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Abstract. Water vapour isotopes reflect 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.5

The analyses are based on nested COSMOiso simulations with explicit convection during the EUREC4A field campaign. It is

shown that the contrasting isotope and humidity characteristics in clear-sky versus cloudy environment at cloud base emerge

due to vertical transport on time scales of 4 to 14 hours associated with local, convective circulations. In addition, the cloud

base isotopes are sensitive to variations in the large-scale circulation on time scales of 4 to 6 days, which shows on average a

Hadley-type subsidence but occasionally much stronger descent related to extratropical dry intrusions. This investigation, based10

on high-resolution isotope-enabled simulations in combination with trajectory analyses, reveals how dynamical 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 identified15

as a key variable influencing 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 field 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 from20

the scientific community, shape the environment, particularly the distribution of humidity (Albright et al., 2022) and eventually

cloud fraction.
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Here, we are interested in using the abundance of heavy stable water vapour isotopologues as tracers of cloud microphys-

ical 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 to their light coun-25

terpart (1H2
16O), they have lower saturation vapour pressures and lower diffusion velocities. This implies that the heavy water

molecules preferably stay in the condensed phase, where they establish stronger intermolecular bonds compared to their lighter

counterpart (equilibrium fractionation). Furthermore, the near-surface humidity gradient leads to a differentiation in the relative

concentration of the two heavy isotopes (1H2H16O and 1H2
18O) due to their differences in diffusivity (non-equilibrium frac-

tionation). This results in a change in the relative abundance of heavy-to-light isotopes during phase transitions. The isotopic30

composition of a water sample is typically assessed with the � -value for 2H and 18O, respectively:

� 2H [‰] =

(
2Rsample

2RVSMOW
� 1

)
� 1000 (1)

� 18O [‰] =

(
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, namely35
2R = [2H]

[1H] and 18R = [18O]
[16O] , in the water sample and the internationally accepted Vienna Mean Ocean Standard Water 2 (VS-

MOW; International Atomic Energy Agency, 2017). The relative variations of � 2H and � 18O due to non-equilibrium fraction-

ation is assessed with the deuterium excess:

d-excess = � 2H � 8 � � 18O (3)

which is a measure of the thermodynamic disequilibrium of the environment during phase transitions (e.g., Pfahl and Wernli,40

2008). Due to these mechanisms, the abundance of heavy isotopes reflects the integral of all phase changes and mixing pro-

cesses that occur along the flow. While the first-order isotope variable � 2H is sensitive to microphysical processes and mixing

(Gat, 1996; Galewsky et al., 2016), the second-order isotope variable 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 � 2H of vapour at the cloud base emerges from the45

circulation involving ascent within convective clouds and subsidence outside of clouds, which we will henceforth refer to as

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 transport50

and are not primarily controlled by local microphysical or turbulent mixing processes, an aspect that we will investigate in

more detail 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 circulations.

For this, we use three nested convection resolving COSMOiso simulations with different resolutions and air parcel backward
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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 identified at a constant height. Therefore, the cloud (trans-

parent blue in a), the clear (transparent yellow in a) and the dry-warm(transparent red in a) cloud base environments are defined at the flat

cloud base (see Sect. 2.3 for the detailed definition 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 in 1H2H16 O) 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 forma-

tion altitude of the rain, Aemisegger et al., 2015; Graf et al., 2019); (C) will continuously lose heavy isotopes (lowering � 2H; depleted in
1H2H16 O) 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; Thurnherr and Aemisegger, 2022).

trajectories from the cloud base environment. This data set, and the applied methods, are described in detail in Sect. 2. First,55

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; Vogel et al., 2020; Vial et al., 2021), we use the diel cycle as a framework to answer the question: Does the diel

cycle of humidity and� 2H 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 the60

cloud base vapour (Sect. 4). We thus address the question: Which of the three variables, specific humidity (q), � 2H, 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).

3



2 Data and methods

2.1 Datasets65

The data from three convection-resolving COSMOiso simulations, described and evaluated in Villiger et al. (2023), are used.

Convection-resolving means that the convection schemes of the model (parameterising deep and shallow convection; see

Tiedtke, 1989; Theunert and Seifert, 2006) were disabled. We have used the COSMOiso model in this setup 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 have shown a good performance of the explicit convection setup.70

Furthermore, previous analyses have shown that COSMO simulations at a range of resolutions (grid spacing� 25km) do not

necessarily provide more realistic 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 20s model timestep was applied and hourly output was generated. The simulations

differ in terms of domain as well as horizontal (10, 5, 1km) and vertical (40, 60, 60 levels) grid spacing. These differences are75

summarised below (for more details see Villiger et al., 2023, in particular their Fig. 2):

– COSMOiso, 10kmhas a horizontal resolution of 0.1� , 40 vertical levels, and covers most of the North Atlantic. Horizontal

winds above 850hPa in COSMOiso,10kmwere nudged towards a simulation performed with the global model ECHAM6-

wiso (Cauquoin et al., 2019; 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 upper80

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,10kmcovers the period from 6

January to 13 February 2020 of which the �rst 10 days are treated as spin up and are not included in the analysis.

– COSMOiso,5km has a horizontal resolution of 0.05� , 60 vertical levels, and covers a subset of the western North Atlantic,

including the northern part of the South American continent. Initial and lateral boundary conditions originate from85

COSMOiso,10kmat hourly timesteps. The spectral nudging technique was identical to the �rst COSMOiso simulation but

nudged towards COSMOiso,10km horizontal winds above 850hPa instead of ECHAM6-wiso. COSMOiso,5km covers the

period from 20 January to 13 February 2020. All simulated days are included in the analysis.

– COSMOiso,1km has a horizontal resolution of 0.01� , 60 vertical levels, and covers the focus area of the EUREC4A cam-

paign's �eld activity. Initial and lateral boundary conditions originate from COSMOiso,5km at hourly timesteps and the90

spectral nudging was directed towards COSMOiso,5kmwind data. COSMOiso,1kmcovers the period from 20 January to 13

February 2020, and all simulated days are taken into account for the analysis.

COSMOiso,1km and COSMOiso,5km are used to characterise the cloud-relative circulation (Sect. 3), and COSMOiso,10km to

assess the large-scale circulation (Sect. 4). For this, air parcel backward trajectories are calculated with data from COSMOiso,5km

and COSMOiso,10km using the Lagrangian analysis tool LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015,95
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see detailed description of trajectory starting points in Sect. 2.4 and Sect. 2.5). LAGRANTO trajectories are based on the three-

dimensional hourly wind �elds of the respective 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 COSMOiso,10kmtrajectories spend comparably

little of their lifetime near the boundary layer, and the COSMOiso,5km trajectories are explicitly started from features that are

dominated by subsidence and thus well characterised by the grid-scale winds.100

2.2 De�nition of cloud base

Cloud base is identi�ed using the same procedure as in Villiger 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 content exceed-

ing 10mg kg� 1 (threshold for the detection of clouds used in Vial et al., 2019) at any model level below 1.3km. The

lowest model level meeting this criterion is taken as the cloud base of the respective vertical pro�le. If a given pro�le105

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 representative 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 identi�ed for cloudy pro�les in the

previous step.

3. Steps 1 and 2 are repeated for every hourly timestep of the simulated time period. The resulting time series of cloud base110

model levels can then be used to extract cloud base variables from the COSMOiso simulations.

The hourly cloud base levels alternate between 783 and 970m for COSMOiso,10km and change between three levels, i.e. 761,

914, and 1082m, for COSMOiso,5km and COSMOiso,1km.

2.3 De�nition of cloud base features

The COSMOiso,1km and COSMOiso,5km grid points at cloud base in the domain 54.5-61� W and 11-16� N are assigned to115

three categories representing features from the circulation associated with clouds, clear-sky regions with dry-warm anomalies,

and clear-sky regions without dry-warm anomalies (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

categoriescloud, dry-warm, andclear:

– Cloudgrid points are identi�ed based on liquid cloud water content exceeding 10mg kg� 1.120

– Dry-warmgrid 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 January 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 ) + � (� i;h ( t ) ) (i denoting

the grid points inside the evaluation domain,t the hourly timesteps of the simulated period,h(t) the hour of the day125
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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 asdry-warmin COSMOiso,5km (gray continuous) and COSMOiso,1km (black dashed). In case of COSMOiso,5km, these cloud base

grid points serve as starting points of thedry-warmbackward trajectories (see text for details). The total number of cloud base grid points in

the considered domain are 12'632 for COSMOiso,5km, and 316'028 for COSMOiso,1km.

corresponding to the timestept, 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 10mg kg� 1) without using an additional

criterion for the liquid cloud water content. An overview of the number of identi�eddry-warmgrid points per timestep

is given in Fig. 2 and an exemplary timestep illustrating their spatial distribution in Fig. 3.

– The remaining clear-sky grid points (i.e., liquid cloud water content below 10mg kg� 1, but no positive anomaly in�130

combined with a negative anomaly inq) are categorised asclear.

The reasoning behind the separation ofdry-warmandcleargrid points at cloud base into different categories stems from part

1 of this study. We assume that the characteristics of thedry-warmcategory result from coherent mesoscale subsidence and,

therefore, can give insight into the downward branch of the cloud-relative circulation (sketched in Fig. 1). Adry-warmanomaly

is expected at the cloud base level of the downward branch because (1) subsidence causes adiabatic warming (generating a135

warm anomaly at cloud base), and (2) a coherent mesoscaledry-warmanomaly 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 isotope signal in the vapour from the point at which it was detrained from the cloud down to cloud base.

As shown in the exemplary timestep in Fig. 3, our de�nition ofdry-warmindeed applies to grid points that are well away from140

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 theclear category, we assume that several processes (subsidence, turbulent mixing, 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 environments,clear and145
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