sect. 5).
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Figure 1. Idealised schematic of the processes affecting (a) the §°H in vapour within the overturning 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 troposphere. 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 identified at a constant height. Therefore, the
cloudy (thick green line in a) and the dry-warm (thick red line in a) cloud base environments are defined at the flat cloud base. (a) Within the
cloud-relative circulation, air parcels (E) take up freshly evaporated and, therefore, isotopically heavy vapour 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; (C) will continuously lose heavy isotopes 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 parcels’ 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 has a relatively high d-excess (Pfahl and Wernli, 2008); (D) get moistened through the detrainment of cloudy air

from precipitating clouds and have a comparatively low d-excess (Noone, 2012).

2 Data and methods
2.1 Applied datasets

The data from three convection-resolving COSMO;g, simulations, described and evaluated in Villiger et al. (2023), are used.
The simulations differ in terms of domain and horizontal grid spacing. They are referred to as COSMOjso, 1xm» COSMOiso 5kms»
and COSMOi0,10km- COSMOijg0.1km and COSMO; 5km are used to characterise the cloud-relative circulation (Sect. 3), and
COSMOis, 10km to assess the large-scale circulation (Sect. 4). For this, air parcel backward trajectories are calculated with data
from COSMOj 0 5km and COSMOjo 10km using the Lagrangian analysis tool Lagranto (Wernli and Davies, 1997; Sprenger
and Wernli, 2015). Lagranto trajectories are based on the three-dimensional wind fields of the applied dataset, which do not
resolve sub-grid scale boundary layer processes. To alleviate this limitation, we compute a large set of trajectories. Note also

that the COSMO;, 10km trajectories spend comparably little of their lifetime near the boundary layer, and the COSMOj0 5km
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trajectory are explicitly started from features that are dominated by subsidence and expected to evolve at a speed resolved by

the grid-scale winds.
2.2 Definition of cloud base

Cloud base is identified using the same procedure as in Villiger et al. (2023), i.e., with the following steps:

1. Every vertical profile in the domain 54.5-61° W and 11-16° N is checked for cloud water content exceeding 10 mg kg1

(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 criterion is taken as the cloud base of the respective vertical profile. If the profile does not contain any clouds

(i.e., does not meet the criteria), it is ignored in the subsequent step.

2. In order to extract cloud base conditions we determine one cloud base model level for the domain 54.5-61° W and

11-16° N by calculating the median over the cloud base model levels identified for cloudy profiles 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 COSMO;,, simulations.

The hourly cloud base levels alternate between 783 and 970 m for COSMOj, j0km and 761, 914, and 1082 m for COSMOj0 5km
and COSMOiSOka.

2.3 Definition of cloud base features

The COSMOig,1km and COSMO; 5km 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 overturning circulation associated with clouds, clear-sky regions with dry-
warm anomalies, and clear-sky regions of no particular interest (see details in Villiger et al., 2023, note that here we do not
differentiate between precipitating and non-precipitating clouds and only take the vertical distribution of cloud water into

account). The following definitions are applied to assign the data points:

— Cloudy grid points are identified through liquid cloud water content exceeding 10 mg kg~!. They are further stratified
into shallow, middle, and deep clouds (size of categories in Fig. 5a) depending on their cloud top pressure (pcioud top)
identified as the lowest pressure level in the vertical profile with liquid water exceeding 0 mg kg~! (we relax the cloud
criteria for cloud tops compared to cloud bases because we want to identify decaying clouds as well). More precisely:

— shallow clouds have a pcioudtop larger than 800 hPa,

— middle clouds have a pcioudtop between 800 and 750 hPa,

— and deep clouds have a pcioudtop between 750 and 500 hPa.

There are negligible (< 1 %) of the clouds that remain unclassified (i.e., have a pcioud top @bove 500 hPa).
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Figure 2. Hourly time series of fraction of cloud base grid points in the domain 54.5-61° W and 11-16° N with cloud liquid water exceeding
10 mgkg ™! in COSMOjs 5km and COSMOig, 1km (red dashed). The total number of cloud base grid points in the considered domain are 12632
for COSMOjso,5km, and 316028 for COSMOiso, 1km-

— Dry-warm grid points are identified by a positive anomaly in potential temperature (f) and a negative anomaly in specific
humidity (q). The anomalies are defined 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 January to 13 February 2020).

95 Dry-warm grid points are then selected using the following criteria: q; ; < @ n(¢) —0(qi,n(¢)) and 0; 1 < m+0(9i7 h(t))
(i standing for the grid points inside the evaluation domain, ¢ for the hourly time steps of the simulated period, h(t) for

the hour of the day corresponding to the time step t). We checked that these criteria exclusively select clear-sky grid

points (i.e., liquid cloud water content below 10mgkg~!) without using an additional criterion for the liquid cloud

water content. An overview of the number of identified dry-warm grid points per time step is given in Fig.2 and an

100 exemplary time step illustrating their spatial distribution in Fig. 3.

— The remaining clear-sky grid points (i.e., liquid cloud water content below 10 mg kg ™!, but no positive anomaly in § and

no negative anomaly in q) belong to the clear-sky regions of no particular interest.

2.4 Subsidence in the cloud-relative circulation

To assess the subsidence rate of the mesoscale features that form the dry-warm patches at cloud base, we calculate 48 h-
105 backward trajectories starting from the dry-warm cloud base grid points identified in COSMOi 5km (€.g., the red dots shown
in Fig. 3d). The backward trajectories are started every hour from 22 January to 13 February 2020. The mean 1-h change of
altitude (Az; Fig. 4b) for different time windows for each trajectory is used as a measure of the air parcel’s vertical velocity.
The mean vertical velocity of all air parcels arriving at cloud base at a given time step is, in most cases, negative. Therefore,

we refer to it as the subsidence rate.
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Figure 3. Spatial distribution of (a,d) cloud base grid points identified as dry-warm and cloud liquid water (QC), (b,e) specific humidity
(QV), and (c,f) potential temperature (6) at cloud base at 15 UTC on 2 February 2020. Shown is the data from (a-c¢) COSMOiso, 1km and (d-f)
COSMOiso,1km in the domain 54.5-61° W and 11-16° N. The fraction of grid points in the domain identified as dry-warm is (a) 3.27 % and
(b) 4.32%.

2.5 Subsidence in the large-scale circulation

We calculate trajectories based on COSMOjg, 10km data to evaluate the role of the large-scale circulation for the isotopic com-
position of vapour around cloud base in Sect. 4. A total of 138 Lagranto trajectories, reaching 6 d backwards in time, are started
every hour from 22 January to 13 February 2020, which is sufficient to capture the influence 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 dataset. Hereafter, the air parcels’ arrival level is referred to as
cloud base. Furthermore, we do not distinguish between different cloud base mesoscale features (as in Sect. 2.3), because we
expect the large-scale circulation to modulate isotope signals at the large-scale. Similarly to the trajectories calculated with the
COSMOi, skm data, we calculate the hourly net altitude change over different time windows for each trajectory (A_z; Fig. 4b)

and refer to the mean of this altitude change over all air parcels arriving at a given time step as subsidence rate.
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Figure 4. Schematic illustrating an individual backward trajectory in COSMOiso 5km 0r COSMOiso,10km Started from cloud base and the

procedure to obtain the mean altitude change (Az), which is used in the text as a measure for the subsidence rate.

3 Cloud base isotopes and the cloud-relative circulation

This section discusses how the cloud-relative circulation drives the diel cycle of isotopes in different cloud base environments
(Fig. 5). For this, we select the cloud base data points from COSMOis, 1xm Which classify as cloudy or dry-warm (Sect. 2.3)
and assume that the two categories represent mesoscale aggregations of clouds (Stevens et al., 2020; Bony et al., 2020) and
the clear-sky environments in-between. In addition, we use COSMOj,, 5km trajectories to derive an estimate of the vertical
motion in the subsiding branch of the cloud-relative circulation (Sect. 2.4). We use COSMOis, skm for these trajectories because
COSMOjg, 1km has too small a domain to trace air parcels over several hours.

The cloud fraction at the cloud base is maximal at night, followed by a continuous decrease until reaching a minimum
shortly after noon (Fig. 5a). The reduction of clouds at low levels is associated with a deepening of the clouds leading to
a slight increase in higher-reaching clouds (Fig. 5a). The strongest convection is found from ~3 a.m. to ~10a.m. local time
(LT), when updrafts at cloud base are strongest (Fig. 5b) and precipitation is most intense (Fig. 5a). Similarly to the updrafts, the
subsiding branch of the cloud-relative circulation (Az; Fig. 5b) also accelerates (becomes more negative) during the night and
is most pronounced in the early morning. The driver of this nighttime convective strengthening is assumed to be the horizontal
inhomogeneity in the longwave cooling (Gray and Jacobson, 1977; Randall et al., 1991; Vial et al., 2019).

The diel cycles of 6?H and specific humidity at cloud base (Fig. 5c,d; d-e) are more pronounced for the dry-warm patches
(amplitudes of ~4 %o and 1.6 gkg~") than for the cloudy patches (amplitudes of ~0.9 %o and 0.5 g kg—!). While the cloudy
gird points are largely unaffected by the diel cycle of convection (Fig. 5c), the dry-warm grid points reach their most depleted
and driest state (Fig. 5d) shortly after noon when cloud base cloudiness is minimal, representing the end of a period with

enhanced up- and downward motions.
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Figure 5. Diel cycle of (a) cloud fractions at the altitude of cloud base (continuous green), the fraction of the three cloud categories
shallow/middle/deep (green/grey/blue shading; right black y-axis), and domain-averaged precipitation (dotted blue; right blue y-axis); (b)
strength of updrafts at cloud base (mean of positive vertical velocities in cloudy grid points; wyp; continuous green) and subsidence of the air
parcels arriving at cloud base in dry-warm patches (mean altitude change of COSMOjg, 5km trajectories over the last 1 h [orange continuous]
or 12 h [orange dashed] before arrival); (c,d) 5%H in vapour with the median shown as a thick line and the 25-75-percentile range as shad-
ing/thin lines (continuous; left y-axis) and specific humidity (dashed; right y-axis) of (c¢) cloudy (green) and (d) dry-warm (orange) 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: (a-¢) COSMOiso,ikm and (b, orange) COSMOis0 5km trajectories.
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Assuming an approximately closed overturning circulation, the depletion and drying of the dry-warm patches must be linked
to the strengthening of convection. Two mechanisms likely contribute to the drying and depletion: (1) As an immediate effect,
the decreasing cloud fraction reduces the moistening and enrichment of the dry-warm patches through lateral detrainment from
surrounding clouds. (2) As a temporally delayed effect, the vertical growth of clouds has the consequence that the detrainment
from clouds happens at increasing altitudes and, therefore, the amount of vapour that returns to the cloud base is less, and its
isotope signal more depleted (due to continuous condensation and rainout in the convective updrafts). Evidence for the latter
mechanism is the change in the subsidence rate. Since cloud base altitude is approximately constant (Villiger et al., 2023),
more negative Az indicates that the air parcels originate from higher altitudes (cf. analysis of Risi et al., 2019). But at which
altitude does the detrainment happen?

The time interval between the minimum and maximum of the dry-warm patch characteristics (Fig. 5d) is 12 h. The 12-h
subsidence (Fig. 5b) matches the diel cycle of the dry-warm patch characteristics: it is weakest (—8 mms~!) around Oh LT
when dry-warm patches are the moistest and most enriched and strongest (—13 mms~!) around 14h LT when dry-warm
patches are the driest and most depleted. The corresponding detrainment altitudes 12 h earlier are about 350 m and 560 m
above cloud base, respectively.

In this section, we showed that at the hourly time scale, humidity and 6?H at cloud base vary little inside clouds, while their
variation in the dry-warm patches reflects the deepening of convection over the day, which (with a 12 h lag) causes drying and
vapour depletion of the dry-warm patches. The information gained from humidity and §°H seems congruent, while the d-excess
(not shown; Villiger, 2022) contains no signal of a diel cycle in any cloud base environment. Finally, we found evidence that

the overturning circulation associated with clouds is only a few hundred meters deep.

4 Cloud base isotopes and the large-scale circulation

This section investigates which of the three variables, specific humidity, §2H, and d-excess, at the base of trade-wind clouds
is most strongly influenced by the large-scale circulation. For this, we use trajectories based on the COSMO;jg, 10km Simulation
(Sect. 2.5), which arrive evenly distributed near cloud base and are not targeted at cloudy or dry-warm patches. We use the
mean subsidence rate (Az) to distinguish between large-scale circulation patterns. For Hadley-cell-like subsidence, resulting
from the balance between radiative cooling and adiabatic warming, a rate of ~1.5hPah~! (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 hPah~! (Raveh-Rubin, 2017).

The strongest links between the large-scale subsidence and the cloud base §2H and d-excess in the trades are found if the air
parcels’ pathway during 4 d and 6 d before arrival are considered, respectively (Table 1). The correlations are weaker for shorter
or longer time scales, and the relationship is such that the vapour is more depleted and has a higher d-excess, the stronger the
subsidence of the air parcels. In comparison to the isotope parameters, humidity is not influenced by the large-scale subsidence
(comparably low correlations with the maximum found at a short period; Table 1), illustrating the limited memory of moist

processes registered by specific humidity alone.
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Table 1. Pearson correlation coefficients between specific humidity (q), §*H in vapour, and d-excess in vapour of the COSMOjs, 10km air
parcels at their arrival near cloud base and their mean subsidence rate (A zxq; Sect. 2.5) during the 1/2/3/4/5/6 d before arrival. The correlations
are calculated between the mean values of the 138 air parcels arriving every hour between 22 January and 13 February 2020. The strongest

correlation for each variable is highlighted in italics. Data: COSMOiso, 10km-

AZXd

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

q 029 033 019 005 007 0.13
§°H 0.3 054 063 071 057 043
d-excess -0.16 -0.25 -037 -054 -0.72 -0.75

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. 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. Air parcels descending within an extratropical dry intrusion are expected to be drier and to create a stronger
humidity gradient (increasing the d-excess) than air parcels crossing the North Atlantic at low levels within the comparably
moist trade winds where frequent detrainment of cloudy air (lowering the d-excess; Fig. 1b) occurs.

The maximum correlation shown in Table 1 is slightly higher for the d-excess than for the 62H and negligible for humidity.
Moreover, the period leading to the highest correlation extends further back for the d-excess than for §2H or humidity. Both
findings suggest that of the three variables, the d-excess is most strongly influenced by the large-scale circulation. This meets
expectations, as the d-excess is sensitive to the conditions at the moisture source (Pfahl and Wernli, 2008; Aemisegger et al.,
2021) and less to subsequent cloud processes, which often happen under conditions close to equilibrium. Contrastingly, §2H is
sensitive to equilibrium and non-equilibrium processes, meaning the source signal is more quickly overwritten than the one of
d-excess.

The mean subsidence over all arrival time steps is 1.5hPah~! (Fig. 6), which corresponds to a Hadley-cell-like descent.
However, the subsidence can be substantially stronger or weaker for individual time steps. To illustrate the variability in
the large-scale circulation, four time steps with contrasting 6-d subsidence are selected (Fig. 7). The two cases with weaker
subsidence (Fig.7a,b) are associated with the typical zonal flow of the trades. In the two cases with stronger subsidence
(Fig. 7c,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 latitudes and cause a rapid descent along the slanted isentropes from the upper into

the lower troposphere.

10
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Figure 6. Relation between (a) specific humidity, (b) §H in vapour, and (c) d-excess in vapour of the COSMOjso, 10km air parcels at their
arrival near cloud base and their mean subsidence rate (Azxq) over the period (Xd), which yielded the highest correlation (Table 1), i.e.,
1, 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,10km 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 for details about how the subsidence is calculated. The
dashed black lines indicate the mean values of the respective - and y-variable over all arrival time steps. The data points with black borders
represent arrival at 12 UTC on 22 January 2020, 15 UTC on 31 January 2020, 18 UT'C on 8 February 2020, and 18 UTC on 12 February
2020. Data: COSMOiso,10km-
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Figure 7. Exemplary time steps shown as black bordered markers in Fig. 6 illustrating the trajectories arriving 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), sea level pressure (grey contours), and
the dynamical tropopause (2 pvu at 320K; red contours) 3.5d (date indicated in grey) before arrival. Shown is the domain 0-85° W
and 5°S-55° N and the air parcels arriving (a) at 15UTC on 31 January (g=11.3gkg ", 6°H = —77.1%0, d = 15.5%0, 6-d sub-
sidence = —2.8mms~* or 1.1hPah™?); (b) at 18 UTC on 12 February (¢ =11.0gkg ', §°H = —79.0%0, d = 16.5%o, 6-d subsi-
dence = —3.6mms~! or 1.5hPah™'), (c) at 1I8UTC on 8 February (g =11.1gkg™ !, 6°H = —80.2%0, d = 17.9%o, 6-d subsidence
=—4.9mms™ ' or 2hPah™"), and (d) at 12 UTC on 22 January 2020 (¢ = 11.4gkg™", §°H = —84.4 %0, d = 18.3 %o, 6-d subsidence
= —6.3mms" ' or 2.6 hPah™"). The dates are sorted according to the strength of the subsidence over 6 d, starting with the case with the

weakest subsidence in (a). Data: COSMOiso, 10km-
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5 Summary and conclusion

In this final section, we combine the insights from relating isotope signals at cloud base to the circulation at different scales.
First, we analysed the imprint of the cloud-relative circulation on cloud base water vapour isotopes in the trade-wind region.
We showed that the humidity and 62H in the vapour of cloudy cloud base patches remain largely unaffected by the vertical
growth of convection over the day. The dry-warm clear-sky cloud base patches, which are always drier and more depleted
than the cloudy patches, have a weak diel cycle linked to the cloud fraction at the cloud base and the cloud depth (i.e., the
detrainment altitude of the vapour from the clouds). The vertical growth of the clouds during the day lifts the detrainment
altitude. Correspondingly, the subsidence of the air parcels arriving in dry-warm patches at the cloud base is stronger for mass
conservation reasons. Specifically, the 12-h subsidence of the air parcels arriving in the dry-warm patches was identified as the
main control of the degree of drying and depletion. The information gained from humidity and §?H of the dry-warm patches
was largely congruent. However, by combining the two variables, we find a group of data points (Fig. 8a) that is shifted towards
lower 2H but shows no peculiarities in humidity or the 12-h subsidence. The stronger depletion of these data points signals
the influence of a large-scale process (Fig. 8b or extratropical intrusion discussed in Villiger et al., 2022).

Second, we showed that §2H and d-excess of the vapour near the cloud base (independently of the cloud base environment,
cloudy and dry-warm), but not humidity, vary on the synoptic scale following changes in the large-scale circulation in a
physically meaningful way. Namely, the vapour in the trade-wind region is more depleted and has a higher d-excess for
stronger subsidence rates during the preceding 4 to 6 d. The §2H in cloud base vapour was found to be most strongly linked to
the 4-d subsidence (Pearson correlation of 0.71), which also explains the more depleted data points in Fig. 8. Contrastingly, the
d-excess is most strongly linked to the 6-d subsidence (Pearson correlation of —0.75). The strong link between the d-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 the d-excess in vapour measured on Barbados in the subcloud layer and the distance
to the moisture source, during a field experiment in early 2018. The analysis also showed that the identified pathways of air
parcels arriving in the lower troposphere qualitatively agree with the ones identified in Villiger et al. (2022).

To deepen our understanding of the hydrological cycle associated 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.
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.
Our analysis demonstrated that isotopes represent the integral signal of past moist atmospheric processes encountered along
the flow. Particularly novel was the finding 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 different
large-scale circulation patterns and the overturning circulation associated with clouds that, in concert, determine the formation

of clouds and precipitation.

13
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Figure 8. Relation between hourly median values of specific humidity (q) and §?H in the vapour of the cloud base grid points identified

as dry-warm in the domain 54.5-61° W and 11-16° N from COSMOis,ikm. They are coloured according to (a) Az over 12h from the

COSMO:is0 5km trajectories, and (b) Az over 4 d from the COSMOig, 10km trajectories. The lines of two second-order polynomials are shown

(dashed black) that were fitted to the data points with large-scale subsidence (b) stronger or weaker than —4.5 mm s, respectively. See text

in Sect. 3 and Sect. 4 for reasoning of the chosen time windows for Az.
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