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Stable water isotope signals in tropical ice clouds in the West African
monsoon simulated with a regional convection-permitting model
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Abstract. Tropical ice clouds have an important influence on the Earth’s radiative balance. They often form as a result of
tropical deep convection, which strongly affects the water budget of the tropical tropopause layer. Ice cloud formation involves
complex interactions on various scales, which are not fully understood yet and lead to large uncertainties in climate
predietionsprojections. In this study, we investigate the formation of tropical ice clouds related to deep convection in the West
African monsoon, using stable water isotopes as tracers of moist atmospheric processes. We perform convection-permitting
simulations using-with the regional isotope-enabled model COSMOiso-with-differentreselutions-and-treatments-of conveetion
for the period of June-July 2016. First, we evaluate the-ability-ef-our model simulations te-represent-the-isotepic-composition

ofusing observations of mid-tropospheric IASI water vapour isotopes, monthly GNIP station data, and satellite-based GPM

IMERG precipitation estimates.—month

2046 Next Next, aease-study-efamesoseale-conveetive systemMES)we explores the isotope signatures of tropical deep

convection in atmospheric water vapour and ice based on a case study of a mesoscale convective system (MCS) and a statistical

analysis for a one-month period.

signals—in-the West-African—menseen—iee—<elouds—The following five key processes related to tropical ice clouds can be
distinguished based on theireharaeteristie-isotope sigrataresinformation: (1) convective lofting of enriched ice into the upper

troposphere, (2) cirrus clouds that form in situ from ambient vapour under equilibrium fractionation, (3) sedimentation and
sublimation of ice in the mixed-phase cloud layer in the vicinity of convective systems and underneath cirrus shields, (4)
sublimation of ice in convective downdrafts that enriches the environmental vapour, and (5) the freezing of liquid water-n-the

rixed-phasecloudlayerat-the base-of conveetiveupdrafts just above the 0°C isotherm in convective updrafts. Importantly,

we note large variations in the isotopic composition of water vapour in the upper troposphere and lower tropical tropopause

layer, ranging from below —800 %o to over —400 %o, which are strongly related to vertical motion and the moist processes that
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take place in convective updrafts and downdrafts. In convective updrafts, the vapour is depleted by the preferential

condensation and deposition of heavy isotopes, whereas the non-fractionating sublimation of ice in convective downdrafts

enriches the environmental vapour.

simulations—An opposite vapour isotope signature emerges in thin cirrus cloud regions where the direct transport of enriched

(depleted) vapour prevails in large-scale ascent (descent). Overall, this study demonstrates that isotopes can serve as useful

tracers to disentangle the role of different processes in the Earth’s-West African monsoon water cycle, including convective

transport, the formation of ice clouds, and their impact on the tropical tropopause layer.

1 Introduction

Tropical ice clouds are a key element of the climate system. They have an important influence on the Earth’s radiative budget
through reflecting shortwave radiation back to space and trapping longwave radiation underneath (Ackerman et al., 1988). A
key process that leads to the formation of tropical ice clouds is tropical convection (Massie et al., 2002; Luo and Rossow,
2004). Tropical convective systems and cloud ice that detrains from these systems strongly influences the humidity budget of
the cold tropopause region; the tropical tropopause layer (TTL; Fueglistaler et al., 2009). A complex interplay of different
processes controls the water transport through this region into the lower stratosphere;—whieh. This is a theme-topic of major
scientific interest as stratospheric water vapour has a large impact on the climate system through its influence on the radiative

balance and stratospheric chemistry (Notholt et al., 2010; Solomon et al., 2010; Randel and Jensen, 2013; Dessler et al., 2016).

One of the Earth’s regions where convective systems are particularly strong and can affect the TTL, is West Africa (Zipser et
al., 2006; Cetrone and Houze, 2009; Fierli et al., 2011). In boreal summer, the atmospheric circulation over this region is
dominated by the West African monsoon (WAM). The WAM system (Fig. 1) involves a complex interplay between different
large-scale circulation and mesoscale convective processes (Redelsperger et al., 2002; Lacour et al., 2017; Diekmann et al.,
2021). Intense solar heating over the Saharan desert leads to the formation of the Saharan heat low (Lavaysse et al., 2009),
while much colder sea surface temperatures in the eastern tropical Atlantic cool the air near the surface. The resulting pressure
gradient drives an inflow of moist air from the ocean into the continent that feeds rainfall over this region. The tropical rain
belt stretches zonally over Africa and is along its northern edge confined by the mid tropospheric anticyclone aloft the Saharan
heat low. The WAM follows a distinct seasonal evolution (Thorncroft et al., 2011). Before its onset, the rain belt is anchored
over the coast of Guinea; and migrates abruptly northward into the Sahel after its onset that usually takes place in the period
of late June to early July (Sultan and Janicot, 2003; FitzPatrick et al., 2015). Precipitation over West Africa can stem from

different types of convection embedded in the WAM circulation, whereby highly organized mesoscale convective systems
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(MCSs) contribute up to 90% of rainfall (Mathon et al., 2002). MCSs typically traverse everNerth-Adfrieathe Sahel in a
westward direction, often along instabilities in the African easterly jet, so-called African easterly waves (Fink and Reiner,

2003; Knippertz et al., 2017).

MCSs over West Africa are not only of central importance for precipitation, but also for the formation of tropical ice clouds
(Mathon and Laurent, 2001; Frey et al., 2011). Large MCSs are the most important contributor of tropical ice clouds over this
region in summer (Yuan and Houze, 2010). Convective systems inject ice into the upper troposphere, which is detrained into
large anvils that spread out into thinning cirrus shields (Luo and Rossow, 2004). Other types of ice clouds form directly from
the vapour phase due to the uplift from gravity waves or above convective systems (Pfister et al., 2001). These two formation
pathways of ice clouds were later coined as liquid-origin and in situ cirrus (Krdmer et al., 2016, 2020; Luebke et al., 2016;
Wernli et al., 2016; Gasparini et al., 2018). Liquid-origin refers to the freezing of liquid water in updrafts within the mixed-
phase cloud layer, while in situ refers to the formation of ice crystals directly from the vapour phase. Other classifications of
cirrus ice clouds are based on environmental conditions such as synoptic weather systems, orographic lifting, and convective

systems (Muhlbauer et al., 2014; Jackson et al., 2015; Gryspeerdt et al., 2018). Independent of these classifications, the life

cycle of cirrus clouds consists of a formation and growth phase under influence of freezing or nucleation and deposition,
followed by decay and disappearance of ice due to fall out (sedimentation) and sublimation of ice particles. These processes
have been clearly identified in the vertical structure of ice clouds based on observations and high-resolution model simulations
(Urbanek et al., 2017; Gasparini et al., 2019), and in Lagrangian studies considering the cirrus life- cycle along trajectories

(Gasparini et al., 2021).

Stable water isotopes are a useful natural tracer of the Earth’s water cycle (Galewsky et al., 2016), and in particular for studying
processes near tropical deep convection (Bony et al., 2008; Blossey et al., 2010). Besides the most abundant H>'°O
isotopologue, the Earth’s water cycle also contains the much less abundant heavier HDO and H2'30 isotopologues (Gat, 1996).
Differences in their physical characteristics (saturation vapour pressure and molecular diffusivity) change their relative
proportions during phase transitions, referred to as fractionation, whereby the heavier isotopes go preferentially into the solid
or liquid phase as compared to the vapour phase (Merlivat and Nief, 1967; Jouzel and Merlivat, 1984). As a result, isotopes
contain information on an air parcel’s history, making it a unique tool to study moist atmospheric processes, including
precipitation, convection, and synoptic weather systems (Bony et al., 2008; Risi et al., 2008a, 2010a; Pfahl et al., 2012;
Aemisegger et al., 2015; Weng et al., 2021). An important concept that helps interpreting isotope information is Rayleigh
distillation, which describes the progressive depletion of heavy isotopes in vapour of cooling (e.g. moist-adiabatically
ascending) air typically assuming that the forming condensate is instantly removed (Dansgaard, 1964). This principle explains,
to a first order, the observed depletion of heavy isotopes in water vapour with latitude and altitude (Dansgaard, 1964; Rozanski
et al., 1993). In the tropics, these effects are less prominent due to the relatively weak horizontal temperature gradients, and

strong convective transport and mixing that can dominate over horizontal transport. In these regions, there is often an
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anticorrelation observed between heavy isotopes in precipitation and precipitation amounts (Dansgaard, 1964; Rozanski et al.,
1993). This effect can largely be explained by the strength of convection (Risi et al., 2020) and its degree of organisation
(Lawrence et al., 2004, Nlend et al., 2020). Stronger convection usually has larger rain droplets and occurs in a moister
environment, reducing the re-evaporation of the falling condensate and leading to more depleted surface precipitation (Risi et
al., 2008b, Torri et al., 2017). Similarly, strong, organised convection typically entrains more depleted vapor from higher
altitudes and more efficiently depletes low tropospheric vapour than weak, isolated convection, eventually resulting in more

depleted surface precipitation (Risi et al., 2008a; Moore et al., 2014).

Observations of water isotopes and modelling experiments equipped with isotope physics have improved our understanding
of atmospheric processes in monsoons and tropical convection in general. Global satellite-based measurements and GCM
simulations showed that ocean evaporation and continental evapotranspiration provide enriched vapour that is transported into
monsoon systems (Worden et al., 2007; Risi et al., 2010a; Brown et al., 2013). Land-inward moving air is gradually depleted
due to rainout along its transport pathways, partly compensated by continental moisture recycling (Risi et al., 2010a; Winnick
et al., 2014). Large-scale subsidence can dehydrate and deplete vapour at the poleward edges of monsoon systems
(Frankenberg et al., 2009, Risi et al., 2010a). Convective processes and their influence on water isotopes are more complex
than the effects of large-scale circulation processes and limit our understanding and interpretation of isotope signals in
atmospheric water. Satellite measurements suggest that shallow convection enriches mid-tropospheric vapour through
detrainment of enriched boundary layer air (Lacour et al., 2018), whereas deep convection enriches upper tropospheric air due
to convective detrainment at these altitudes (Randel et al., 2012). Experiments with a single column model pointed to a variety
of processes that can affect the isotopic composition of water vapour and precipitation in relation to tropical deep convection,
including condensate lofting, rain re-evaporation, unsaturated downdrafts, and the isotopic exchange between droplets and the
tropospheric environment (Bony et al., 2008; Risi et al., 2008b). Specifically, with regards to the WAM, in situ observations
of precipitation isotopes have shown that its isotopic composition can reflect information about the type of convective

organisation (Risi et al., 2008a, 2010b).

Importantly, observations of stable water isotopes brought novel insights into convective processes that affect the TTL and its
water budget. The TTL demarcates the transition of the upper troposphere to the lower stratosphere in the tropics between
altitudes of 14 and 18.5 km, corresponding to approximately 150 and 70 hPa (Fueglistaler et al., 2009). This region also
contains the cold point tropopause with temperatures as low as 190 K near 90 hPa and 17 km altitude (Fueglistaler et al., 2009).
Transport of air through this cold point leads to so-called “freeze-drying” of air as a result of in-situ formation of ice that
subsequently falls out (Holton and Gettelman, 2001), further depleting the remaining vapour from heavy isotopes. Previously,
it was thought that slow upwelling of air through this cold point, associated with the Brewer-Dobson circulation, controls the
very low amounts of water vapour that can enter the lower stratosphere (Holton et al., 1995). Spaceborne observations of stable

water isotopes, however, showed that tropical lower-stratospheric water vapour is much more enriched than Rayleigh
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distillation predicts, suggesting other processes at work such as tropical deep convection (Moyer et al., 1996; Kuang et al.,
2003; Hanisco et al., 2007; Steinwagner et al., 2010). Indeed, subsequent in situ observations from aircraft measurements
(Corti et al., 2008; Sayres et al., 2010) and modelling experiments (Ren et al., 2007; Wang et al., 2019; Bolot and Fueglistaler,
2021) showed that evaporation of convectively lofted ice moistens the lower TTL. Moreover, measurements over West Africa
suggest that occasionally overshooting convection can directly moisten the lower stratosphere (Khaykin et al., 2009). A variety
of model experiments equipped with stable water isotopes confirmed the influence of tropical convection on the TTL water
budget, such as conceptual models (Dessler and Sherwood, 2003), trajectory calculations (Dessler et al., 2007; Sayres et al.,
2010), single column models (Bony et al., 2008), large eddy simulations (Smith et al., 2006), and global circulation model
simulations (Eichinger et al., 2015). Idealized simulations with a two-dimensional cloud-resolving model suggested that
sublimation of convectively lofted enriched ice and fractionation of in situ cirrus cloud formation affects the water vapour in
the TTL (Blossey et al., 2010). Accordingly, previous modelling studies that investigated the role of deep convection and ice
cloud formation on the TTL water budget used idealized model setups, trajectory calculations with inherent limitations

stemming from the underlying data, or relatively coarse resolution model simulations with parameterised convection.

This study uses, for the first time, regional isotope-enabled convection-permitting model simulations constrained by actual
meteorological conditions to investigate the atmospheric processes related to tropical deep convection and cirrus clouds in the
WAM. The purpose is twofold: (1) to identify the processes related to tropical ice cloud formation and decay based on stable
water isotope information, and (2) to guantify-examine the impaet-influence of deep convection on the-water-budget-of-the
TTL_water vapour and its isotopic composition. We use simulations with the COSMOiso model (Pfahl et al., 2012) with-at
different resolutions and with different treatments of convection over West Africa for the period of June-July 2016 (Sect. 2).
First, we evaluate the-eredibility-efthe model simulations by comparing the isotopic composition of water vapour and monthly

prempltatlon He%epes—to observations. In addition, we eempaf%eh%pfeekpﬁaﬁeﬂ—ehaf&eﬁﬂﬁe%—ﬁem—ﬁ%bﬁkpeffefmmg

todassess the

model’s ability to simulate the monsoon evolution and behaviour of convective storms through comparison of precipitation

characteristics in model output against satellite-based precipitation observations (Sect. 3). Aftereonfirming realistic behaviour
of eonveetive storms-n-oursimulatiensNext, we switch focus to tropical ice clouds; and explore the isotopic imprints of deep

convection on the—atmosphereic water in a detated—case study, followed by a detailed statistical analysis (Sect. 4).

Furthermereln Sect. 5, we use total column ice amounts as a simple proxy to distinguish between different types of ice cloud

regimes and we examine differenees—n-their different isotope mgnals—@eeté} %—appfeaeh—a}%e—wppefm—a—quaﬂ&ta%we

ton—Finally, Sect. 6 concludes

this study with a summary of the results, including a synthesis of five different key processes related to the formation and

decay of tropical ice clouds derived from isotope information.
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2 Methods and Data
2.1 The COSMO:is, model

The Consortium for Small-Scale Modelling (COSMO) model (Steppeler et al., 2003) is a non-hydrostatic limited-area weather
and climate model used for operational forecasting and research purposes. Stable water isotopes HDO and H2'%0 are
implemented in the model (COSMOiso) through adding parallel water cycles for both heavy isotopes that are purely diagnostic
and do not affect any other model components (Pfahl et al., 2012). These heavy isotopes undergo identical processes as the
common water isotope H2!'%0 except during phase transitions when isotopic fractionation occurs. COSMOis has been used to
study a variety of atmospheric processes in the hydrological cycle in idealized studies (Diitsch et al., 2016), detailed case
studies (Pfahl et al., 2012; Aemisegger et al., 2015; Lee et al., 2019), and (semi-)climatological analyses (Diitsch et al., 2018;
Christner et al., 2018; Dahinden et al., 2021; Diekmann et al., 2021a; Thurnherr et al., 2021).

This study uses the isotope-enabled COSMO model version 4.18 with a prognostic one-moment bulk microphysics scheme
(Doms et al., 2005). Water is represented by five species: vapour, cloud ice, snow, cloud water, and rain. Cloud water and
cloud ice represent small droplets and pristine ice crystals with negligible fall velocities. Rain and snow represent larger
droplets and ice particles, respectively, with fall velocities that are computed from size distribution functions and empirically

derived relations based on measurements (Doms et al., 2005).

Fractionation occurs during the phase changes from vapour to liquid (condensation), vapour to ice (nucleation and deposition),

and liquid to vapour (evaporation). Fractionation_at thermodynamic equilibrium —is parameterized using equilibrium

fractionation factors with respect to liquid water and ice, following Majoube (1971) and Merlivat and Nief (1967), respectively.
Non-equilibrium effects are taken into account by a combined fractionation factor (Jouzel and Merlivat, 1984, Blossey et al.,

2010). fraetionation-These effects occur, for instance, if the air is supersaturated with respect to ice;-which-is-takeninto-aceount

by ombined onation o onzel and Mexli 024 Rlocceyve 010 h d ng tho Wagonar RBargaran
y 4 3 q 4 v . . B

Eindeiseneffectinmixed-phase clouds—Non-equilibrium effects arising from ice surface kinetics (Nelson, 2011) are neglected

in the model. During freezing, melting and sublimation no fractionation occurs. For more information on the representation of

fractionation during phase changes in the cloud microphysics scheme of COSMOiso, see Pfahl et al. (2012).

Surface evaporation from oceans is parameterized using the Craig-Gordon model (Craig-Gordon, 1965) representing non-
equilibrium fractionation based on an empirically-_derived relation independent of wind speed (Pfahl and Wernli, 2009). In

the simulations the delta values of ocean water are set to 580 = §2H = 1 %o. Land-atmosphere interactions are represented

by a multi-layer land surface scheme equipped with water isotopes, accounting for processes such as plant transpiration and

bare soil evaporation, see for more details the supplement of Christner et al. (2018).
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2.2 Model simulations

The COSMOiso model simulations are performed on a rotated grid centred at 7.5°E and 13.0°N. The model domain covers the
larger part of the African continent, the eastern and tropical Atlantic, the Mediterranean, and the western margins of the Indian
Ocean (Fig. 1). This relatively large model domain allows the explicit simulation of different inflow airstreams into the WAM
system and the processes that affect the isotopic composition of water along these transport pathways (Diekmann et al., 2021a).
We perform three model simulations with different configurations in terms of their resolution and treatment of convection
(Table 1). The first simulation, PAR14, has a horizontal grid spacing of 14 km, 40 wertieal-model levels_in the vertical and
convection is parameterized using the Fiedtke-scheme by ¢Tiedtke; (1989). The second simulation, EXPL14, has an identical
resolution, but the convection parameterization scheme is switched off. The third simulation, EXPL7, is also in convection-
permitting setup (i.e., no parameterized convection), but at a higher resolution with a 7 km horizontal grid spacing and 60
model levels reaching up to 23.6 km a.s.l. For both simulations in convection-permitting setup, also the shallow convection

scheme is switched off as stable water isotope tracers are not implemented in the shallow convection scheme in COMSOise.

The motivation for these different model experiments is that it is not a priori clear how the isotope-enabled model performs in
convection-permitting setup for the WAM. Most previous studies used COSMO:iso in mid-latitude or polar regions with
parameterized convection. For our present study it is highly advantageous to switch off the convection scheme, allowing the
explicit simulation of deep moist convection in the tropics. This model setup will benefit the interpretation of isotope signals
in ice clouds, circumventing the drawbacks of the simplified cloud microphysics in the convection parameterization scheme
and the complex interactions of convection and cloud microphysics schemes in cirrus layers. Moreover, previous studies have
found that the hydrological cycle and deep moist convection in the WAM is much better represented in convection-permitting
simulations than with parameterized convection;—even—atrelativelyeoarsereselutions— (Marsham et al., 2013; Birch et al.,
2014). Our choice for relatively coarse-resolution simulations considering the usual standards for a convection-permitting
setup is further motivated by new insights that parameterization schemes can be switched off at coarser resolutions than
previously thought, that is, on the order of ~10 km (Vergara-Temprado et al., 2020). This resolution also allows the use of a
large model domain in which the regional model can generate its own hydrological cycle and isotope meteorology, without

being too strongly affected by the boundary information from the driving global model output.

Our COSMO:iso simulations are initialized and driven by 6-hourly updated fields at the lateral boundaries from global
ECHAMS-wiso output (Werner et al., 2011). This output is produced by global isotope-enabled ECHAMS simulations with a
T106 spectral resolution and 31 model levels, nudged to the dry atmospheric state of ERA-Interim reanalysis (Butzin et al.,

2014). Within the model domain, Fthe COSMOis, simulations are relaxed towards the driving global output using-aby spectral

nudging (von Storch et al., 2000) of the large-scale horizontal winds above 850 hPa (wave numbers 5 and less). In this way,

the large-scale circulation within the regional domain is kept close to real conditions while smaller-scale processes, including
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deep moist convection, are fully treated by COSMOiso. The COSMOiso model simulations are integrated for the 2-month period
of the DACCIWA field campaign from 1 June to 30 July 2016. Hourly output is produced on model levels and interpolated to
29 pressure levels with 50 hPa intervals between 750 to 250 hPa, and 25 hPa intervals in the 1000 to 750 and 250 to 50 hPa

pressure layers.

2.3 Observations

For the purpose of model evaluation, we compare our model simulation output to stable water isotope observations of

tropospheric water vapour and surface precipitation as well as satellite-based precipitation estimates. More specifically, we

use space-borne measurements of the Infrared Atmospheric Sounding Interferometer (IASI) sensor on board the satellites of

EUMETSAT. This dataset is an extension of the multi-platform remote sensing of isotopologues for investigating the cycle of

atmospheric water (MUSICA; Schneider et al., 2016; 2022). We use the level-3 data, which is quality controlled, and available

on a regular 1°x1° grid at a mid-tropospheric altitude of approximately 4220 m a.s.l. (Diekmann et al., 2021b). This dataset

contains twice daily estimates of the humidity and §2H in cloud-free conditions.

Furthermore, we also use
COSMOis-stmulations-te-monthly observations from the Global Network for Isotopes in Precipitation (GNIP). GNIP data are
collected by the International Atomic Energy Agency (IAEA) and WMO (Rozanski et al., 1993; Araguas-Araguas et al., 2000).
Mere-speeificallyy—wWe use monthly observations from 19 stations over Equatorial and North Africa. Several stations record

only & values of 30 and 2H in precipitation and miss the actual precipitation amounts. For this reason, we refrain from
computing mass-weighted means over the two-month simulation period, and we compare the model output to the observations

for the two individual months (see Sect. 3.42). Note that the evaluation of our model output against GNIP observations is

limited due to the relatively low station density over North Africa and available precipitation measurements at monthly

timescales. Nevertheless, we consider the inclusion of GNIP data in our model evaluation as an asset as this data contains

information about cloud and below-cloud processes in the water cycle which are only indirectly included in the IASI data,

which only covers cloud-free regions.®

Finally, we use monthly and hourly satellite-based precipitation estimates from GPM IMERG (Huffman et al., 2020) to

evaluate the spatial distribution of precipitation, the evolution of the monsoon, and the motion of convective storms in our

model simulations.
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3 PrecipitationModel evaluation

3.1 IASI water vapour isotope observations

Figure 2 compares specific humidity and the water vapour isotopic composition (§ 2Hvap) from COSMOise model simulations

against IASI observations. We use COSMOise model output at 9 and 21 UTC, because IASI observations in the morning and

evening fall within the time window from 7 to 10 UTC and 19 to 22 UTC, respectively. To facilitate the comparison, we

interpolate the model output from its rotated grid at model levels to a regular 1°x1° degree horizontal grid at 4220 m a.s.l. In

this comparison, we only include the model output where the sum of total column cloud ice, snow, cloud water and rain (TQ)

remains below a threshold of 0.01 kg m~ as a proxy for cloud free regions. Applying this threshold results in 51.3 % of “cloud

free” grid points in the model output in the region of interest (10°W-20°E, 5°N-20°N) during the 2-month simulation period

as compared to 55.8 % of grid points with non-missing values in the IASI data. Using a more restrictive threshold of TQ <

0.0001 kg m? as a proxy for cloud free regions leads to very similar results (not shown). Figure 2a-f shows the spatial

distribution of specific humidity and 6 szap from EXPL7 and IASI averaged over the two-month simulation period. Figure

2¢2.h shows the temporal evolution of the two variables at individual grid points and their domain averages over the region of

interest for all three model simulations and observations.

The specific humidity in EXPL7 and IASI shows overall a good spatial agreement (Fig. 2a-c). Apart from a weak dipole

structure with moister air over the Sahara and drier air over the Gulf of Guinea and the tropical Atlantic in the model as

compared to IASI, their differences are relatively small and on the order of 1-2 g kg'!. This good agreement between the model

and observations is observed across all three model simulations, both in terms of their spatial distribution (not shown) and

temporal evolution (Fig. 2g). However, a clear systematic deviation emerges in § szap» which in the model is consistently

more enriched as compared to IASI by approximately 50 %o (Fig. 2d-f,h). This deviation between the model and observations

is consistently present for all three model simulations. Among the simulations only very small to negligible differences arise

in terms of their spatial distribution (not shown) and temporal evolution (Fig. 2h). Currently, this difference in 52 H, ., between

COSMOise and IASI is not understood and may stem from uncertainties in both the model and observations. Previous studies

have also noted a positive difference in vapour isotopes in models as compared to observations (Werner et al., 2011; Risi et

al., 2012; Christner et al., 2018). Despite this systematic deviation, the delta values in the model simulations and observations

follow a very similar time evolution throughout the 2-month simulation period (Fig. 2h). Accordingly, the Pearson correlation

based on the twice daily, domain average § szap values in the simulations and IASI reaches high values of 0.90, 0.87 and

0.88 for PAR14, EXPL14, and EXPL7, respectively. The relatively similar performance between the different model

simulations may stem from the use of domain averages as well as the exclusion of cloudy regions where largest difference

between model simulations may be expected. Therefore, we proceed with a comparison of isotopes in surface precipitation

which includes the effects of fractionation in the water cycle during condensation, deposition, and below cloud sublimation

and evaporation.
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3.12 Comparisen-of- COSMOi.to-GNIP-observationsPrecipitation isotopes form GNIP stations

Figure 32 shows monthly precipitation and its isotopic composition (H-and-denteriun-exeess;g-exeess)-for the three model
simulations and the GNIP observations in July 2016 (for June 2016, see Fig. S1);-iwhere d-excess is defined as d = 5°H —

S5E8 hich nrovide me e _fornon-eg i onation—processe 0 61 NSO d 4 1ot
8620w S St SEes e S Ra e e e 00 i he John

evaluation-of these three-quantities{preeip on-ameunts;-6=H-and-d)-provides-an-overall-assessment-of the representationo

preeipitation-processes—in-the-model simulations—We first discuss the spatial patterns in precipitation isotope signals in the

three model simulations, and then compare them to GNIP observations.

At a first glance precipitation generally displays a similar pattern in the three model simulations. Precipitation occurs in a zonal
band between 0-20°N that reflects the tropical rain belt as a part of the Inter-Tropical Convergence Zone (Fig. 23a,céd,ge), in
agreement with the GPM IMERG precipitation observations (Fig. 3g). §2H in precipitation is generally more depleted in the

centre of the rain belt where rainfall amounts are highest (Fig. 23b,ed,hf), consistent with previous studies about isotopes in

tropical precipitation (e.g. Dansgaard, 1964; Rozanski et al., 1993; Risi et al., 2008b).

Upon closer scrutiny, we note substantial spatial gradients in precipitation isotope signals. They are particularly visible in the
convection-permitting simulations (Fig. 23ed,kf) and reflect three different processes: (1) enriched precipitation over the coast
of Guinea that depletes towards the Sahel region due to the gradual depletion of land-inward moving moist air from the Tropical
Atlantic, although partly compensated by continental recycling (Risi et al., 2010a; Winnick et a., 2014), (2) very enriched
precipitation over Central Africa, likely due to the influence of non-fractionating transpiration in this densely vegetated region
(Galewsky et al., 2016), and (3) very enriched precipitation along the northern fringe of the rain belt as a result of strong below-
cloud effects, i.e., enhanced evaporation of falling rain in the ¥ery-warm and dry environment (Risi et al., 2008a).-Signals-ef
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Comparing the precipitation and its isotopic composition between the three different model simulations, we observe larger

differences between the convection parameterized and convection permitting simulations than between the convection

permitting simulations at different resolutions.

ain-belt-isnot-observed-in-the parameterized-convectionsimulation(Fig—2e)-Generally, precipitation in the parameterized

convection simulation has larger amounts; and is more depleted and—has—higher—valies—ef—d-exeess—compared to both
convection-permitting simulations (Fig. 23a-if). Most likely, these differences stem from hew-the way precipitation processes

(convective and large-scale components) are represented in the different model configurations;-butitis-beyond-the-secope-of
this-study-te-address-this-in-mere-detail. Relevanthere-is-thatprecipitation-and-its-isotopic-composition-elearly-differ between

Switching off the parameterization scheme

strongly changes the hydrological cycle, consistent with previous studies that focused on-in the WAM region (Marsham et al.,

2013; Birch et al., 2014; Pante and Knippertz, 2017).

GNIP precipitation and its isotopic composition e-information—follow a similar spatial distribution as the eutputfrom—the
COSMO:iso simulations (Fig. 32jg.h-m). Precipitation is relatively enriched everalong the coast of Guinea and Central Africa
and more depleted everin the Sahel (Fig. 32hk). For a quantitative comparison of the simulations to observations(Fig—2r-6),
we interpolate the COSMOiso output to the station locations (Fig. 3i,j). Overall, we observe that the COSMOiso simulations
follow the GNIP values reasonably well. A few interesting deviations appear that can be clarified by physical arguments. For
example, for a station in Uganda (UG2), the convection-permitting simulations underestimate the precipitation amounts, going
along with too high §2H and-tee-low-d-exeess-in precipitation as compared to GNIP (Fig. 23m-oi.j). This suggests too much
below-cloud rain evaporation, too shallow clouds, or too low precipitation efficiency in these simulations at this location,
consistent with too enriched surface precipitation. In contrast, for the station in Ethiopia (ET) all three model simulations
overestimate rainfall amounts and simulate too low §2H compared to observations, showing that biases in simulated
precipitation amounts are consistent with biases in §2H in precipitation. Likewise, in June 2016 (Fig. S1#a-6i.j), the simulations
overestimate precipitation amounts and have too depleted precipitation as compared to the GNIP observations at both stations

in Uganda (UG2) and Ethiopia (ET).

Based on the GNIP observations and model output interpolated at station locations, we compute the root mean square error
(RMSE) and mean error of the model simulations as compared to the observations (Tables 2 and 3). The RMSE of the isotope
variables (6§180; and §2H-and-) is lowest for the EXPL7 simulation in both months, indicating that the convection-permitting
simulation at 7 km performs better than both simulations at 14 km. At this-14 km resolution, there is no clear difference
between the parameterized and explicit convection setup as EXLP14 performs better than PAR14 in June, while no clear

differences emerge between both simulations ererge-infor July (Table 2). Mean errors show that the convection-parameterized
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simulation consistently produces too depleted precipitation, as also found in a 30-year climatological study for central Europe
(Diitsch et al., 2018). In contrast, the convection-permitting simulation at 14 km produces mostly too enriched surface

precipitation.

This brief model evaluation demonstrates that the COSMOiso simulations are overall in good agreement with the GNIP

observations. Also, previous studies have demonstrated a generally good agreement between COSMOise simulations and

observations of isotopes in vapour and precipitation (Pfahl et al., 2012; Aemisegger et al., 2015; Diitsch et al., 2018; Christner
et al., 2018; Dahinden et al., 2021). Mereever—+tThe convection-permitting simulation at 7 km (EXPL7) outperforms both

simulations at 14 km; and therefore will be used for the remaining part of this study to analyse tropical ice clouds in the WAM

of summer 2016. Before switching focus to tropical ice clouds, we briefly discuss the evelutionofprecipitationduringthe
rmenseon-pertod-and-the motion of convective storms in the EXPL7 simulation based on the evolution of precipitation during

the monsoon period compared to GPM IMERG observations.

3.23 Fime-Monsoon evolution_and convective storm characteristics

The period of June-July 2016, when the DACCIWA field campaign took place, was characterized by four phases in the WAM
evolution: (1) the pre-onset until 21 June, (2) the post-onset from 22 June-20 July, (3) a wet phase from 21-26 July, and (4) a
return to undisturbed monsoon conditions from 27-31 July (Knippertz et al., 2017). These four phases are reasonably well
represented in the EXPL7 simulation interms—ofprecipitation-ameunts—and—its-as shown by the latitudinal distribution of
precipitation (Fig. 34a;b). Before the monsoon onset (phase 1), precipitation is predominantly confined to lower latitudes
across the coast of Guinea (~0-7.5°N). After the monsoon onset (phase 2), the rain belt has migrated northward and is
positioned over the Sahel region (7.5-15°N). During the wet episode from 21 to 26 July (phase 3), large precipitation amounts
occur over both the coast of Guinea and the Sahel.; aA fter-whichwards, more usual monsoon conditions follow until the end
of July (phase 4) with precipitation primarily centred over the Sahel. This evolution isfully-intine-with-the-observation-based
deseriptioninKnippertzetal (20 N their Figs—S-and-6follows the GPM IMERG precipitation observations (grey and black
contours in Fig. 4a), except for a slightly too far northward positioned rain belt in EXPL 7;-further supporting the-eredibilityof

EXPEZ. Our model simulates the monsoon onset one to two days too early (19-20 June); but captures very-well the abrupt

northward shift of prempltatlon into the Sahel (Flg %4ab) Pfeerp&aﬂeﬂ—rs—mest—dep}eted—dkmmg—peﬂeds—eﬁe&h&need

Figure 3e4b shows a Hovmoller diagram with average precipitation over the latitude band 5-20°N as a function of time and

longitude-(Fig—3¢). Fhis-Precipitation patterns clearly demonstrates long-lived MCSs that move from east to west over the

course of several days. Comparison against GPM IMERG precipitation estimates (again in grey and black contours in Fig. 4b)
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show a generally realistic behaviour of the storms in our model when bearing in mind that convective systems cannot be

expected to be simulated at the right time and place;.-eensistent-with-Knippertzet-al- 204 H;their Fie—10; Overall, EXPL7

represents a realistic evolution of the monsoon and MCS behaviour, providing further confidence in the-our model simulations

ofmenseonMESs - EXEPY. On 15 June 2016, an intense MCS passed our region of interest, as reflected by large precipitation

amounts on this day (see the orange markers in Fig. 34a.bse). This specific da=MCS is chosen for a case study to explore the
effeets-isotope signatures of tropical deep convection en-iee-elouds-and-theirisotope-signalsin atmospheric water.

4 Tropical ice clouds and their isotope signals
4.1 An MCS case study

Figure 45 shows the spatial distribution of ice and its isotopic composition at 200 hPa at 18:00 UTC on 15 June 2016. Ice
content is here and throughout this manuscript, unless explicitly mentioned otherwise, defined by the sum of cloud ice and
snow (Fig. 45a). Similarly, §2H in ice refers to the Svalues in the mass-weighted sum of cloud ice and snow (Fig. 54b). Figure
54c¢ shows the deviation of the isotopic composition of ice (6§2H;, as in Fig. 54b) from the ice that would form from local
vapour under equilibrium fractionation. This variable, hereafter referred to as disequilibrium in ice, is defined by: A§2H; ., =
8%Hjce — 6*Hjceeq (1), whereby equilibrium ice 6%Hjceeq is temperature dependent and computed using the same
fractionation factor as in COSMOiso, o = e(16288/T?~0.0934)_ ywhere T is the temperature (Merlivat and Nief, 1967; Rowley
and Garzione, 2007). This approach follows the rationale of Aemisegger et al. (2015) and Graf et al. (2019), who used the
disequilibrium of precipitation isotopes from vapour isotopes to investigate the influence of below-cloud effects during the

passage of cold fronts in Europe. Disequilibrium in ice can result from non-equilibrium conditions during ice formation, and,

of primary interest in this study, the absence of equilibrium exchanges between vapour and ice allows for a preservation of the

isotope signal of convectively lofted ice in the upper troposphere and the TTL. Appendix A presents detailed information on

the definition and interpretation of the concept of disequilibrium in ice that is introduced in this study.

Across Equatorial Africa we note multiple convective systems that reach the upper troposphere, characterised by large ice
content > 1000 mg kg™! (Fig. 45a). The ice is very enriched with §2H values near —100 %o (Fig. 45b), indicating that the
convective systems bring large amounts of very enriched ice into the upper troposphere, which has formed at low altitudes
from enriched vapour deposition or through freezing liquid. This is confirmed by large positive A§2H;., values that exceed
+300 %o within these convective systems (Fig. 45c). Farther away from the convective systems we observe much lower
amounts of ice (< 25 mg kg ), typical of cirrus clouds, which is much more depleted (~ —600 to —350 %o); and has near zero
to negative A62H;., values. Neutral A§2H;., is consistent with the #a-in-situ formation of ice from local vapour under
equilibrium fractionation, while negative A§%H,, likely reflects the sedimentation of ice from aloft, being relatively depleted

with respect to the ambient vapour at these altitudes.
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Figure 56 zooms in at an MCS in the centre of the model domain (see boxes in Fig. 45a-c) at 16:00 UTC on 15 June 2016. In
addition to Fig. 45, Fig. 56 also shows the §2H in vapour (Fig. 56¢), vertical cross sections in the zonal direction (Fig. 65¢-h),
and vertical motion contours. In the zonal cross sections, the liquid, mixed-phase, and ice cloud layers are denoted by the light

grey contours (at 7 = 0°C and —38°C), the TTL region is indicated by the dark grey contours (at 150 and 70 hPa), and the

approximate cold point tropopause is demarcated by the dashed dark grey contour at 100 hPas (Fig. Se6e-h). Based on this
figure and its time sequence (not shown), we observe how convective updrafts within the MCS inject enriched ice into the
upper troposphere. This enriched ice remains for several hours in the middle and upper troposphere on the eastern flank of the
westward moving storm and in its vicinity. faterestinghyilce is very enriched in both the updrafts and downdrafts of the storm
(Fig. 5b6b,d,f,h), whereas the vapour is very depleted in the upper part of the updrafts and very enriched within the downdrafts
of the storm, reaching below —768 %o and over —448 %o, respectively, at altitudes near 125 hPa (Fig. 5g6g). This near factor
two difference in J values of vapour isotopes suggests a wery-strong influence of deep moist convection on vapour in the upper
troposphere and the lower TTL. Intense condensation and deposition within the updrafts deplete the vapour from heavy
isotopes that preferentially go into the ice phase, whereas non-fractionating sublimation of very enriched ice in the downdrafts
enriches the ambient vapour of the upper troposphere. Particularly noteworthy are the rings of enriched vapour around the
convective cloud shields that can be explained by the same processes in the horizontal outflow of convective storms (Fig.
5e6¢). Furthermore, we observe negative A§2H;., values in the mixed-phase cloud layer (between temperatures of 0°C and —
38°C) in the convective cloud region as well as in the ice layer (7 <—-38°C) in the lower part of the cirrus shield, reflecting the
sedimentation and sublimation of ice that formed at higher altitudes in these clouds (Fig. 5koh). It is also worth to note the
marginally negative A§%H,, values in the lower parts of the convective updrafts, where liquid hydrometeors start to freeze.
Freezing of liquid water is a non-fractionation process, while condensation has a lower equilibrium fractionation factor than

the direct transition from vapour to ice, explaining the slightly negative A§2H;., values in ice atthe-base-ofjust above the 0°C

isotherm in convective updrafts.

Based on the analysis above, we distinguish the following five key processes related to tropical ice clouds as derived from
isotope information;—and-inparticularthe-disequilibrivm—iniee (Fig. 5hoh): (1) convective lofting of enriched ice into the
upper troposphere with very positive A§2H;, values (> 300 %o), (2) in--situ ice formation under equilibrium fractionation
with near zero A§%H,, values, (3) sedimentation and sublimation of ice in the mixed-phase cloud layer of convective
systems and the lower parts of the cirrus shields with relatively large negative A§2H;., values (down to ~ —200 %o), (4) non-
fractionating sublimation of ice in convective downdrafts that enriches the environmental vapour, reflected by moderately
negative A§2H;., values in the mixed-phase cloud layer (near —100 %o), and (5) the freezing of liquid water in the lower parts
of convective updrafts in the mixed-phase cloud layer with small negative A§2H;,, values (~ —25 %o). These five processes

are indicated by the corresponding labels in Fig. 5h-6h and will be further discussed and quantified in a statistical analysis in
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The isotope signatures of the MCS on 15 June 2016 are not exceptional, but typical and representative of convective storms in

our WAM simulation. Figure 6-7 shows the time evolution of vertical profiles of ice content, §2H in ice, and disequilibrium
in ice for a small 1°x1° region (black boxes in Fig. S5ata-d) throughout the simulation period of June-July 2016. Multiple
convective storms pass through this small region, as revealed by large amounts of ice content that reaches into the upper
troposphere (Fig. 6a7a). Each of these convective storms is characterized by high values of §2H in ice and very positive
A8%H,,, values (Fig. 6b7b,c). Intermittent periods between convective storms indicate the presence of cirrus clouds with lower
ice content, more depleted ice, and near zero A§2H;., values in the centre of these clouds at ~150 hPa and negative A§?H;,
values in the lower parts of these clouds (Fig. 6a7a-c). §2H in vapour does not exhibit a clear signal during passages of MCSs

due to the spatial averaging over both updrafts and downdrafts within MCSs that concur over the 1° target region (not shown).

4.2 Statistical distribution of water species and their isotope signals

In this section, we proceed to a statistical analysis of water and its isotopic composition in the WAM region of interest (10°W-

20°E, 5°-20°N, see the black box in Fig. 1) fori# July 2016. The remainder of this study uses the model output for this region

of interest and specific period. The choice to focus on this one-month period only instead of the full two-month simulation

period aims to circumvent the potential influence of systematic differences in stable water isotope signals before and after the

monsoon onset (Risi et al., 2008a) and the gradual depletion of stable water isotopes during the progress of the monsoon (Risi

et al., 2010a), see also Fig. 2. Figure 87a shows the vertical profiles of various water species horizontally averaged in the

region_of interest. Note that we consider here cloud ice and snow separately as an exception to all other analyses in this study.
Cloud ice content reaches a maximum of ~ 4.4 mg kg™! near 250 hPa, while snow content attains an about tenfold larger
maximum of ~ 70 mg kg!' near 300 hPa. Impertantlys—+The fraction of summed cloud ice and snow in total water is largest
between 100-200 hPa and exceeds 50% in this layer. Figure 7b-8b shows the corresponding vertical profiles of §2H values in
vapour, cloud ice, and snow. §2H in vapour (black line) decreases with height approximately following Rayleigh distillation
until an altitude near 400 hPa and transits above away from the Rayleigh regime with increasing o values with height for p <

150 hPa, consistent with previous model studies and observations (Kuang et al., 2003; Bony et al., 2008; Steinwagner et al.,

2010; Randel et al., 2012). The isotopic composition of vapour reaches a minimum near the bottom of the TTL at 150 hPa,
well below the cold point tropopause near 1090 hPa (Fig. 7a8a), with d values near —590 %o. This value is roughly in agreement
with the —650 %o estimates from the Atmospheric Trace Molecule Spectroscopy (ATMOS) measurements in November 1994
(Kuang et al., 2003), the —650 %o from satellite-based measurements across the tropics (Randel et al., 2012), minimum values
between —600 and —400 %o from aircraft measurements in the North American monsoon (Hanisco et al., 2007), values between

—650 and —400 %o from a flight campaign out of Costa Rica in August 2007 (Sayres et al., 2010), and the =530 %o from single
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column model simulations in a tropical environment (Bony et al., 2008). Ice that would form under equilibrium fractionation
from local vapour (turquoise line) demonstrates a very-similar profile as §2H in cloud ice from the model output (blue line;
Fig. 7b8b). These wery-similar vertical profiles reflect the in—situ formation of small ice crystals with negligible fall velocities.
In contrast, the vertical profile of §2H in snow (red line; Fig. 7b8b) deviates substantially and shows roughly constant & values
with height near —150 %o. We hypothesise that this profile results from strong vertical transports of the frozen condensate in

convective regions.

To provide a more detailed picture of the isotopic composition of the water species, we consider their mass-based probability
density functions at three sirgle-specific pressure levels (sehedtnesin-Fig. Ze8c-e). Consistent with our earlier note, at all three
levels the distributions of §2H in cloud ice from model output are close to the local equilibrium values, illustrating the in--situ
formations of small, suspended ice crystals under equilibrium fractionation. faterestingly+The mass-based probability density
function of §2H in snow (red solid lines in Fig. 7e8c-€) shows a bimodal distribution at 125 and 200 hPa with a primary peak
near —130 %o and a secondary peak near —425 %o hPa. The probability density functions based on occurrence frequencies (red
dashed lines in Fig. 7e8c-e) show that the enriched peak results from relatively few occurrences, in contrast to the depleted
peak that corresponds to werylarge occurrence frequencies. These distributions suggest that the convective lofting of large
amounts of enriched snow occurs in sparse updrafts, while much lower amounts of more depleted snow forms through
aggregation of in situ iee-formed ice crystals in widespread cirrus. At 450 hPa, both the mass and frequency-based distributions
of snow are shifted towards more depleted §2H values compared to equilibrium ice, as a result of the sedimentation of

relatively depleted snow from higher altitudes (Fig. 7e8e).

Consistent with the case study, this analysis highlights two different formation pathways of ice that we will further investigate.
Figure 8-9 shows the frequency distribution of ice and its isotopic composition on pressure levels from 50 to 700 hPa with
overlaid the average vertical motion for each individual bin. For clarity, here we consider again the sum of cloud ice and snow.
Ice clouds occur most frequently in the upper troposphere (125-250 hPa) with water-ice content between 0.2 and 25 mg kg™
(Fig. 8a%a). Most ice gradually depletes with altitude (Fig. €b9b). Ice in this regime forms in situ under equilibrium
fractionation as indicated by the near zero disequilibrium in ice (Fig. 8e9c¢), especially in the upper troposphere (100-200 hPa).
These high frequencies in the distribution are suggestive of depositional growth and aggregation of in situ formed ice crystals
in vast cirrus shields. faterestinglyaA part of the ice cloud distribution differs remarkably from this regime. Few regions with
relatively low occurrence frequencies have very large amounts of ice content (> 2000 mg kg™') associated with strong
convective updrafts with an average upward motion > 1 m s! (Fig. 8a9a). This part of the distribution also emerges as relatively
enriched ice for p <400 hPa that clearly deviates from the in--situ formation regime, indicative of convective lofting of enriched
ice (Fig. 8b9b). Indeed, the distribution of the disequilibrium in ice demonstrates occurrences with increasingly larger positive
A8%H; . values with height, exceeding +600 %o in the lower TTL (100-125hPa; Fig. 8c9c). These positive A§?H;, values

coincide with strong upward motion in the lower parts of these positive values. Thus, the frequency distribution in Fig. 8-9
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demonstrates convectively lofted enriched ice and in situ formed ice under equilibrium fractionation (labels “1” and “2” in
Fig. 89, respectively). These results show large similarities to those from Blossey et al. (2010), their Fig. 6. In addition, Fig.
8e-9c¢ also shows that a substantial part of the distribution falls in the range of negative A§%H;., values near ~—200 %o and
even down to ~ —360 %o. These signals stem from sedimenting ice that formed at higher altitudes and is relatively depleted
with respect to local vapour conditions. These negative A§2H;., values eecurappear from the upper troposphere to the melting
level (200-600 hPa) and thus include sedimentation of ice from both cirrus clouds in the upper troposphere and convective
clouds in the mixed-phase cloud layer. Interestingly;—wWe also observe weak downward motion in the 300-600 hPa pressure
layer for moderately negative A62H;., values between —40 and —120 %o, reflecting the signatures of convective downdrafts.
The next section systematically investigates the relationship between vertical motion and the isotope signals in ice and water

vapour to further identify the relevant processes in convective updrafts and downdrafts.

4.3 Convective updrafts and downdrafts

Figure 9-10 presents the characteristics of water species and their isotopic compositions as a function of vertical motion across
pressure levels. For each bin, we retrieve the occurrence frequencies, average ice content, §2H in ice, §2H in vapour, and-the
humidity-overteeRHic ) which-is—eomputedfrom—tempe epressure-—and-speetfiehramidi

disequilibrium in ice, and the relative humidity over ice, RHice€(Fig. 9al0a-ef).

near zero vertical motion and displays some asymmetry with slightly enhanced frequencies of weak downward motion and an

extended ‘tail’ towards wery-strong upward motion (Fig. 9al0a). Both strong updrafts and downdrafts contain very-large
amounts of ice that is relatively enriched compared to more depleted ice in regions with werweak vertical motion (Fig.
9b10b,c). The disequilibrium in ice exceeds 500 %o in the updrafts and 300 %o in weaker downdrafts near 125-150 hPa (Fig.
9e10e).Interestingly; tThe isotopic composition of vapour at these altitudes is very depleted in strong updrafts (§2H < 750
%o) and very enriched in downdrafts (§2H ~ —400 %o) at slightly lower altitudes near 175 hPa (Fig. 9410d). This large range
in §2H in vapour corresponds to our earlier findings based on the MCS case study (Sect. 4) and is here corroborated by the
month-long statistical analysis. Moreover, this large range of §2H in vapour is consistent with observations (Webster and
Heymsfield, 2003; Hanisco et al., 2007; Sayres et al., 2010). We provide here evidence that these large fluctuations are directly
related to vertical motion and the eentrasting-moist processes that take place in the-cenveetive-updrafis-and-deowndraftsdeep

convection, that is, condensation and deposition in updrafts and sublimation in downdrafts.

The information in Fig. 9-10 also serves perfectly to illustrate the five key processes postulated in Sect. 4.1, see the labels 1-5
in Fig. 910. We briefly reiterate these five processes based on the statistical analysis: (1) Convective ice lofting corresponds
to the right-hand-side of the distribution (i.e. strong updrafts) and is characterised by large amounts of ice content (> 5000 mg

kg "), relatively high §*Hjc, values (~ —100 %), very large positive A6?H;c values (> 500 %), and very low 6°Hy,, values
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(< =768 %o) as a result of the preferential condensation and deposition of heavy isotopes in these updrafts;. white-In contrast

(2) in--situ formation of ice under equilibrium fractionation in regions with weak or negligible vertical motion has moderate
ice content (0.1-10 mg kg '), relatively depleted ice (~ —400 %o), and near zero A§2H;., values. (3) In lower parts of the
troposphere with weak vertical motion, we note the signatures of sedimenting and sublimating ice that formed at higher
altitudes and is relatively depleted with respect to the local vapour conditions, reflected by moderately negative A§2H;., values
near —100 %o, especially near the melting level at ~ 600 hPa. (4) In upper tropospheric regions of strong convective downdrafts,

on the left-hand-side of the distribution, non-fractionating sublimation of enriched ice enriches the ambient vapour with §2H

values that are almost twice as high as in regions of convective updrafts at similar altitudes. Sublimation in downdrafts is likely
to occur as the RHice falls below 100 % (Fig. 9£101). (5) In mid-tropospheric regions of moderate upward motion, liquid water

freezes_just above the 0°C isotherm, reflected by weakly negative A§2H;., values near —25 %o. As already explained in Sect.

4.1, this signal stems from the lower equilibrium fractionation factor of condensation than that of vapour deposition_thus

resulting in liquid water being isotopically lighter than ice that would form directly from the vapour phase. This analysis

demonstrates that the new variable introduced in this study, disequilibrium in ice (A62H;.,), is a particularly useful measure
to investigate the processes related to the formation and decay of ice clouds. This-inference-issupperted-byWe claborate on
this concept in a theoretical perspective on this variable in Appendix A.

5 Convective and cirrus clouds
5.1 Ice cloud classification method

Section 4 already described different types of ice clouds and their associated isotope signatures. To objectively classify regions
with different types of ice clouds, we use total column ice, alse-hereafter referred to as ice water path (IWP)-in-otherstadies.
IWP is here-computed by the sum of total column cloud ice (TQI) and total column snow (TQS). Figure 161 displays the
vertical distributions of ice content, §2H in ice, and disequilibrium in ice in 100 percentile bins of IWP ranked from largest
amounts on the left to the lowest amounts on the right, following Gasparini et al. (2019), their Fig. 1. We-analyse-here-data-in
the-sameregion-asseet—42forJuly2016-0On the left, for high IWP, we clearly recognize the signatures of deep convection
with very large ice content up to the tropopause cold point, transitioning into a cirrus shield with lower ice content towards
lower IWP percentiles, and ending with an ice cloud free region on the right (Fig. 181a). The isotope signals in ice correspond
to these suggested cloud types. Deep convective clouds are characterized by very enriched ice and positive disequilibrium in
ice in the ice phase layer (T < -38°C; Fig. 101b,c, label “1”). Cirrus clouds show, on average, near zero A§2H;,, values (Fig.
101c, label “2”). Underneath the cirrus shield we observe small negative A§2H;., values near —25 %o within the ice-phase layer
(T < -38°C), reflecting the sedimentation and sublimation of ice particles (Fig. 191c, label “3”). Negative disequilibrium in
ice in the mixed-phase cloud layer between the 80™-100" percentile range reflects a combination of (3) sedimentation and

sublimation of ice, (4) downward transport of ice in convective downdrafts, and (5) a ¥ery-minor influence of freezing liquid
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water in convective updrafts (Fig. 116c, labels “3-5"). The distribution of ice in Fig. +6-11 can also be interpreted as “liquid

origin” ice from freezing and deposition in convective updrafts on the left and “in situ” ice formed iee-directly from the vapour

phase under the influence of gravity wave activity or uplift above convective cells further to the right (Krdamer et al., 2016).

Following Sokol and Hartmann (2020), Nugent et al. (2021), and Turbeville et al. (2021), we use IWP to distinguish three
different categories of ice cloud regimes:

1) Deep convection: IWP > 1 kg m™
2) Gemleeth%eaeﬂe%eeﬁveemlHemﬂanﬂ—aﬁd—tThlck cirrus: 0.01 <IWP < 1 kg m
3) Thin cirrus: 0.0001 < IWP < 0.01 kg m >

er—In addition to these three ice

cloud eategoriesregimes, we consider regions with IWP < 0.0001 kg m2 as “ice cloud free”. Figure +1-12 shows two examples
at different time instances to demonstrate the functionality of using IWP as proxy for different ice cloud eategeriesregimes.
Deep convective regions have very large ice content (and liquid water content) that reaches from the middle #sto the upper
troposphere and are classified as “deep convectiveon” (see green bars in Fig. Hel2c,d). The+rRegions labelled as “wmixedthick

cirrus” clouds manifest as a combination of convective outflow, juvenile convection, and remnants of convective storms;-ane

thiek—eirras. Extensive regions with relatively low ice content in the upper troposphere are classified as “#in—cirrus”.

Approximately 30% of Seme—ef-these thin cirrus regions;-approximately30%; have larger TQI than TQS, see the black

hatching in the blue cirrus labels in Fig. 12¢.d and the grey line in (Fig. 181d). This subcategory is used in a later analysis to

separate atmospheric columns with predominantly suspended ice crystals from those where precipitating snow dominates IWP.

5.2 Isotope signals in convective and cirrus clouds

Figure +2-13 shows vertical profiles of the statistical distributions and averages of ice content, §2H in ice, and disequilibrium

in ice for the three ice cloud eategeriesregimes. The data-statistical distribution is based oninFig—2-enly-inehades grid points

with ice content > 10 mg kg ™!, while average values are based-onderived from all grid points in the corresponding ice cloud

regiensregimes. The three ice cloud regimes convective, mixedthick cirrus, and_thin cirrus clouds correspond to 3.8 %, 28.7

%, 45.2 %; of the grid points_within the region of interest, respectively, while the remaining 22.3 % belongs to ice cloud free

regions. By definition, deep convection is characterized by very large amounts of ice content (~1 g kg™!) throughout the middle
and upper troposphere (Fig. +2al3a). Around the cold point tropopause near 100 hPa, the average ice content is far outside the
10-90™ percentile range, reflecting rare overshooting convection that brings very large amounts of ice atto these high altitudes.
Thin Ecirrus eleuds-displays relatively low ice content in the upper troposphere, peaking around ~200 hPa with average values
near 2 mg kg !, whereas “mixedthick cirrus” elonds-exhibits moderate ice content near 25 mg kg! throughout the middle and

upper troposphere.
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Average 6%H in ice within deep convection demonstrates roughly constant & values with height near —140 %o (Fig. 12b13b).
In the upper troposphere, ice in deep convection is very enriched as compared to ice in mixed-thick and thinand cirrus eleuds
(Fig. 2b13b). For example, at 200 hPa the average §2H in ice is =151 %o in deep convective clouds as compared to —321 %o
and -390 %o for mixed-and-eirrasthick and thin clouds, respectively. In the teswer-middle troposphere, this pattern reverses
somewhat, and ice in deep convective regions is on average slightly more depleted than ice in mixed-andthick and thin cirrus

clouds.

The transition of very enriched ice in the upper troposphere to slightly depleted ice in the tewermiddle troposphere in deep

convective clouds as compared to mixed—andthick and thin cirrus clouds also clearly emerges in vertical profiles of
disequilibrium in ice (Fig. +2e13c). Average A§%H;., values in deep convection range from over +300 %o in the upper
troposphere to almost —90 %o in the lewer-middle troposphere. In contrast, average A§2H;.. values in thin cirrus are close to
zero throughout the troposphere, consistent with in situ formed ice under equilibrium fractionation, in agreement with earlier

findings in Sect. 4.

Figure 13-14 shows the vertical profiles of the statistical distributions and averages of total water content, §2H in total water,

and 62H in vapour for the three ice cloud eategories-regimes as-weland additionally for ice cloud free regions. Total water is
here defined by the sum of vapour, cloud ice, snow, cloud water and rain, hereafter referred to as water for simplicity. Deep
convection contains about 1-2 orders of magnitudes more water than mixedsthick cirrus, thin cirrus, and ice cloud free regions
(Fig. 13al4a). Interestingly;-62H in water in deep convection is much more enriched in the upper troposphere (p < 500 hPa)
and slightly more depleted in the lower troposphere (p > 500 hPa) than in other cloud regiens-regimes (Fig. 13b14b). These
profiles show how vertical transport by deep convection acts to redistribute the isotopic composition of water throughout the
troposphere. Average o values in vapour are relatively similar in the-threeall four ice cloud eategeries-and-the-ice-cloudfree
regionsregimes (Fig. 13e14c). Closer inspection shows that average § szap in deep convection is slightly more enriched near
300 hPa and slightly more depleted in the lower troposphere (p > 600 hPa) as compared to §°Hy,, in ice cloud free regions.
This effeet—finding is consistent with previous studies, which suggested that deep convection enriches vapour at the
approximate level of convective outflow and depletes low tropospheric vapour as a result of depleted upper tropospheric air
entrained in convective downdrafts and rain evaporation (Bony et al., 2008; Risi et al., 2008b; Blossey et al. 2010; Randel et
al., 2012). In the upper troposphere (150-300 hPa), the distribution of §2H in vapour shows a larger spread in deep convective

regions compared to mixeds—thick cirrus, thin cirrus, and ice cloud free regions. This may stem from the fact that deep

convection has a much lower sample size than the other ice cloud eategeriesregimes, but more likely reflects the strong

opposing effect of moist processes in updrafts and downdrafts on the vapour isotopic composition.
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To provide context for the analysis above, we present the total water amounts that each ice cloud regime holds in the region

of interest in July 2016. Figure 15 shows the partitioning of total water and HDO across the four ice cloud regimes. Opaque

colours correspond to ice and the transparent colours to water in the vapour and liquid phases. In the lower troposphere (p >

500 hPa), the total water is proportionally distributed across the different ice cloud regimes. In the upper troposphere and the

lower TTL (125-200 hPa), deep convective regions contain more than 40 % to the total water (Fig. 15a). This points to a

disproportionally large influence of deep convection on TTL water, considering that convective regions only constitute about

3.8% of the atmosphere in our model simulations. Fractions of heavy deuterated water HDO in convective regions are even

larger and reach ~ 60 % at these high altitudes (Fig. 15b). Almost all water and deuterated water in deep convection in this

part of the atmosphere consists of ice (opaque colours in Fig. 15a.b). Compared to deep convective regions, ice fractions in

the mixed and cirrus clouds are much lower and vapour contributes most to the total water amounts. These findings suggest a

key role of deep convection in modulating the lower TTL water and its isotopic composition through convective ice lofting.

To assess the impact of vertical motion on the isotopic composition of water vapour in different ice cloud regimes, we construct
the frequency distribution of §2H in vapour overlaid with the average vertical motion for regions with deep convection and
thin cirrus (Fig. 146). Note that the thin cirrus clouds in this analysis only contain the etrrus-regions where TQI > TQS (12.3%
of all grid points) to remove atmospheric columns where snow particles dominate suspended ice crystals. In the upper
troposphere, the range in §2H values in vapour within deep convection is much larger than that in thin cirrus regions and
reaches from about -8650 to
—350 %o (Fig. 146a). Impertantbr—Very depleted vapour is characterised by strong upward motion, whereas very enriched

vapour is associated with strong downward motion. For example, in the lower TTL. at 125 hPa, very depleted vapour with

&2H values between —832 and —768 %o coincides with an average upward motion of 2.1 m s!, while very enriched vapour
between —384 and —320 %o at this altitude experiences an average downward motion of —0.9 m s™'. These findings are in line
with the discussion in Sect. 4 and are here_explicitly shown to be-direetlyrelated-tooccur within deep convective regionses.
The observed pattern reverses in the lower troposphere at p > 500 hPa where relatively enriched (depleted) vapour is associated

with upward (downward) motion. Likely, this effect results from the transport of enriched vapour in updrafts to higher altitudes

(which dominates the depletion of vapour by the preferential condensation and deposition of heavy isotopes at these lower

altitudes) and the transport of depleted vapour in downdrafts to lower altitudes, further depleted by rain evaporation or

equilibration with falling rain drops.

21



685

690

695

700

705

710

Iaterestingly—+tThe relationship between the isotopic composition of vapour and vertical motion in_thin cirrus demonstrates a
reversed pattern in the upper troposphere as compared to deep convection. Relatively depleted vapour in_thin cirrus is
associated with weak downward motion (~—0.02 m s™!) between 125-250 hPa, whereas enriched vapour goes along with weak
upward motion (~ 0.04 m s!) between 175-350 hPa (Fig. 146b). Most likely, these signatures reflect the vertical transport of
depleted vapour from higher altitudes by large-scale subsidence and enriched vapour from lower altitudes by large-scale

upwelling. Thus, isotope signals in vapour differ remarkably between regions dominated by convective activity and the large-

scale circulations+espeetively. Fractionation during phase changes dominate the isetepie-isotope signals in upper-tropospheric

vapour in regions of deep moist convection, while the direct vertical transport of vapour is of first order importance in regions

dominated by the large-scale circulation.

6 Summary and €conclusions-and-eutloek

This study investigated the atmospheric processes related to tropical ice clouds and deep convection using regional convection-
permitting model simulations in the West African monsoon (WAM) for June-July 2016. The motivation of this work is te-ase
stable—water-isotope-tracers-to better understand these processes using stable water isotope tracerss—and-howtheyaffeetthe
water-budget-of the TTE. This work adds three important aspects to previous studies: (1) Wsvhereas previous stable water

isotope modelling studies used conceptual frameworks, Lagrangian trajectory calculations, single column models, idealized

large eddy simulations, idealized two-dimensional cloud-resolving models, and global circulation models (Dessler and
Sherwood, 2003; Dessler et al., 2007; Bony et al., 2008; Blossey et al., 2010; Sayres et al., 2010; Eichinger et al., 2015), we

use for the first time regional convection-permitting model simulations constrained by actual meteorological conditions;. (2)
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building-Building upon observational and modelling insights into the formation and decay of tropical ice clouds (Krédmer et
al., 2016; Urbanek et al., 2017; Gasparini et al., 2019, 2021), we present an integrated view on these processes based on stable

water isotope information;and. (3) w*We contribute to the longstanding debate on processes that affeet-modulate the tropical

tropopause layer (TTL) water budget and show, consistent with previous observations and modelling efforts (Moyer et al.,
1996; Kuang et al., 2003; Steinwagner et al., 2010; Bolot and Fueglistaler, 2021), that deep convection strengly—affeets
influences the TTL water budget-vapour through eenveetive—ieetoftingthe moist processes that take place in convective

updrafts and downdrafts.

First, we evaluated the-eredibility—ef-our regional model simulations by comparing model output from simulations with

different resolutions and treatments of convection to observations of isotopes in mid-tropospheric water vapour and monthly

precipitation. Our model simulations show a systematic difference to IASI water vapour isotope observations but follow very

well the temporal evolution of throughout the simulation period. Furthermore, Oour—-€OSMO;s, simulations reasonably

represent the spatial distribution of monthly precipitation isotopes as compared to GNIP observations. Calculation of root
mean square errors showed that the convection-permitting simulation with a horizontal grid spacing of 7 km and 60 wertieal
model levels outperforms the simulations with parameterized and explicit convection at a horizontal grid spacing of 14 km.
For the remaining analysis of tropical ice clouds, we used the convection-permitting simulation with a 7 km horizontal grid
spacing.; whieh-This simulation also represents very well the different stages in the monsoon evolution as-ebserved-duringthe
A Pk e e e e St e 0 S Lo e el bes o il el Bobes Lo vl s the
westward movement of mesoscale convective systems (MCSs) that-meve-westwards-over Nerth-Africathe Sahel duringthe
eourse-of several-daysas compared to the GPM IMERG precipitation observations.

A case study of an MCS and a complementary statistical analysis reveal how tropical deep convection modulates the isotopic

composition of water vapour and ice. Five key processes could be identified that are related to the formation and decay of

tropical ice clouds as schematically depicted in Fig. +617:

1) Convective updrafts transport enriched ice into the upper troposphere going along with a strong depletion of the vapour
by the preferential condensation and deposition of heavy isotopes in these updrafts.

2) In contrast, ice in widespread cirrus shields is in approximate isotopic equilibrium with the environmental vapour,
suggesting in--situ iee-formation of ice under equilibrium fractionation.

3) Sedimentation and sublimation of ice is evident in the mixed-phase cloud layer in convective regions and underneath
cirrus shields as derived from moderately negative disequilibrium in ice.

4) Convective downdrafts go along with non-fractionating sublimation of ice that enriches the environmental vapour in the

upper troposphere.
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5) At-the-base-of conveetiveupdrafis;-Ffreezing of liquid water above the 0°C isotherm in convective updrafts iseeeuss;

reflected by weakly negative disequilibrium in ice as a result of a lower equilibrium fractionation factor of condensation

than-thatefcompared to vapour deposition.

Previous studies have addressed several of these processes from a stable water isotope perspective. Risi et al. (2008a) and

Bony et al. (2008) pointed to the relevance of convective processes that affect the isotopic composition of water vapour as a

result of condensate lofting, rain evaporation, unsaturated downdrafts, and the isotopic exchange between droplets and the

tropospheric environment. Bolot et al. (2013) used a conceptual model to address the cloud microphysical processes that affect

the water isotopes such as condensation, freezing and deposition in convective updrafts. Blossey et al. (2010) showed that

sublimation of convectively lofted ice can enrich TTL vapour, while the fractionation of in-situ ice formation can lead to the

1sotopic depletion of TTL vapour. In this study, we present an integral perspective on these ice cloud processes for which the

concept ofFhisstudy-also-introduces-anew-variable; disequilibrium in ice (see Appendix A for more information);-that appears
very useful-te-identify-thesefive keyproeesses.

Particularly striking is the large variability in the isotopic composition of water vapour in the upper troposphere and lower
TTL (100-200 hPa). §2H values can reach astow-asbelow —800 %o in strong convective updrafts and up-teover —400 %o in
strong convective downdrafts (Figs. 10d, 16a). Previous studies already noted a very large range of §2H in vapour based on
observations at these altitudes (Webster and Heymsfield, 2003; Hanisco et al., 2007; Sayres et al., 2010). We show that moist

processes in convective updrafts and downdrafts are responsible for these large fluctuations, that is.namely vapour depletion

due to condensation and deposition in updrafts and vapour enrichment from non-fractionating sublimation of ice in downdrafts.

altitades{see Figs—7b-and15)In contrast, water vapour in thin cirrus regions that are dominated by suspended ice crystals
shows a reversed relationship between its isotopic composition and vertical motion=. Enriched water vapour is associated with
fweaky ascending motion and depleted vapour with fweak) descending motion, suggesting a first order importance of large-
scale vertical transport of water vapour. Thus, isotope signals in water vapour can hold important clues as to assess-whether

the atmospheric transport is dominated by convection or the large-scale circulation.
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Before concluding, we list a few limitations of this work. First, the model simulations used a relatively simplistic one-moment

microphysics scheme with two ice species only (suspended ice crystals and sedimenting snow particles), with inherent
limitations in the representation of complex cloud microphysical processes. Second, our analysis of tropical ice clouds is based
on model simulations with a horizontal grid spacing of 7 km and 60 model levels. Although this resolution is considered
appropriate for a convection-permitting setup, and the simulated MCSs demonstrate a realistic behaviour, the results of this
study may be sensitive to the chosen resolution. Third, our study focuses on the WAM region during the period of June-July
2016. Therefore, it is not known to what extent our results are representative for other (monsoon) regions and for other periods.
For instance, it is conceivable that deep convection over the Maritime Continent ard-or the Amazon Basin differs in certain

aspects from the WAM-related convection investigated in this study.

Overall, this study demonstrates the usefulness of stable water isotopes as a natural tracer of the Earth’s water cycle. Based on

the-two-menthconvective-permitting model simulations for the WAM in 2016, we show that stable water isotopes can reflect
different processes related to the formation and decay of tropical ice clouds and that tropical deep convection strongly affects

the water budget-efvapour in the lower TTL through eenveetiveieetoftingthe moist processes in convective updrafts and

downdrafts. These findings can be complemented in future work by using (i) a quasi-global and year-round analysis, (ii) higher

-resolution simulations with more advanced ice cloud microphysics schemes, (iii) online trajectories in high-resolution
simulations to trace the moist processes and their isotopic signatures along liquid-origin and in situ ice cloud formation
pathways, and (iv) budget calculations and forward trajectories to quantify the remote impact of local deep convection on the

TTL water vapour.
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Appendix A. Disequilibrium in ice

The isotopic disequilibrium in ice with respect to local vapour conditions is a simple measure to quantify how “exotic” the
frozen hydrometeors are in a given upper tropospheric environment (for the reader’s convenience the definition from Eq. 1 in
the main text is repeated here):

A8*Hjce = 8%Hjce — 62Hice,eq' (Eq. A1)
where § ZHice_eq is obtained as a function of temperature from the local vapour phase § 2Hvap using the Merlivat and Nief
(1967) equilibrium fractionation factor also used in the COSMOiso model for ice formation from vapour deposition. The §2H;,

is obtained as a mass weighted mean from the §2H of snow and cloud ice water contents.

Here we shortly summarise the expected range of numerical values of A§2H;., for the five key processes discussed in Sect. 4.
A8%H,,, reflects (i) vertical displacements due to transport or sedimentation of frozen hydrometeors, which were formed (at
least partly) in an isotopically different environment, and (ii) phase change processes such as water vapour deposition,
sublimation of ice or freezing liquid. Depending on the environmental conditions (updrafts, downdrafts, no vertical motion)

either vertical displacements, or phase changes, or a combination of the two are relevant.

(1) Convective lofting of enriched ice into the upper troposphere:
The upper parts of deep convective updrafts are always associated with large positive A62H values (see Figs. Shoh,

6e7c, 8e-9c and 9el0c). This reflects the fact that the bulk of the ice with isotope ratio R;., found in these strongly
ascending environments has formed at lower altitudes:

Rice > aequapa

: R; . OR
with a,q(T) = % > 1 and assuming 6vap

> 0, where Ry, is the isotope ratio of the local vapour. When treating
vap

the hydrometeor categories ice and snow separately (Fig. #b8b), it becomes clear that the small ice crystals (cloud ice)
that most likely formed recently in the updraft are on average in approximate equilibrium with the local vapour
Reioud ice = @eqRyap (see blue line for 8%H 1oud ice VS- turquoise line for 52Hice,eq in Fig. 768b). The larger snow
hydrometeors, however, are much more enriched than the ice that would form from local vapour at altitudes with p <
400 hPa (red line for §2Hgy,,, vs. turquoise line for 52Hice_eq in Fig. 7b8b), indicating that the bulk of this snow is
transported upward by strong ascending motion from lower altitudes. The A§2H;, induced by convective lofting can
amount to a maximum of 400 %o, when considering the range of § ZHice_eq values in the troposphere (i.e., ice formed at
600 hPa that is transported up to 150 hPa). Local variability, however, can lead to much larger positive A§2H;., values,
as shown in Figs. 8e-9c and 9e-10e with values > 600 %o between 100-150 hPa. This can be explained by the excessive
depletion of heavy isotopes in very strong convective updrafts, leading to isotopic compositions of vapour below -750

%o in the upper core regions of the updrafts, and A§2H;, values well above 400 %o (Figs. 8e-9c and 9d10d,¢).
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In situ ice formation under equilibrium fractionation:
In this case Rjce = ®teqRyap, hence, AS 2H;ce ~=-0, assuming bulk equilibrium between vapour and ice with slight

variations of £10%o (see Fig. Shoh, 6e-7c, and-8e9c, and 1 1c), which may be due to turbulent entrainment or detrainment

of ice in the upper tropospheric environment, or due to non-equilibrium fractionation in super-saturated environments.

Sedimentation and sublimation of ice in the mixed-phase cloud layer of convective systems and the lower parts
of cirrus shields:
Sedimentation leads to a slow descent of the large ice particles. If they formed at higher altitudes, e.g., from aggregation

and water vapour deposition on in situ formed ice, then
Rice < aequapa

. . OR . . . . . .
again assuming % > 0, which leads to A§?H;., < 0. Sedimentation in the upper troposphere can in principle lead to

A8?H;, values as low as —400%o if snow formed at the level of the § 2Hvap minimum at about 150 hPa and sedimented
down to the melting level at about 600 hPa following the same rationale as for process (1), see Fig. 7b8b. However,

minimum values of about —200%o are typically observed in upper tropospheric environments with weak vertical winds

below cirrus shields (at about 200 hPa) or just above the melting level (see Fig. Sh-6hand-, 6e7c, 9c, and 10e). This is

consistent with the observation that snow formed in the upper troposphere from in situ ice usually sublimates completely

in the upper troposphere. The effect of sublimation on A§2H;,, is discussed below.

Convective downdrafts, in which ice sublimates:
The effect of sublimation cannot be directly quantified without additional information about sublimation fluxes.

Nevertheless, the maximum impact of sublimation on A§%H;, can be estimated by choosing the extreme case of ice
sublimation into a totally dry environment. Since sublimation is assumed to be non-fractionating, R,,, = Rjc., and thus:
Rice,eq = aeqRicea
which, when substituting into Eq. 3 and using §2H;, instead of R;. gives:
A6%Hce = (1 — @eq)(6°Hje +1000).
If we assume a typical upper tropospheric §2H;., vertical profile, such as shown in Fig. Al, we find A§%H;,, values

between —140%o and —100%o (green line in Fig. Al).
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Figure Al: A6%H;., (green line) obtained from a hypothetical experiment, in which ice with the isotope composition
8?H;,, is inserted into a totally dry environment, moistened by sublimation of ice only. Equilibrium ice & ZHice_eq from
this newly formed water vapour is shown by the thick blue line. The §2H;, profile in this example follows a Rayleigh

curve obtained from a moist adiabatic ascent (dashed thick blue line) with 70=30°C at 1000 hPa.

Typically, the background air in the upper troposphere is not totally dry, as assumed in this idealised example and
therefore the A§2H;,, in an environment with sublimation will be less negative and will depend on the pre-existing
specific vapour content, the sublimation flux, and 52Hvap. The case study and statistical analysis typically show
moderate negative A§%H;., values_from ~ —50 to —120 %o (Figs. 5h-6h and 8¢9c), qualitatively consistent with the

extreme scenario discussed here.

The freezing of liquid water in the lower parts of convective updrafts in the mixed-phase cloud layer:
The freezing of liquid droplets is assumed to be non-fractionating in COSMOiso. Due to the stronger fractionation

between vapour and ice than between vapour and liquid (Fig. A2), liquid-origin ice formed via the condensation and
freezing pathway will lead to a slightly negative A§?H;, near —20%o (Fig. A3). We expect that the impact of this process
on A§%H;, is limited to the-base-ofupdrafisthe region just above the 0°C isotherm in mixed phase clouds and that aloft

it is rapidly outbalanced by the effect of vertical transport of aggregated ice (process 1). Accordingly, the case study and

statistical analysis typically show weakly negative A§2H;., values ~ 20 %o (Fig. 6h and 9e).
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Figure A2: Difference between liquid and ice equilibrium fractionation factors. Inspired from Bolot et al. 2013 (their

Fig. 1a).
350
400 - .
450 A \
- \
a.
£
Q
500 -
=== 6%Hyap
5504 0%Hice,eq
I Gszroz—qu
— MZer
600 . . ! : : :
—250 —200 -150 -100 -50 0
5%H [%o]
885 Figure A3: Expected A§2H;.. (green line) when assuming a typical moist adiabatic profile of upper tropospheric 62 Hyap

(dashed thin blue line) with 76=30°C at 1000 hPa. The equilibrium ice formed from this vapour is shown by the thick

blue line and the ice formed from freezing of locally condensed vapour by the thick grey line.
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Code and data availability

GNIP observations from IAEA and WMO are available under https://nucleus.iaca.org/wiser. Selected output from our

COSMOiso simulations is available upon requests to the authors. The National Center for Atmospheric Research (NCAR)

command language (NCL) version 6.5.0 has been used for most computations and visualisation of the results.
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Figure Captions

Figure 1. Overview of the WAM system and the COSMOjs, model domain. Monthly precipitation (mm) is shown in shaded and monthly
mean circulation patterns in contours from the convection-permitting COSMOjs, simulation at 7 km horizontal grid spacing for July 2016.
The circulation patterns shew-depict the Saharan heat low (mean sea level pressure, hPa, in black contours), the mid-tropospheric anticyclone
(500-hPa geopotential height, gpm, in orange contours), the moist air inflow from the eastern tropical Atlantic (vertically integrated
horizontal water vapour transport between 1000-850 hPa in red vectors where the IVT magnitude > 50 kg m™! s™'), and the African easterly
jet (600-hPa horizontal wind in blue vectors where the wind velocity > 7 m s!). The COSMOjs, model domain (thick black contours) has a
rotated grid-is centred at 7.5°E, 13°N;-and-spans-approximatelyfrom36°W-to-51°E-and 20°S+te-46°N. The box in the centre denotes the
region of interest (thin black contours; 10°W-20°E, 5°N-20°N) used for the statistical-analysis in Sects. 3.1, 3.3, 4.2, 4.3, and 5.

Figure 2. Spatial distribution and temporal evolution of specific humidity and water vapour isotopes in COSMOs, and IASI observations at
4220 m a.s.l for the 2-month simulation period of June-July 2016. The panels show the (a-¢) specific humidity (g ke™) and (d-f) 8*H in
water vapour (%o). from (a.d) EXPL7. (b.e) IASI. and (c.f) the difference between EXPL7 and IASI. The bottom panels show the temporal
evolution of (g) specific humidity (g kg!) and (h) 6%H in vapour (%.) based on domain averages and minima and maxima values for grid
points in the region of interest (see Fig. 1) for all three COSMOjse model simulations and IASI observations as indicated by the legend. For
COSMO;se_output, only data is used where the sum of total column cloud i ice, snow, liquid water and rain (TQ) remains below a threshold

of 0.01 kg m™, see the text for details.

Figure 23. Monthly precipitation and its isotopic composition from the three model simulations and GNIP observations for July 2016. The
eelamns-pancls show (left) precipitation amounts (mm); and (mideleright) §2H in precipitation (%o)—and-{(right)d-excess-in-precipitation
Y60)y—Therowsshow-the-datafrem_in (a,)+eb) PAR14, (dc)+.#d) EXPL14, (ge)-(f) EXPL7, (jg.h) -)-GNIP observations, and (ii)-(e])
vataes-of GNIP observations and COSMO;,, simulations output, as indicated by the legend, fer-at station locations-erderedfrom-westto-east.
Precipitation in (g) outside the circles is from GPM IMERG, and Gopen black circles in (jg-th) denote missing values. fa-(#-6)-COSMOjs,
output in (i-) is interpolated at the station locations, and values are only plotted if the simulated precipitation amounts are larger than 1 mm
month™!. GNIP stations in (i-j) are ordered by longitude from west to east: (SN1) Dakar Yoff, (SN2) Pout, (SN3) Louga, (SH1) Ascension
Island, (SH2) Traveller’s Hill, (MA) Fes Sais, (BF) Bobo-Dioulasso, (BJ1) Bohicon, (NE) Niamey, (BJ2) Cotonou, (CM) Douala-Hydrac,

TD) N’Djamena, (CF1) Bangui-Universite. (CF2) Bangui-Sodeca, (CD) Kisangani, (UG1) Entebbe, (UG2) Jinja, (UG3) Bugondo. and

(ET) Addis Ababa.

Flgure 34 Temporal evolution of prec1p1tat10n from EXPL7 and GPM IMERG durmg the perlod of June- July 2016. {rn—éa)«%emam—werages

panels show precmrtatron (mm hour 1) from EXPL7 in Colours and from GPM IMERG in thin grey contours at O 1 mm hour! and thlck
black contours at 1.0 mm hour! Ia-(ba) the-temperal-evohution-of precipitation-amounts{mm-hour )-as a function of time and latitude
averaged over the longitude band of 10°W to 20°E and—t# (eb) in a Hovmoller diagram efprecipitation-ameunts-Gmem-hour -averaged over
the latitude band of 5°N to 20°N. The four phases in (a-¢) refer to the WAM stages discussed in Sect. 3.23 and the orange markers in (a,bse)
denote the time and location of the MCS discussed in the case study of Sect. 4.1.

Figure 45. Spatial distribution of ice and its isotopic composition at 200 hPa on 15 June 2016, 18:00 UTC. In (a) ice content (mg kg™"), (b)
8%H in ice (%o), and (c) disequilibrium in ice (%o), see the text for details. Variables in all panels are plotted transparent where ice content
values are below 10 mg kg™'.

Figure 56. As Fig. 45, but for a smaller region (2-12°E, 10-20°N; as indicated by the black boxes in Fig. 54a-c), and at 16 UTC, 15 June
2016. In addition, (c) shows 62H in vapour (%o), and (e-h) vertical cross sections in a zonal direction along the black line in (a-d). The light
grey contours in the cross sections are the isotherms at 7= 0°C and 7= —38°C to denote the liquid, mixed-phase and ice cloud layers, and
the dark grey solid contours are-the-isotherms-at =19 193 and 195 Kwith-inereasing thicknessindicate the TTL region between
150-70 hPa, and the dark grey dashed contour indicates the -te-demareate-the-approximate tropopause cold point near 100 hPa. The very
light grey contours in (a,e) and black contours in (b-d, f-h) show upward (downward) vertical motion in solid (dashed) lines at intervals of
1,2,5,and 10 m s' in (a-d), and at intervals of 0.5, 1, 2, 5, and 10 m s in (e-h). The labels 1-5 in (h) refer to processes discussed in the
text of Sect. 4.1.

Figure 67. Time evolution of ice and its isotopic composition for the period of 1 June to 30 July 2016. In (a) ice content (mg kg '), (b) §2H
in ice (%o), and (c) disequilibrium in ice (%o), averaged over a small region (5-6°E, 14.5-15.5°N), indicated by the black boxes in Fig. 56a-
d. Variables in all panels are plotted transparent where domain average ice content values are below 10# mg kg™!. As in Figs. 4-and-56, the
light grey contours denote the liquid, mixed-phase and ice cloud layersare-the-isetherms-at F—0°Cand 7= 38°C, and-the dark grey solid
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Figure 78. Vertical profiles and probability density functions of water species and their isotopic composition in the target region (10°W-
20°E, 5°-20°N; see black box in Fig. 1) for July 2016. Vertical profiles of domain average values in (a) of temperature (grey, K), cloud ice
(blue, mg kg™"), snow (red, mg kg '), and the fraction of summed cloud ice and snow of total water (green, %), and in (b) of §2H (%) in
vapour (solid black), equilibrium ice (turquoise), cloud ice (blue), and snow (red) as indicated by the legend. The black dashed line in (b) is
8%H (%o) in vapour as predicted by Rayleigh distillation for moist adiabatic ascent of a saturated air parcel at 1000 hPa with a temperature
of 25°C. In (c-¢) the mass-based probability density functions of 82H in water species as in (b) at 125, 200 and 450 hPa, complemented by
the frequency-based probability density functions of snow (red dashed). The 62H in cloud ice and snow in (cb-e) is based on grid points
with cloud ice and snow content > 10 mg kg’l. The fractions of these grid points with respect to all grid points at the respective levels are
stated in text in these panels.

Figure 89. Frequency distribution of ice and its isotopic composition across pressure levels in the region of interest for July 2016. Frequency
occurrences of (a) ice content (mg kg ™), (b) 82H in ice (%o), and (c) disequilibrium in ice (%o) are based on grid points with ice content >
10 mg kg™!. Black circles (red crosses) denote the positive (negative) average vertical motion for the corresponding bins, as indicated by
the legend, and are only plotted for bins where the frequency occurrences exceed 10 %. The labels (1-2) in the panels refer to the processes
discussed in the text-ef-Seet—4-2.

Figure 109. Frequency distribution and isotopic composition of water species as a function of vertical motion across pressure levels in the
region of interest for July 2016. In (a) frequency occurrences (%), (b) ice content (mg kg ™), (c) 82H in ice (%o), (d) 62H in vapour (%o), (€)
disequilibrium in ice (%o), and (f) relative humidity with respect to ice (%). Values in (b-f) are plotted transparent where frequency
occurrences in—{a)-are below 10~ % and in (c,e) also if average ice content falls below 10 mg kg!. Note the irregular intervals and
asymmetric distribution of the vertical motion bins as indicated on the x-axes.

Figure 110. Vertical distribution of ice and its isotopic composition as a function of IWP in the region of interest for July 2016. Vertical
profiles e£-show (a) ice content (mg kg ), (b) 82H in ice (%), (c) disequilibrium in ice (%o), and (d) IWP amounts (blue; kg m2) and the
fraction of grid points with TQI > TQS (%),-are- constructed using 100 percentile bins ranked on TWP,_sece the text for details. §2H in ice
and d1sequ111br1um inice are plotted transparent where average ice content is below 104 mg kg As—m—ﬁg%—aﬂd—é—th&hght—grey—eeﬂteﬂr&

Figure 112. Illustrative examples of the different eategeries-efice cloud regimes. In (a,b) vertical cross sections in a zonal direction with ice
water content in blue (mg kg!) and liquid water content in red (mg kg™!), and (c,d) the corresponding IWP amounts (blue, kg m?) at (a,c) 15
June 2016, 16 UTC, and (b,d) 24 July 2016, 13 UTC. The horizontal lines in (c,d) indicate the thresholds applied en-to IWP (light blue) to
distinguish the different ice cloud &ypesregimes. The coloured bars in the lower parts of (c,d) indicate the ice clouds—regions- regimes as
indicated by the legend below, whereby the black hatching of the blue bars indicate cirrus regions where TQI > TQS, see the text for details.

Figure 123. Statistical dispersion-distribution and averages of ice and its isotopic composition for the pressure range 50-700 hPa in the
region of interest in July 2016. Boxes and whiskers indicate the 10", 25", median, 75%, and 90" percentiles, and the dots the averages, of (a)
ice content (mg kg ™), (b) 82H in ice (%o), and (c) disequilibrium in ice (%o) for the ice cloud eategeriesregimes as indicated by the legend.
The numbers in the text indicate the fractions of grid points in each of the ice cloud regimes. The statistical dispersion-distribution is based
on grid points with ice content > 10~ mg kg !, while the averages are based on all grid points within the region of interest for the respective
ice cloud typeregimesregions.

Figure 134. As Fig. 1213, but for (a) total water content (g kg!), (b) 62H in total water (%o), and (c) 8*H in vapour (%o) for the pressure
range 50-1000 hPa. In addition, the information for the ice cloud free regions-regime is included in black.

Figure 15. Total water amounts partitioned over the four ice cloud regimes in the region of interest in July 2016. The colours show the (a)
total water and (b) total deuterated water (HDO) amounts within the four different ice cloud regimes, as indicated by the legend. Opaque
colours represent water in the ice phase and transparent colours water in the vapour and liquid phases. The numbers in the legend text indicate
the fractions of grid points in each of the different ice cloud regimes.

Figure 146. Frequency distribution of the isotopic composition of vapour and average vertical motion in the region of interest in July 2016.
Frequency occurrences (%) of 82H in vapour for the ice cloud eategeries-regimes (a) deep convection and (b) thin cirrus with TQI > TQS.
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Black circles (red crosses) denote the positive (negative) average vertical velocity (m s') for the corresponding bins, as indicated by the
410 legend, and are only plotted if frequency occurrences fortherespeetive-bins=0-0001exceed 10 %.

415 Figure 167. Schematic representation of the five key processes related to the formation and decay of tropical ice clouds: (1) convective
lofting of very enriched ice along with the isotopic depletion of vapour through the preferential condensation and deposition of heavy isotopes
| in the updrafts, (2) in--situ iee-formation of ice under equilibrium fractionation in cirrus shields, (3) sedimentation and sublimation of ice in
the mixed-phase cloud layer of convective systems and underneath cirrus shields, (4) non-fractionating sublimation of ice in convective
downdrafts that enriches the environmental vapour, and (5) freezing of liquid water in the lower parts of convective updrafts. These processes
W420 are reflected by stable water isotope signals in ice, vapour, and especially the disequilibrium in ice (A8?H;c,), as indicated by the legend.
See the text for details.

Supplementary Figure captions

Figure S1. As Fig. 23, but for June 2016.

Tables

(425 Table 1. Overview of the three model simulations and their configurations.

horizontal grid  zonal and meridional vertical time step (s) treatment
spacing grid points levels convection
PAR14 14 696 x 528 40 60 parameterized
EXPL14 14 696 x 528 40 60 explicit
EXPL7 7 1392 x 1056 60 40 explicit

Table 2. RMSE of precipitation in the three COSMOiso experiments as compared to GNIP observations®®

June 2016 precipitation (mm) 5180 (%o) 8%H (%0)
nr. obs® 8 13 13
PAR14 95.2 4.30 31.2
EXPL14 99.8 3.43 23.0
EXPL7 98.0 2.75 204
July 2016

nr. obs® 11 14 14
PAR14 138.9 3.13 23.9
EXPL14 111.1 3.43 22.7
EXPL7 109.5 2.02 17.7

*RMSE values are based on station locations where all three simulations have precipitation amounts > 20 mm month .
1430  ° best skill scores across three model simulations are in bold.

¢ refers to the number of station locations with valid data, that its, non-missing values in GNIP and precipitation amounts >
20 mm month™! in all three model simulations.

Table 3. ME of precipitation in the three COSMOiso experiments as compared to GNIP observations®
June 2016 precipitation (mm) 5180 (%o) 6%H (%0)
nr. obs’ 8 13 13
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PAR14 6.02 -1.74 —14.65

EXPL14 41.8 0.26 —0.22
EXPL7 29.9 -0.10 -3.14
July 2016

nr. obs® 9 12 12
PAR14 13.7 —1.47 -8.76
EXPL14 -29.6 0.61 3.95
EXPL7 6.02 -0.07 0.66

*ME values are based on station locations where all three simulations have precipitation amounts > 20 mm month .

® best skill scores across three model simulations are in bold.

¢ refers to the number of station locations with valid data, that its, non-missing values in GNIP and precipitation amounts >
20 mm month™! in all three model simulations.
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