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Key Points:
o Different rain types (stratiform, shallow and deep convection) are associated with distinct
8'0p and deuterium excess signals.
e Deep convection leads to the lowest §**0p and the highest deuterium excess.

e A deep convective fraction or shallow convective fraction for correlations with 5'°Op
robustly capture the relation to rain types.
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Abstract

Stratiform and convective precipitation are known to be associated with distinct isotopic
fingerprints in the tropics. Such rain type specific isotope signals are of key importance for
climate proxies based on stable isotopes like for example ice cores and tree rings and can be used
for climate reconstructions of convective activity. However, recently, the relation between rain
type and isotope signal has been intensively discussed. While some studies point out the
importance of deep convection for strongly depleted isotope signals in precipitation, other
studies emphasize the role of stratiform precipitation for low concentrations of the heavy water
isotopes. Uncertainties arise from observational studies as they mainly consider oceanic regions
and mostly long aggregation timescales, while modelling approaches with global climate models
cannot explicitly resolve convective processes and rely on parametrization. As high-resolution
climate models are particularly important for studies over complex topography, we applied the
isotope-enabled version of the high-resolution climate model from the Consortium for Small-
Scale Modelling (COSMOis,) over the Andes of tropical south Ecuador, South America, to
investigate the influence of stratiform and convective rain on the stable oxygen isotope signal of
precipitation (5'20p). Our results highlight the importance of deep convection for depleting the
isotopic signal of precipitation and increasing the secondary isotope variable deuterium excess.
Moreover, we found that an opposing effect of shallow and deep convection on the §'20p signal.
Based on these results, we introduce a shallow and deep convective fraction to analyze the effect
of rain types on 6180p.

Plain Language Summary

Tropical rainfall can be classified as convective and stratiform rain, which carry fingerprints in
their water isotope signal. This implies that climate reconstructions of convective activity can be
made, because the isotopic signal in precipitation is conserved in climate archives like ice cores
or tree rings. Contrasting results emerged from observations, due to data scarcity, and from
global climate models, which have shortcomings due to coarse spatial and temporal resolutions.
We addressed the question of the influence of different rain types on the isotopic signal of
precipitation by using a high-resolution, isotope-enabled climate model over the tropical Andes.
We found out that particularly deep convection leads to the most negative values, whereas
stratiform rain and shallow convection are related to less negative, even slightly positive isotope
values. Consequently, it is unavoidable to consider the subclasses shallow and deep convection
separately, which is why we suggest a shallow and deep convective fraction for analyzing the
effect of rain types on the isotopic signal.

Keywords

Stable Water Isotopes — Precipitation — High-Resolution, Isotope-Enabled Climate Modeling —
Tropical South America — Ecuador — Convection

1 Introduction

The stable isotopes of oxygen and hydrogen can be used to reconstruct past changes in
the hydrological cycle based on the isotopic signals conserved in climate archives like ice cores,
lake or ocean sediments and tree rings (Dee et al., 2023; Gat, 1996; Hoffmann et al., 2003;
McCarroll & Loader, 2004; Thompson et al., 2000). To improve the reliability of such
reconstructions a thorough understanding of the atmospheric processes influencing the isotopic
composition of precipitation is necessary.


https://agupubs.onlinelibrary.wiley.com/journal/21698996

58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74

75
76
77
78
79
80
81
82
83

84
85
86
87
88
89
90
91
92
93

94
95
96
97
98
99
100
101
102

manuscript submitted to Journal of Geophysical Research: Atmospheres

The stable oxygen and hydrogen isotope ratio of precipitation (5'°0p and 8Dp,
respectively) is defined as the ratio of the heavier (**0, 2H or D) to the lighter isotope (*°0, *H)
with respect to standard mean ocean water or to the Vienna Standard Mean Ocean Water
(VSMOW). The lower saturation vapor pressure and the heavier mass of the rare water
molecules (so called isotopologues) result in a preferential accumulation of lighter isotopes in
water vapor whereas the heavier isotopes tend to stay in the liquid phase. In the atmosphere, this
separation, called fractionation, occurs during phase changes and is related to equilibrium (e.g.
condensation) and kinetic or non-equilibrium (e.g. evaporation or deposition of vapor on ice
crystal) fractionation (Ciais & Jouzel, 1994; Dansgaard, 1964).

Deuterium excess (d-excess) in precipitation describes the linear relationship between
8'0p and 8Dp (d-excess = 8Dp — 8 * §'20p) and is an indicator of non-equilibrium fractionation
(Dansgaard, 1964). It reflects the atmospheric conditions (relative humidity, sea surface
temperature) at the moisture sources of precipitation (Frohlich et al., 2002; Merlivat & Jouzel,
1979; Pfahl & Sodemann, 2014), in-cloud ice formation processes (Ciais & Jouzel, 1994) or can
serve as an indicator of continental moisture recycling e.qg., sub-cloud evaporation of raindrops
(Aemisegger et al., 2015; Graf et al., 2019) or evapotranspiration (Aemisegger et al., 2014;
Ampuero et al., 2020; Frohlich et al., 2002).

In the tropics and particularly in marine environments, the so called ,amount effect’ is
observed, i.e. increasing rain amounts are related to precipitation with low §'30p values
(Dansgaard, 1964). However, the mechanisms behind the amount effect are complex and not
fully understood. It can partly be explained by the preferential removal of heavy isotopes from
the in-cloud water vapor during condensation. The remaining lighter water vapor forms the basis
for the following condensate and leads to a subsequent depletion of precipitation (Gat, 1996).
This is intensified by recycling effects in downdraft, i.e. evaporation of the falling rain and
diffusive exchanges with the ambient water vapor lead to a further depletion of the water vapor,
which is injected into the sub-cloud layer feeding the convective system (Risi et al., 2008).

Precipitation formation pathways can be classified into convective and stratiform.
Stratiform precipitation is typically associated with low rain rates and small upward velocities or
descending air below the cloud base. Convection, in contrast, features strong updrafts and high
rain rates (Houze, 2014; Mélders & Kramm, 2014). In the tropics, convection often co-occurs
with stratiform rain in so called mesoscale convective systems (MCSs) (Houze, 2004). These
have extents on the order of 100 km and are responsible for a large proportion of annual rainfall
in the tropics (Feng et al., 2021; Prein et al., 2022). The stratiform area of MCSs is fed by mid-
level inflow layers from the convective area. The melting at the 0°C atmospheric thermocline
(atmospheric melting layer) leads to cooling and hence to descending motions below the melting
layer. Slightly ascending air is usually recognized above the melting layer (Houze, 2014).

In recent studies, the depleting effect of different rain types on stable isotopes of water
vapor and precipitation has been intensely discussed (Aggarwal et al., 2016; Kurita, 2013; Kurita
etal., 2011; Lekshmy et al., 2014; Munksgaard et al., 2019; Tharammal et al., 2017). An
observational study in southern India found a relationship between the depleted 8*80p of
collected precipitation and the activity of MCSs (Lekshmy et al., 2014). Other studies pointed
out that particularly the stratiform precipitation within these MCSs is associated with a depleted
8'°0p signal, which was confirmed by a conceptual model (Kurita, 2013; Kurita et al., 2011) and,
in addition, by a significant negative correlation between measured monthly §'®0p and the
stratiform fraction of precipitation (Aggarwal et al., 2016). This relationship could also be shown
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on a daily basis, however, some stations surprisingly revealed a positive correlation (Munksgaard
et al., 2019). These contrasting correlation signs were also present in modeling studies with
isotope-enabled general circulation models (GCMs) (Hu et al., 2018; Tharammal et al., 2017).
Uncertainty arises due to the unavoidable parameterization of convection and thus simplified
microphysical representation of convective rain formation in GCMs owing to their coarse spatial
and temporal resolutions, which is why these models cannot fully reproduce the impact of the
variability of convective systems (Houze et al., 2015) on precipitation isotope variability. To our
knowledge, no study has yet used isotope-enabled high-resolution regional climate models in this
respect, although these models can explicitly resolve convective processes - a tremendous
advantage in research questions on different precipitation types.

Previous studies of the relation between the isotope signature and precipitation type in the
tropics often focus on sites or model setups that are mainly considering maritime conditions
(Kurita, 2013; Kurita et al., 2011; Munksgaard et al., 2019; Risi et al., 2020). Although climate
proxies like tree rings or ice cores are located over land or in regions of complex topography,
studies in those areas are still scarce. In this respect, the tropical Andes are of particular interest
due to the contrasting air masses that approach the eastern and western flanks from the Atlantic
and Pacific, respectively (Landshuter et al., 2020; Trachte, 2018). These different background
states initiate different atmospheric processes, which are responsible for the formation of
precipitation and in turn influence its 8*°0p signal.

The goal of this study is to analyze the influence of stratiform and convective
precipitation on the 8*°Op of the eastern and western flanks of the Ecuadorian Andes. We use an
isotope-enabled and high-resolution climate model in a real-case setup, which is highly
advantageous for areas of complex topography and is needed to explicitly and realistically
simulate convective processes.

2 Materials and Methods

2.1 Description of Study Site

The study site in southern Ecuador is determined by the complex topography of the
meridionally orientated Andes (Figure 1) that act as a ,,climate divide® (Emck, 2008). The
western flanks and the western lowlands of Ecuador are affected by the Pacific and exhibit one
clearly distinct rainy season from January to April (Garcia et al., 1998; Pucha-Cofrep et al.,
2015; Volland-Voigt et al., 2011). In contrast, the Andes in this region, show a bimodal
precipitation pattern with maxima in March to April and October to November (Garcia et al.,
1998). The Amazon is located east of the climate divide and is influenced by air masses from the
Atlantic. Precipitation in the Amazon falls during all months of the year with slightly higher
amounts during March and April (Garcia et al., 1998).

The seasonal variation of the so-called Intertropical Convergence Zone (ITCZ) is an
important feature determining the precipitation amounts in Ecuador. It propagates southward
around November, reaches its most southern position in January and passes Ecuador again
during its northward displacement from January to May. Stable isotope analysis of precipitation
in Ecuador pointed out that the passage of the ITCZ is, besides topographic forcing from the
Andes, a major mechanism for depleting heavy isotopes in precipitation (Garcia et al., 1998). In
addition, the El Nifio Southern Oscillation (ENSO) phenomenon is responsible for the high inter-
annual variability of precipitation (Capotondi et al., 2015; McPhaden et al., 2006).
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Figure 1. Topography of the study region and domain setup of the isotope-enabled version of the high-resolution
climate model from the Consortium for Small-Scale Modelling (COSMO;,) (first row). Seasonal rain rate weighted
mean §*°0p of COSMO,,, evaluated against seasonal mean observations of the Global Network of Isotopes in
Precipitation (GNIP) for the same period (January 2012 to April 2012, framed circles with color representing the §*°05
of the respective station) (second row). No data is available for white areas, which can be attributed to no
precipitation. Although the second row shows results that are only discussed in Section 3, we include these maps here
due to the topography dependency of these results.

This study is part of a project that tries to better understand the stable isotope signal in
tree rings from the western flanks of the Andes in southern Ecuador (Landshuter et al., 2020).
The availability of proxy data and observations at the same location is the reason for selecting
this study site. However, the focus of this study is on the stable isotopes in precipitation, whereas
the link to the stable isotopes of the tree rings is part of a follow-up study. We subdivided the
area into four regions (Figure S1 in Supporting Information S1):

» Western Lowlands: below 500 m and west of the climate divide

» Western Flanks: above 500 m and below 2000 m and west of the climate divide
* Andes: above 2000 m

» Amazon: below 2000 m and east of the climate divide.

We limited the analyzed time period to the rainy season from January to April of 2012
due to the computational costs and our focus on process understanding, which can be studied
more efficiently in case-study frameworks than from very long records (e.g., Mdlg et al., 2012).
The examined months show enhanced precipitation amounts compared to the rest of the year in
all defined regions. We chose the year 2012 as it was a year with moderate to high, but not
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exceptionally high precipitation anomalies (Landshuter et al., 2020) that are linked to
anomalously warm sea surface temperatures in the eastern Pacific (Su et al., 2014).

2.2 Observations

2.2.1 Automatic Weather Station Data

Automatic Weather Stations (AWS) data was used from a deployment during a field
campaign from April 2007 to March 2015. The AWS were located in ,,Laipuna Valley* (590 m
above sea level, -4.215°S, 79.885°W, Valley Station) and on ,,Laipuna Mountain® (1,450 m
above sea level, -4.238°N, 79.899°W, Mountain Station) and recorded air temperature (at 2 m),
relative humidity (at 2 m), incoming short wave radiation (at 2 m), wind speed and direction (at
2 m) and precipitation (at 1 m) above the ground at 10-min intervals that were stored as hourly
means (Landshuter et al., 2020; Pucha-Cofrep et al., 2015; Spannl et al., 2016; VVolland-Voigt et
al., 2011). To eliminate the temperature dependence of relative humidity, we also calculated and
used the water vapor pressure (Marshall & Plumb, 2008; Mélders & Kramm, 2014). Particularly,
the Valley Station was used to find a suitable model setup and to evaluate atmospheric variables
of the model output. The Mountain Station served as a reference for the variability that can be
expected nearby.

2.2.2 Satellite Retrievals

The MODerate resolution Imaging Spectroradiometer (MODIS) precipitable water
product is based on retrievals from the TERRA and AQUA satellites. The Level 2 dataset, which
reflects the column water-vapor amounts at 1 km spatial resolution during the day, is based on a
near-infrared algorithm (Gao, 2015). We used all available images from January 2012 to April
2012 of this satellite product to calculate its time mean for an independent spatial evaluation of
the modeled hydroclimate. The TERRA satellite passes the study region between 10:00 and
12:00 local time, whereas the AQUA satellite collects data between 13:00 and 15:00 local time.
In total 201 images were used covering the period from January 2012 to April 2012.

2.2.3 Stable Isotope Data From Precipitation

Monthly §'%0p data were downloaded from the Global Network of Isotopes in
precipitation (GNIP) database (IAEA/WMO, 2023). We selected all stations located in the study
area that provided at least three of the four monthly §*°0p values (from January to April 2012),
which resulted in twelve stations, for evaluating the §'%0p output of the isotope-enabled regional
climate model.

2.3 Isotope-Enabled High-Resolution Climate Model

The non-hydrostatic, limited-area numerical weather and climate model from the
Consortium for Small-Scale Modelling (COSMO) is based on an Arakawa C-grid on a rotated
geographical coordinate system in the horizontal and can be used with terrain-following Gal-
Chen height coordinates that flatten towards the top of the model domain (Steppeler et al., 2003).
Numerically the model is integrated with a third order Runge-Kutta scheme with the total
variation diminishing variant (Liu et al., 1994).

Its isotope-enabled version COSMO;s, (Pfahl et al., 2012) that we used in our study,
encompasses two additional parallel water cycles for each of the heavy isotopes (H,**0, HDO).


https://agupubs.onlinelibrary.wiley.com/journal/21698996

201
202
203
204
205
206
207
208
209

210
211
212
213
214
215
216
217
218
219
220
221
222
223

224
225
226
227
228
229
230

231
232
233
234
235

manuscript submitted to Journal of Geophysical Research: Atmospheres

These water cycles do not affect other model components and can be interpreted as an individual
copy of the usual water cycle of the light water molecule (H,O) apart from fractionation
processes during phase changes. No fractionation occurs in COSMOjs, during plant transpiration
(Aemisegger et al., 2015). Fractionation processes during soil evaporation are account for by
TERRA.Iso, an isotope-enabled prognostic multilayer soil model that is coupled to COSMOis,
(Christner et al., 2018). COSMO;s, has previously been used in numerous different studies
(Aemisegger et al., 2015; Breil et al., 2020; Christner et al., 2018; Lee et al., 2019; Pfahl et al.,
2012; Thurnherr et al., 2021) including tropical and subtropical regions (de Vries et al., 2022;
Villiger et al., 2023).

In our study, we employed COSMO;g, for the first time over the complex topography of
the Andes in tropical Ecuador, South America. We used a one-way nesting with a parent-to-child
grid ratio of about three or five resulting in three domains of 22.5 km (~ 0.2025°, 330x330 grid
cells), 4.5 km (~ 0.0405°, 300x300 grid cells) and 1.5 km (~ 0.0135°, 210x210 grid cells) grid
spacing centered over southern Ecuador (-4.0000°N, 79.1500°W); these domains are hereafter
referred to as D1, D2 and D3, respectively (Figure 1). The model runs were performed with 50
levels in the vertical from 1 January 2012, 06:00:00 local time until 30 April 2012 18:00:00 local
time and stored with an hourly temporal resolution. The spin-up time of 48 hours was discarded
for further analysis, which is why the analysis time interval starts on the 3 January 2012,
06:00:00 local time. The increasing resolution from D1 to D3 requires modifications in the setup.
We thus adjusted the time step, turbulent length, orography data and the width of the relaxation
layer for each domain (Table 1).

Table 1. COSMO;, setup for resolution-dependent parameters with orography from the Global Land One-km Base
Elevation Project (GLOBE) and the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER).

Domain | Resolution | Number of Time Turbulent | Relaxation Layer Orography
Grid Cells Step length (rlwidth)
(lon x lat) (dt) (tur_len)
D1 22.5km 330x330 120's 430 m 225000 m GLOBE
(~0.2025°) (NOAA/NGDC)
D2 4.5 km 300x300 20s 180 m 45000 m ASTER
(~ 0.0405°) (METI/NASA)
D3 1.5 km 210x210 9s 130 m 15000 m ASTER
(~0.0135°) (METI/NASA)

The time steps are chosen to maintain the Courant number and are approximately linearly
interpolated based on the spatial resolution thereby fulfilling the storage interval (3600 s) being a
multiple of the time step (e.g. 120 s for D1). The asymptotic turbulent length (tur_len) is reduced
to account for increasing turbulent fluxes with increasing resolution. This modification leads to
steeper vertical gradients and enhanced instability in the boundary layer, which favors the
initiation of convective processes (Baldauf et al., 2011). We followed the linear distribution as
suggested by Vergara-Temprado et al. (2020).

Orographic features are highly dependent on the resolution, which is why we chose the
orography from the Global Land One-km Base Elevation Project (GLOBE) for D1 and the finer
resolved Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
orography for D2 and D3. Both were provided by the External Parameters for Numerical
Weather Prediction and Climate Application (EXTPAR) (Asensio et al., 2020).
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Lateral boundary information is transferred via the boundary zone (four grid cells at each
boundary of the subdomain) and the relaxation layer. The width of the relaxation layer (rlwidth)
should be 10 to 15 times the grid cell resolution in meters (Schattler et al., 2013). In our setup,
we applied this requirement and used the ten times the grid cell resolution requirement for all
domains. The grid cells of the boundary and relaxation layer are discarded for the data analysis.

The physical parameterization schemes that we used in our study are as follows: heating
rates by radiation are calculated once per hour by the scheme of Ritter and Geleyn (1992);
vertical turbulent diffusion is based on a 1-D prognostic equation for turbulent kinetic energy
(Mellor & Yamada, 1974); and microphysics of cloud and precipitation are represented with the
one-moment cloud ice scheme, which considers water vapor, cloud water as well as ice, rain and
snow (graupel and hail are not taken into account) (Doms et al., 2011). Regarding the
parameterization of convection for different spatial resolutions, there are different approaches
used and debated in the literature. While some argue that 7 km resolution or even less require a
parameterization (Fosser et al., 2015), others suggest that the explicit calculation or only
parameterized shallow convection is advantageous up to 25 km resolution (Vergara-Temprado et
al., 2020). After thoroughly testing different convection setups in terms of resolution, the
following one revealed the most realistic performance. In D1, we parameterized convection
using the Tiedtke (1989) scheme due to its coarse resolution. For D2 and D3, an explicit
treatment of convection yielded the most realistic accumulated precipitation amounts and
precipitation rates. The stable isotopes are only incorporated in the Tiedtke (1989) scheme,
which is why other parameterization schemes such as only for shallow convection could not be
applied.

Spectral nudging was conducted for zonal and meridional winds above 850 hPa only for
D1 to constrain drift in the large-scale circulation but allowing a freely evolving atmosphere in
D2 and D3. The height of the damping layer was adjusted to 18000 m (instead of 11000 m) as
proposed for a tropical setup of COSMO (Panitz et al., 2014). At this height the damping is zero
and increasing along a cosine damping profile to its maximum at the top of the model domain
(Schattler et al., 2013).

The atmospheric and stable isotope initial and boundary data were taken from ECHAMG6-
wiso with temperature, vorticity, divergence and surface pressure fields nudged towards ERA5
(Cauquoin & Werner, 2021). The dataset has a spectral resolution of T127L95 (corresponding to
approx. 0.9° x 0.9° horizontal resolution and 95 vertical levels) and a 6-hourly temporal
resolution. In this study and for all analyses, we calculated the rain rate weighted mean of 8*°Op
to be consistent with §'2Op of collected rain samples (Breil et al., 2020; IAEA/WMO, 2023).

The model runs were performed on the Fritz compute cluster at the Erlangen National
High Performance Computing Center (NHR@FAU) and was compiled with Intel 17.0 compilers.
The final model run required about 40,000 core hours and the hourly output for all three domains
encompasses roughly 3.3 TB of data.

For the evaluation, we considered the boxplots for different meteorological variables on
an hourly and daily basis. The whiskers comprise 1.5 times the interquartile range. Moreover, we
calculated the Pearson correlation between the variables of the COSMO;s, output and the Valley
Station, except for precipitation, where we used the Spearman correlation, because the data is not
normally distributed. From these, we determined the coefficient of determination (R?) and the
significance by their p-values. Furthermore, we calculated the root mean square error (RMSE)
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and the mean bias. The heights of the COSMO;s, output correspond to the heights of the Valley
Station for all variables apart from wind. The COSMO;s, wind variable was initially output at
10 m. For comparability with the AWS wind data, the COSMOjs, wind was interpolated to 2 m
assuming a logarithmic wind speed profile (Allen et al., 1998) .

2.4 Rain Type Classification

A common approach to distinguish convective and stratiform precipitation is the use of
the Tropical Rainfall Measuring Mission (TRMM) satellite data and algorithm (Aggarwal et al.,
2016; Funk et al., 2013; Schumacher & Houze, 2003). In stratiform regions a so called ,bright
band‘ occurs just below the melting layer and describes a horizontal layer of 500 m thickness
with high radar reflectivity values. In contrast, convective regions are characterized by a
vertically extending core of maximum reflectivity (Houze, 2014). The spatial and temporal
resolution of the TRMM product is, however, too coarse and therefore not suitable for our study.
In GCMs the separation arises from the convection parameterization. This means that all
precipitation calculated within the parametrization scheme is classified as convective and the
explicitly calculated one is classified as stratiform. With increasing spatial resolution, the climate
model can resolve convective processes, leading to a misclassification of convective
precipitation as stratiform rain. Consequently, a specifically tailored separation technique for
stratiform and convective precipitation is needed for high-resolution models. We followed the
approach of Sui et al. (2007) that is based on cloud microphysical processes expressed as ratio of
the integrated ice and liquid water path (IWP and LWP, respectively). Particularly, the cloud
ratio is defined as IWP/LWP, with IWP being the sum of the vertically integrated mixing ratios
of all ice species (Qsnow + Qice in our case), and LWP being the sum of the vertically integrated
mixing ratios of all liquid particles (Qcloud + QRain). Consequently, the cloud ratio can be
interpreted as the relative importance of ice and liquid hydrometeors in clouds. Precipitation is
classified as

» Convective, if the cloud ratio is < 0.2 (to account for high rain rates, i.e. high LWP)
or if IWP > IWPyeshoid (for particularly high ice contents)
The IWPihreshold 1S the mean of IWP plus one standard deviation of IWP
(here: IWPreshold= 2.31 mm)

« Stratiform, if the cloud ratio is > 1.0 (to make sure that ice exists, but is related to low rain
rates, i.e. low LWP).

» Mixed, for all remaining precipitation.

A distinct, process-based consideration of each class is an essential part of this study,
which is why we additionally separated the convective class into shallow (cloud ratio < 0.2) and
deep (IWP > IWPreshoig ) cOnvection. A discussion of this nomenclature is included in the results
section (see Section 3.2.2). Sui et al. (2007) regarded the mixed class as belonging to stratiform
rain, which we adopted for our study. Consequently, we refer to the subclasses of stratiform rain
as mixed and strictly stratiform. This rain type classification highlights the importance of ice and
snow with respect to the liquid particles for stratiform precipitation (Sui et al., 2007) (Figure S2
in Supporting Information S1). To evaluate the classification of the rain types, we considered the
distribution of rain rates with respect to their fractional contribution to the overall precipitation
amount (Klingaman et al., 2017).
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For the stratiform fraction, we followed different other studies (Aggarwal et al., 2016; Hu
et al., 2018) and calculated it as fraction of the sum over all rain rates of the stratiform and mixed
class to the sum over all rain rates. For very small rain rates the stratiform fraction might be
misleading, which is why we only considered hours with a total rain rate > 0.03 mm. Such a
threshold is commonly also applied when using the §*°0p of the COSMOjs, output (Pfahl et al.,
2012).

3 Results and Discussion

3.1 Evaluation of COSMOjs, and the Rain Type Classification

In the following, we present an evaluation of COSMO;,, to ensure a realistic performance
of the model regarding the hydrometeorological variables and the stable water isotopes.
Thereafter, the classification method for the different rain types is evaluated. For this evaluation,
we consider the distributions of rain rate contributions to the overall precipitation amount.

3.1.1 Hydrometeorological Variables

We adjusted the COSMO;, setup and evaluated its output with AWS data of the Valley
Station by selecting the closest grid cell to this station. The Mountain Station serves as a
reference for the variability that can be expected nearby (for orientation: the closest grid cell to
the Mountain Station is two grid cells south and one grid cell west of the closest grid cell to the
Valley Station; model output from this grid cell is not used for adjusting the COSMOjs, setup and
also not for the statistical evaluation). We chose this location at the western flanks of the Andes,
because tree ring material for stable isotope analysis were collected close to the Valley Station.

In a follow-up study, we want to explain these tree ring signals by using the COSMO;,, output.

The hourly and daily temperature at 2 m is realistically captured (Figure 2) with a
significant correlation and a R? of 0.75 for hourly values. It decreases to 0.11 for daily values due
to the removal of the daily cycle by the calculation of the mean. However, this temporal
aggregation leads to a decrease of the RMSE from 1.7 °C to 1.04 °C from hourly to daily,
respectively. The performance resembles the one in other atmospheric modeling studies with a
similar setup (convection-resolving, mountain environment, AWS data as observations,
simulation period from a few days to a few months). For example, for the complex topography of
the New Zealand Alps values for temperature at 2 m of 2.64 °C and 0.88 for the hourly RMSE
and the R?, respectively, were reported (Kropag et al., 2021). For a study of Foehn in Patagonia,
Temme et al. (2020) obtained an hourly RMSE from 1.72 to 3.63 °C (depending on foehn event
and AWS site) and a maximum R? of 0.77. And for a tropical high mountain in Africa, (Collier
et al., 2019) obtained 0.34 for the daily R” and a mean deviation (comparable to RMSE) of 0.4
°C. Modelled shortwave radiation does not capture the highest observed values, resulting in a
RMSE of 157.92 W/m?for hourly values, which is reduced to 53.94 W/m?for daily ones. This is
again in accordance with the other studies; in the New Zealand case, the hourly RMSE of
incoming shortwave radiation came to 73.94W/m? (Kropa¢ et al., 2021), while the absolute mean
deviation in the Africa study for daily values was 42.8 W/m? (Collier et al., 2019). Temperature
at 2 m and shortwave radiation of the Mountain Station considerably differ from those of the
Valley Station that is located nearby. This is to be expected in areas of complex topography.
However, the fact that COSMO;s, realistically reproduces temperature at 2 m and shortwave
radiation at the Valley Station in this region of high spatial variability is, therefore, encouraging.
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Figure 2. Evaluation of COSMO,,, temperature at 2 m (first column), shortwave radiation at the surface (second column,),
water vapor pressure at 2 m (third column), wind speed at 2 m (fourth column) and wind direction at 2 m (wind roses)
against Automatic Weather Station (AWS) data (Valley and Mountain Station) for hourly (upper row) and daily (lower
row) values The Root Mean Square Error (RMSE), Mean Bias and Coefficient of Determination (R?) are calculated
between the COSMO;,, output and the Valley Station.

The humidity expressed as water vapor pressure, is slightly underestimated (mean bias
for daily and hourly about -1.9 hPa) but the mean is clearly closer to the Valley Station than to
the Mountain Station. The mean bias of wind speed is small with 0.19 m/s for both temporal
resolutions and COSMO;s, again manages to represent conditions at the Valley Station in a
realistic way, but not the ones at the Mountain Station. While the other studies cited above are
harder to compare for these two variables in terms of absolute values (either because they used
different measures of air humidity, or they decided on a different evaluation strategy for wind
speed concerning the reference height), our metrics lie within their performance ranges for
variability. For example, they demonstrate hourly R? to vary substantially from 0.14-0.72 (0.37
in our case) for humidity (Kropac et al., 2021; Temme et al., 2020), and a maximum of 0.52
(0.44 in our case) for wind speed (Kropac et al., 2021).The wind direction of COSMOjs, more
closely resembles that of the Mountain Station, which is caused by the real orientation of the
narrow valley where the Valley Station is located. This topographic condition is not captured by
the spatial resolution of 1.5 km of D3. The same, but understandable, deviation was found in a
very recent study of a high-mountain environment in New Zealand (Kropac et al. 2023, under
review)
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Precipitation as the focus variable of this study shows a good performance as well
(Figure 3), in particular cumulative precipitation amounts align well with the Valley Station. The
R? of hourly precipitation is expectedly low, since the exact timing of precipitation events
typically differs between models and observations at such high temporal resolution (e.g., Mélg &
Kaser, 2011). However, the R? of daily precipitation of 0.28 is even slightly better than the ones
for a high-resolution model simulation over Ecuador, yielding a R? of 0.05 and 0.2 for an AWS
at the coast and one at 2685 m altitude, respectively (Chimborazo & Vuille, 2021). Nevertheless,
the promising and important aspect in the results is that high intensity precipitation events are
realistically reproduced in terms of both rain rate and duration. Furthermore, the daily cycle is
well captured. A study over the European Alps covering ten years found a similarly high
agreement in the daily cycle (Ban et al., 2014). They could show that it resulted from the explicit
representation of convection in a high-resolution setup with COSMO. However, between 9 p.m.
and 1 a.m. local time, precipitation is slightly overestimated in our model, and it is slightly
underestimated in the morning hours.

To evaluate the spatial hydroclimatic variability of the COSMO;s, output, we compared
the column water-vapor amounts provided by the MODIS precipitable water product to the time
mean of the vertically integrated water vapor (TQV) from COSMOi, (Figure 3). It can be
noticed that humidity is underestimated in the coastal regions. This is in accordance with the
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RMSE: 2.1
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Figure 3. Evaluation of precipitation from COSMO;, against AWS data considering boxplots of hourly and daily sums
(upper and lower panel of first column, respectively), the daily cycle (upper panel of second column) and accumulated
precipitation amounts (lower panel). Spatial evaluation of total water vapor content against satellite retrievals from the
MODerate resolution Imaging Spectroradiometer (MODIS) (upper right panels). The RMSE, Mean Bias and R’ are
calculated between the COSMO;,, output and the Valley Station.
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slight underestimation of humidity observed in comparison with the Valley Station. A similar
underestimation of specific humidity is also found in a series of simulations over the North
Atlantic trade wind region (Villiger et al., 2023). The Andes and the topographic effects are,
however, well captured, giving confidence in the simulated spatial pattern. Accordingly, the
spatial correlation coefficient amounts to 0.52 (p-value < 0.01).

3.1.2 Stable Oxygen Isotopes of Precipitation

Isotopic data are scarce in the vicinity of the study site and only available with a monthly
resolution. Therefore, we conducted the evaluation separately for every model domain (D1, D2,
D3). The monthly mean 8*0p of COSMOjs, realistically captures the depleted signal with
increasing altitude and the only slightly depleted values of central America, a result included in
Figure 1 to re-call the topographic conditions of the study region. The amount effect in
COSMO;s,, meaning the relationship between the hydroclimate and the stable water isotope
signals, is well reproduced, which is shown by the significant daily negative correlation between
daily rain sums and daily mean 5'®0p (Figure S3 in Supporting Information S1).

3.1.3 Rain Type Classification

The distribution of the precipitation contribution of stratiform and convective rain rates to
the total rain amount shows a maximum of the distribution of the stratiform rain rates being
clearly smaller than the convective one (Figure 4a). Breaking down the classification further into
strictly stratiform, mixed, shallow and deep convection (Figure 4b) emphasizes the distinct rain
rate difference between deep convection and strictly stratiform rain even more. The mixed rain
rates are, as expected, mostly between deep convective and strictly stratiform. The shallow
convection maximum rain rates occur at lower rain rates than deep convective ones and slightly
higher than mixed ones. Further confirmation for this partition method is included within the
main analysis (see Section 3.2.2). Overall, the results confirm the usefulness of this classification
scheme to distinguish between the different rain formation pathways.

0 (a) stratiform and convective (b) subclasses of stratiform and convective
7
—— convective shallow convection
stratiform 64 — deep convection

s4d 2\ 0 v mixed
strictly stratiform

Precipitation Contribution [ % ]

1071 10° 10! 1071 10° 10!
Precipitation Bin [ mm / day ] Precipitation Bin [ mm / day ]

Figure 4. Contribution of each rain rate bin to the total precipitation of each rain type: convective and stratiform rain (a)
and their subclasses (b). The area below each curve sums up to 100 %.
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3.2 Relationship Between §*°0p and Rain Types

The main analysis starts with the consideration of the relationship between stratiform
fraction and &'°0p based on model output of COSMOjs,. This is followed by a thorough
investigation of the underlying processes and ends with an analysis of the variability of the
occurrence of rain types in time and a suggestion for using a deep convective fraction or shallow
convective fraction due to the large difference in their associated isotope signals.

3.2.1 Correlation Between 50p and Stratiform Fraction

The regression slope of the correlation between daily stratiform fraction and daily mean
8'%0p shows a distinct east-west pattern (Figure 5a) with a negative relationship west and a
positive relationship east of the climate divide. The regression slopes are significant
(p-values < 0.05) only in a few regions (Figure 5b). Thereby, we additionally accounted for field
significance (i.e., for spatial autocorrelation) by minimizing the false discovery rate (FDR)
(Wilks, 2011). The latter strongly decreased the area of significant correlations (not shown). The
R? (Figure 5¢) is higher west of the climate divide than on the eastern side. Overall, the R? values
are not particularly high, only a few are above 0.4. On the one hand, the small number of
significant grid cells and the low R? values probably arise from the high temporal resolution
(daily). The same observation has been made for the amount effect, which shows a similar
reduced explained variance with an increased temporal resolution (Risi et al., 2008; Vimeux et
al., 2005). On the other hand, the spatial extent the stratiform fraction is calculated for, is another
factor. For example, Aggarwal et al. (2016) determined the stratiform fraction for a box of about
275 km x 275 km, whereas in our study, it is calculated for each grid cell (1.5 km x 1.5 km). In
fact, we achieved the highest R? using a region-wide stratiform fraction (not shown) and
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Figure 5. Regression slope between §*°0, and the stratiform fraction (a), significant regression slopes (p-value < 0.05
and additionally accounted for field significance by minimizing the false discovery rate) (b) and R’ of the correlation

(c).
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similarly, Vargas et al. (2022) found the best correlation with §'Op using region-wide
precipitation. However, for a better understandability, we used the grid-cell-based calculation of
the stratiform fraction.

The negative relationship west of the climate divide is consistent with a tropical to mid-
latitude wide observational study using monthly GNIP station '0p and TRMM based stratiform
fractions (Aggarwal et al., 2016). A site-specific and daily analysis covering tropical and
subtropical stations further confirms this relationship (Munksgaard et al., 2019). The latter study,
however, also encompasses a few stations showing a positive relationship. Generally, all stations
of their study are influenced by a maritime climate, and the few continental sites were excluded
from the main analysis, because of a weak relationship. Our hypothesis is that the stratiform
fraction is not a good measure of rainfall formation pathways in this region. As convection is the
main driver for tropical precipitation with stratiform precipitation being a consequence (MCS),
we need to look closer into the different rainfall formation pathways.

3.2.2 Seasonal Mean Analysis

In search for the reason for the differing regression sign east and west of the climate
divide for the relationship between the stratiform fraction and '0p, we analyzed seasonal mean
composites of different atmospheric variables. The composites are based on the rain types
convective and stratiform as well as on their subclasses deep convective, shallow convective,
strictly stratiform and mixed rain (see Section 2.4).

To eliminate the influence of the topography on the 05, which leads to a decrease of
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Figure 6. Seasonal mean anomaly composites of §'°Op for convective and stratiform rain ((a) and (d), respectively, grey
background) and their subclasses shallow convection, deep convection, mixed and strictly stratiform ((b),(c),(e) and (f),
respectively, white background).
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8805 with altitude (Dansgaard, 1964) that would dominate the composite, we subtracted the
mean over all “rainy” time steps (hours with rain >0 mm) at each grid point from the seasonal
mean 5'2Op at the respective grid point. This procedure is restricted to the rainy time steps, as the
seasonal mean composites for each rain type, by definition, only considers rainy time steps at
each grid cell. In the following, we refer to the §'0p composite as anomaly composites and to
the seasonal mean composites just as composites.

The 5'°0p anomaly composites for convective and stratiform rain (Figure 6a and 6d,
respectively) show a very similar east-west dipole pattern as the sign of the regression between
stratiform fraction and 8'°0p (Figure5). Revealing the reason for the 8*°Op pattern for the
convective and stratiform composites will help to understand the contrasting signs in the
stratiform fraction-5'%0p relationship. The convective (first row (a-c) of Figure 6 to Figure 11)
and stratiform (second row (d-f) of Figure 6 to Figure 11) formation pathway will be examined
separately and in more detail in the next two sections.

3.2.2.1 Mechanisms Driving the Convective 5%0p

The 5'®0p anomaly composite of shallow and deep convection (Figure 6b and 6c,
respectively) shows a markedly distinct signal of relatively enriched and depleted 5*30p values,
respectively. In the following, we show that these differences do not only arise due to the rain
type definition itself but can also be physically constrained.

Positive vertical velocities for deep convection (Figure 7c) are reaching from a few
kilometers above the surface to an altitude of almost 15 km. Whereas, for shallow convection
(Figure 7Db), they hardly reach beyond the atmospheric melting layer. The latter is indicative for
the predominant occurrence of the cloud types shallow cumulus and cumulus congestus.
Together with cumulonimbus, they make up the three dominating cloud types of the tropics.
Shallow cumuli and cumuli congestus reach up to heights of about 2 km and near the
atmospheric melting layer, respectively, and consist only of liquid particles (Johnson et al.,

(a) convective (b) shallow convection (c) deep convection
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Figure 7. Seasonal meridional mean of vertical velocity for convective and stratiform rain ((a) and (d), respectively, grey
background), their subclasses shallow convection, deep convection, mixed and strictly stratiform ((b),(c),(e) and (f),
respectively, white background) and the seasonal meridional mean height of the atmospheric melting layer (T=0°C, bold
line).
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1999). This is consistent with the IWP composite (Figure S4 in Supporting Information S1),
which is, by rain type definition, very low for shallow convection and very high for deep
convection. In contrast, the LWP composite is high for both convective rain types; hence,
leading to high rain rates (Figure S5 in Supporting Information S1). For simplicity, we use the
term shallow convection, although it also comprises mid-level convection of cumuli congestus.

Low outgoing longwave radiation (OLR) at the top of the atmosphere, as an indicator for
deep convection (Gao et al., 2013; Wang, 1994; Wang & Xu, 1997), mirrors the **0Op anomaly
composite of shallow and deep convection. As one would expect, very low OLR values are
associated with deep (Figure 8c) and high OLR values coincide with shallow convection (Figure
8b).

Linking the 5'®0p anomaly composite with the vertical velocity, IWP, LWP and OLR
composites, shows that the §'20p signals can be explained by differing microphysical and
dynamical mechanisms. Additionally, this further increases the confidence in the rain type
partitioning method. Hence, it is reasonable to conclude from the synthesis of data that shallow
convection is related to relatively enriched 5'®Op signals, whereas deep convection is related to
highly depleted 5'®0p values.

To explain the differing sign of 8*®0p signals east and west of the climate divide for
convective rainfall (Figure 6a), we calculated the fractional contribution of each class and
subclass to the total seasonal precipitation amounts at each grid cell (Figure 9). West of the
climate divide, shallow convection mostly contributes to seasonal precipitation amounts (Figure
9b), whereas east of the climate divide, it is the deep convection (Figure 9c). In this respect, it is
noteworthy, that a little patch exists west of the climate divide that does have a high contribution
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Figure 8. Seasonal mean composites of outgoing longwave radiation (OLR) for convective and stratiform rain
((a) and (d), respectively, grey background) and their subclasses shallow convection, deep convection, mixed
and strictly stratiform ((b),(c),(e) and (f), respectively, white background).
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from deep convection (Figure 9c). This is linked to an increasing elevation acting as a trigger for
deep convection. Overall, we conclude that the relatively enriched §'Op signal in most areas
west of the climate divide arises mainly from the dominant contribution of shallow convection to
seasonal precipitation amounts whereas the depleted signal east of it reflects the prevailing
influence of deep convection.

The western lowlands and western flanks are in the vicinity of the Pacific Ocean,
therefore, it is not surprising that shallow convection is quite pronounced as it is mainly an
oceanic phenomenon (Houze et al., 2015; Lacour et al., 2018). In contrast, deep and intense
convection occurs prevalently over land (Houze et al., 2015) and leads to rather low water
isotope signals east of the climate divide.

3.2.2.2 Mechanisms Driving The Stratiform §'0p

The opposed west-east 5205 gradient in the anomaly composite pattern of stratiform
precipitation (Figure 6d), compared to the %radient in the 5'®0p of convective precipitation,
cannot be explained by differences in the 8"°Op signal or the precipitation contribution between
mixed and strictly stratiform. A slight difference in OLR with lower OLR values in the west
(Figure 8f) coincide with and can be explained by enhanced upward velocities above the
atmospheric melting layer in the west (Figure 7f). The latter together with the descending motion
below the atmospheric melting layer is characteristic of stratiform circulation properties (Houze,
2014).

However, the different contributions of shallow and deep convection in the west and in
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Figure 9. Precipitation contribution to seasonal precipitation amounts for convective and stratiform rain ((a)
and (d), respectively, grey background) and their subclasses shallow convection, deep convection, mixed and
strictly stratiform ((b),(c),(e) and (f), respectively, white background).
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the east of the climate divide are more important in this context. In particular, west of the climate
divide, where shallow convection is most pronounced, the intense relative enriching effect of
shallow convection results in a relatively positive 8*°0p sign for convective precipitation (Figure
6a) and consequently to a negative sign for stratiform precipitation, which in this region tends to
originate from relatively higher altitudes than the shallow convective precipitation (Figure 6d).
East of the climate divide, where deep convection dominates over shallow convection, this
relationship is reversed (stratiform precipitation tends to originate from relatively lower altitudes
than in deep convective systems). In the following section, we will show that the rate of
depletion from stratiform precipitation is not dependent on the region, which in turn gives
evidence of the described effect of the differing shallow and deep convective contributions west
and east of the climate divide.

3.2.3 Strength of the Amount Effect

To clarify which rain type yields the highest depletion with rain rates, we analyzed the
strength of the amount effect for each rain type. Therefore, we calculated the regression slope
(Figure 10) and the R? (Figure S6 in Supporting Information S1) between hourly rain rate and
hourly 805 at each grid cell for each rain type, separately. Only regression slopes smaller than -
1 %o/mm are statistically significant (p-values smaller than 0.05 and additionally accounting for
field significance with the FDR approach, Figure S7 in Supporting Information S1). The
depleting effect for shallow convection is the weakest (Figure 10b) and the one for deep
convection (Figure 10c) is the most intense followed by mixed rain (Figure 10e). The amount
effect for strictly stratiform (Figure 10f) is weaker than that for deep convection and over wide

(a) conective (b) shallow convectio (c) deep convection

-10

=12

Regression Slope [ %0 / mm ]

-14

-78

Figure 10. Strength of the amount effect — regression slope between §*°0p and hourly rain rates for convective and
stratiform rain ((a) and (d), respectively, grey background) and their subclasses shallow convection, deep convection,
mixed and strictly stratiform ((b),(c),(e) and (f), respectively, white background).
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areas closer to shallow convection. Comparing the classes of convective (Figure 10a) and
stratiform precipitation (Figure 10d) does not show a pronounced difference although clear
differences arise within the subclasses. Moreover, the depleting effect of each rain type is
spatially relatively uniform and independent of the region, supporting our assumption of the
effect of the relative contributions of shallow and deep convection in the west and in the east of
the climate divide on the stratiform anomaly composite of 520 (Figure 6d, see Section 3.2.2.2).

3.2.4 Influence of Rain Types on D-Excess

In addition to the results above focusing on §*30p, we considered seasonal mean
composites of d-excess, which may reveal non-equilibrium effects like vapor deposition on ice in
supersaturated conditions or sub-cloud rain evaporation (Figure 11). For all rain types a west-east
gradient is evident with values between -5 and 15 %o in the west and values greater than 15 %o in
the east, which most likely originate from the contrasting moisture source regions. West of the
climate divide, the oceanic influence from the Pacific is of particular importance and leads to d-
excess values of roughly 10 %o.. While the values are higher east of the climate divide, due to
moisture recycling (Aemisegger et al., 2014; Ampuero et al., 2020; Frohlich et al., 2008) that is a
prominent feature within the Amazon region (Ampuero et al., 2020; Victoria et al., 1991; Zhifia
et al., 2022). An altitude effect, reflecting the topography of the Andes, as found in other study
regions (Gonfiantini et al., 2001; Natali et al., 2022) is not clearly detectable.

A striking feature of the d-excess composites is the exceptional high values for deep
convection over the whole area (Figure 11c). The few lower d-excess values within the deep
convection composite come from little rain amounts and hence precipitation contribution of less
than 10 % (Figure 9) and are not representative. However, the effect of deep convective systems

(a) convective (b) shallow convection (c) deep convection
60
& “?5’/
. | _ 50
.,
e « V8
q w 40 —
s '., , climate divide 0\8
. _ 30 @
(f) strictly stratiform 9

10

: 0
climate divide f\
T T

-80 -79 -78 -80 =79 -78

=79

Figure 11. As Figure 8, but for deuterium excess (d-excess).
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is superimposed to the effect of moisture sources. This can be seen by the region of slightly
higher elevation west of the climate divide (at the left border of the map at -4.0°N to -4.5°N). It
has high precipitation contributions from deep convection (Figure 9) and is related to high d-
excess values despite its close location to the Pacific (Figure 11a and Figure 11c). This finding
highlights the importance of the rain formation pathway on the d-excess value of precipitation
and is further confirmed by the lowest d-excess values for the strictly stratiform composite.

In the following, we comprehensively discuss the §'%0p and d-excess relationship for the
different rain types based on the results of the composite analysis and the amount effect in more
detail. The contrasting isotopic signal of shallow and deep convection was also found within
isotopic water vapor observations covering the Indian Ocean as far as the eastern Pacific (Lacour
et al., 2018). Moreover, a sensitivity study with the global isoCAMS3.0 at a spatial resolution of
155 km agrees with our results and shows that the strength of deep convection is related to the
degree of 50 depletion (Tharammal et al., 2017). This can be explained by the effect of the
strength of convergence (Moore et al., 2014) and a depleting effect with increasing altitude
(altitude effect). The latter can be attributed to the removal of condensate by precipitation. As a
consequence, the subsequent condensate forms from already depleted vapor (Dansgaard, 1964)
and implies that the deeper and higher convective processes reach, the more depleted the §*30p
signal becomes. This altitude effect is further supported by the high d-excess values of deep
convection, as d-excess of water vapor increases with altitude to values of 150 - 250%o in the
upper troposphere (Bony et al., 2008; Samuels-Crow et al., 2014). Moreover, we suggest that the
existence of atmospheric ice and snow is of particular importance for the depletion of §*%0p, as
deep convection is related to the highest ice and snow contents in our study. Indeed, the
fractionation for vapor-to-ice phase changes is higher than for vapor-to-liquid ones (Ciais &
Jouzel, 1994; de Vries et al., 2022). Moreover, additional fractionation occurs, when the air is
supersaturated over ice, but not over liquid water (supercooled water). In this case, evaporation
occurs on supercooled water droplets, while its evaporate deposits on already existing ice
crystals. This supersaturation mechanisms is related to non-equilibrium effects (Ciais & Jouzel,
1994; Korolev et al., 2017). As d-excess is an indicator for non-equilibrium fractionation, its
high values for deep convection (Figure 11c) support our assumption of the importance of ice
and snow for the depletion of deep convective precipitation. In contrast, shallow convection
consists only of liquid water and the respective cloud tops are not reaching high altitudes
explaining the lower depletion of shallow convection.

The less intense depletion rate of stratiform rain particularly in contrast to deep
convection only partially agrees with other studies. Observational and modeling studies with a
coarsely resolved GCM and a conceptual model showed a maximum depletion, when the extent
of the stratiform area in a convective system yielded the greatest extent (Kurita, 2013; Kurita et
al., 2011). These seemingly contradicting results can be reconciled by the given fact that the
maximum in the stratiform area can be explained by a maximum in the intensity of deep
convection. As they did not particularly distinguish into stratiform and convective precipitation,
this seems plausible. That it is a matter of the same processes is reinforced by a maximum in
d-excess accompanying the strongest 5'Op depletion in their and our results. In our strictly
stratiform case we assume that sub-cloud rain evaporation does increase the §*20p value
(Aemisegger et al., 2015; Lee & Fung, 2008). This is supported by very low seasonal mean
d-excess values of strictly stratiform precipitation that are caused by the decreasing effect on the
d-excess value of precipitation during sub-cloud rain evaporation (Fréhlich et al., 2008). In
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summary, analyzing the effect of rain types on the §'0p signal requires the consideration of
subclasses and particularly, a separation between shallow and deep convection is necessary.

3.3 Occurrence of Rain Types in Time

To investigate the temporal evolution of the proportions of rain types to derive a
foundation for future studies (e.g. Paleo-isotopic reconstructions), we analyzed the fractional
contribution of each rain type to the daily sum of precipitation for the defined regions (see
Section 2.1 and Figure S1 in Supporting Information S1): western lowlands, western flanks,
Andes and Amazon (Figure 12). It clearly shows that west of the climate divide, the start of the
rainy season occurs at the beginning of February and distinct high intensity precipitation events
occur besides low amount precipitation events. This agrees well with other studies for tropical
high mountains in South America (Bendix & Lauer, 1992; Emck, 2008; Garcia et al., 1998;
Landshuter et al., 2020).

In contrast, the Amazon reveals rain events with similar intensities that frequently occur
throughout the analyzed time period, which is consistent with observations (Garcia et al., 1998).
However, the slightly higher precipitation amounts during March and April east of the climate
divide (Emck, 2008; Garcia et al., 1998) are not detectable in our study and might be related to
the short analysis time period.

In all regions, high proportions of shallow convection are associated with low daily rain
amounts. Whereas great proportions of stratiform rain co-occur with deep convective ones and
can be interpreted as embedded in MCSs. MCSs are a common phenomenon within the study
site, irrespective of west or east of the climate divide (Bendix et al., 2003; Bendix et al., 2009;
Campozano et al., 2018; Rollenbeck & Bendix, 2011; Zhifia et al., 2022).

High proportions of shallow convection are associated with more relatively enriched
§'®0p values. The 5'%0p decreases, particularly, with the occurrence of MCSs. This is consistent
with a variety of studies (Garcia et al., 1998; Kurita, 2013; Kurita et al., 2011; Lekshmy et al.,
2014; Zwart et al., 2016) and our results (see Section 3.2.2). The western regions show that after
a MCS depletion event the 5'®0p recovers to its seasonal mean state at around 0 %o. In the
Amazon, this recovery process is overlapped by a continuous depleting trend in the course of the
rainy season, related to the high frequency of rain events. Towards the end of the rainy season, in
the beginning of April, this trend is emphasized by a remarkably depleting MCS event
comprising an exceptionally high fraction of deep convection. This further confirms our result
that particularly deep convection leads to the highest 5205 depletion.

As MCSs are associated with a high fraction of stratiform rain, it is reasonable to use the
stratiform fraction as representative of MCS activity and as depleting parameter. However, our
study showed that strictly stratiform rain shows only weak to moderate depletion rates, which is
why the use of the stratiform fraction for the rate of depletion might be misleading. Moreover,
deep and shallow convection with their opposing 8*°0p effects are classified into the same
category within the classical definition of the stratiform fraction. This leads to ambiguity in using
the stratiform fraction for the interpretation of stable isotopes.
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with darkyellow shadow) and the daily rain sums (cyan). Regression and the respective scatter plot between daily 5°0p and the
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3.4 Introduction of the Deep Convective Fraction and the Shallow Convective Fraction

The differing strengths in 5'%05 depletion for the rain types demands a reconsideration of
the stratiform fraction. As the fraction of deep convection seems to have the greatest influence on
the 5'®0p signal we suggest the use of a

Pdeep

deep convective fraction =
all
with daily rain sums for deep convective rain over a particular region (Pyeep ) and all
daily rain sums over the same region (P,;; ). Deep convection occurs beside strictly stratiform and
mixed rain in MSCs. All three rain types comprise snow and/or ice, which does not always allow
a clear separation when using different techniques. In contrast, shallow convection is easily
distinguishable due to its predominantly liquid content and it shows the least depletion rate.
Therefore, we alternatively suggest a shallow convective fraction

Pan
with daily rain sums for shallow convective rain over a particular region (Pspanow )-

shallow convective fraction =

Using these two definitions for the correlation with '®Op yields an increased R? in
contrast to the stratiform fraction (Figure 12). This particularly applies for the western lowlands,
where the R? rises from 0.34 for the stratiform fraction to 0.62 for the deep and shallow
convective fraction. The western flanks and the Andes do yield moderate improvements, and one
slight decrease in the strength of the correlation (deep convective fraction for the Andes). In
general, the R? for the Amazon and Andes is small in comparison to the western regions, which
is probably linked to the high frequency of rain events with a similar composite of rain types. In
contrast, the western regions, where shallow convection events clearly differ from highly
depleting MCS events, reveal a more robust correlation. The most important change correlating
one of the two newly defined fractions with 8**Op reveals a consistent regression sign for each
region, so for west and east of the climate divide. Consequently, the dipole pattern that emerges
when using the stratiform fraction (Figure 5) disappears. The deep convective fraction is
consistently negatively correlated to the 8*°0p, whereas the shallow convective fraction exhibits
a relatively positive sign. Hence, the deep or the shallow convective fraction are insensitive to a
prevailing maritime or continental climate. This suggests a more robust and physically based
approach representing the relation between 8"®0p and rain type.

4 Conclusions

In our modeling approach with the isotope-enabled and convection-permitting COSMOig,
model, we documented and analyzed the opposing sign of the correlation between stratiform
fraction and 5'®Op for west (negative) and east (positive) of the Andean climate divide. The
differing strengths of depletion for stratiform, shallow and deep convective rains and their
relative contributions to local precipitation are in this respect of particular importance.

Shallow convection and strictly stratiform precipitation yielded the most enriched §2Op,
whereas deep convection leads to the most depleted §'°0p followed by mixed rain. Shallow
convection is of particular importance for total rain west of the climate divide, whereas deep
convection mostly contributes to precipitation east of the climate divide. By definition, a
stratiform fraction of 0 % means 100 % convective rain. The latter has usually not been separated
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into shallow and deep convection in past research. As these two subclasses are associated with
differing 580 signals, the sign of correlation between stratiform fraction and 80 is
determined by the prevailing type of convection within a region and consequently leads to
opposing correlation signs. Therefore, using the stratiform fraction in stable isotope analysis
might lead to ambiguous results. The application of the stratiform fraction has its justification,
since tropical stratiform rain usually occurs together with deep convection like in MCS.
However, we want to underline that it is the deep convection that is responsible for most of the
depletion and not the stratiform rain. Consequently, we suggest, based on our derived 3180p
dependence on rain type, to use the physically more consistent deep convective fraction or
shallow convective fraction for stable isotope analysis (see Section 3.4). Both metrics take into
account that deep convection leads to most of the depletion, whereas on the other side, shallow
convection and stratiform rain exhibit smaller depletion rates or even enrichment.

In summary our main results are

* Different rain types (stratiform, shallow and deep convective rain) are associated with distinct
§'®0p and deuterium excess signals

« Deep convection leads to the strongest 5'0Op depletion rate and the highest d-excess.

* It is advantageous to utilize a deep convective fraction or shallow convective fraction for
correlations with 5'%Op.

The study results are limited by the small number of stable isotopic measurements
available for evaluating the model output. Moreover, COSMOjs, comprises a one-moment
microphysics scheme that does only account for two ice species (snow and ice, not graupel and
hail). However, it is to be expected that graupel and hail amounts are small in higher order
microphysics schemes, which can be seen for example in the vertical distribution of
hydrometeors in the study of Md6lg and Kaser (2011) for a tropical, equatorial high mountain in
Africa.

Our results might be of particular interest for, and applicable to paleoclimate studies. The
identification of different rain types could help to interpret seasonally resolved climate proxies
like stable isotopes of tree ring cellulose in Ecuador, with respect to convective activity.
Questions that remain for future studies to be considered are for instance as follows:

* Do seasonally resolved climate proxies conserve the isotope signature from the occurrence of
different rain types?

» How does the distribution of rain types change in the course of a year and even longer time
scales?

« Is the relationship between 5'®0p and deep convective fraction or shallow convective fraction
consistent all over the tropics?

To answer these questions in subsequent studies, we plan to extend the model simulations
to multiple years. Moreover, in an upcoming study, we want to compare these model results with
seasonally resolved stable isotope measurements of collected tree ring material.
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Figure S1. Spatial extent of the four regions defined in Data & Methods (see Study Site)
and as used in Figure 11.
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Figure S2. Vertical distribution of the 90th percentile of the frozen hydrometeors (Qice +
Qsnow) and the liquid ones (Qrain +Quoud) for convective and stratiform rain ((a) and (d),
respectively) and their subclasses shallow convection, deep convection, mixed and
strictly stratiform ((b), (c), (e) and (f), respectively) covering the period from January 2012
to April 2012.
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Figure S3. Regression slope between §'®0p and daily mean rain rates (amount effect) (a),
significant regression slopes with p-values < 0.05 and additionally accounting for field
significance by minimizing the false discovery rate (b) and R? of the correlation (c).
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Figure S4. As Figure 8, but for the ice water path (IWP).
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Figure S5. As Figure 8, but for the liquid water path (LWP).
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Figure S6. R? of amount effect for each rain type.
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Figure S7. Significant regression slopes of the amount effect for each rain type
(p-value < 0.05 and additionally accounting for field significance by minimizing the false

discovery rate).
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