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Abstract. The tropical central-southern part of Brazil (CSB) is characterized by strong convective systems bringing generous
water supply for agro-industrial activities but also pose flood risks for large cities. Here, we present high-frequency (5-10
minutes) rainfall isotopic compositions to better understand those systems, with a total of 90 intra-event samples collected
during the period 2019-2021. Convective activity and moisture transport modulate the seasonal rainwater isotopic composition
with low 880 values during summer and high during autumn and spring. In summer, both regional and local factors contribute
to the observed depletion in heavy isotope contents of rainfall, with strong, continuous rainout along the trajectories of
moisture-laden air masses arriving at the rainfall collection site from the Amazon basin, and diurnal convective activity of the
local atmosphere, respectively. This activity generates convective clouds with distinct features (cloud depth and cloud base
height) and induces differences in atmospheric conditions below the cloud base level (relative humidity and rainfall rates)
modifying isotopic characteristics of rainfall and revealing novel perspective on day-night contrast in 30 and d-excess values.
During daytime, enhanced sub-cloud effects lead to high 880 and low d-excess while continuous regional rainout during
night-time results in low §'80 and high d-excess values of local rainfall. Our results offer a new framework of key drivers
controlling the isotopic variability of rainfall in tropical South America that must be considered in future studies of convective

systems across the tropics.
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1 Introduction

The central-southern part of Brazil (CSB) is the main contributor to the Brazilian economy, with agriculture and industry as
leading activities (Zilli et al., 2017). These sectors strongly depend on rainfall seasonality for irrigation and hydropower supply
(Luiz Silva et al., 2019). Suggested changes in frequency of heavy and extreme rainfall events in future climate scenarios
(Marengo et al., 2020; Donat et al., 2013; IPCC, 2021) may represent a serious threat to regional economic activities and
electricity generation. Similarly, climate projections also suggest that enhancement of heavy rainfall events will aggravate the
occurrence of both floods and landslides across vulnerable areas (Marengo et al., 2020), whose total cost has risen to US$ 41.7
billion in the past 50 years (Marengo et al., 2020; World Meteorological Organization, 2019).

Extreme rainfall events are related to the convective systems (CS), characterized by strong vertical development in the
form of cumulus-nimbus and cumulus congestus (convective clouds) and low-level convergence (stratiform clouds) (Siqueira
et al., 2005; Machado and Rossow, 1993; Zilli et al., 2017), commonly refer to as convective and stratiform rainfall, that
account for 45% and 46% of the total rainfall in South America, respectively (Romatschke and Houze, 2013). These rainfall
types have recently been postulated as a major driver explaining variations in stable isotope composition of precipitation across
the tropics (Zwart et al., 2018; Sanchez-Murillo et al., 2019; Sun et al., 2019; Han et al., 2021; Aggarwal et al., 2016).
Specifically, the role of tropical convection in formation of the isotopic composition of rainfall has been discussed in the
context of so-called amount effect (heavy isotope contents of tropical precipitation decrease as the amount of local
precipitation increases) (Dansgaard, 1964; Hu et al., 2018; Kurita, 2013a; Rozanski et al., 1993; Winnick et al., 2014;
Tharammal, T., G. Bala, 2017).

Previous studies used satellite retrievals of atmospheric water vapor isotopic composition to better understand convective
processes in other regions (Lawrence et al., 2004; Worden et al., 2007; Kurita, 2013b). They showed the links between the
structure and depth of convective systems; and variations in the isotopic composition of local vapor, being strongly depleted
in 80 with for deep convection systems. Consequently, similar relations were observed for local rainfall, confirming the
important role of convection systems in reducing heavy isotope contents of precipitation in the tropics (Lekshmy et al., 2014;
Vuille et al., 2003; dos Santos et al., 2022). Despite these advances, to date only few studies have examined the rainfall isotopic
composition in the light of diurnal variations in convective activity of tropical atmosphere (Munksgaard et al., 2020; Moerman
etal., 2013).

Diurnal variations in heating of the surface intensify convection processes, generating short-lived events that can occur in
consecutive days across the tropics (Romatschke and Houze, 2013, 2010). These events are characterized by a diurnal cycle
and notable differences in: (i) rainfall intensity, (ii) vertical extent of convective cores between deep and shallow convection,
and (iii) life cycle of these events in Mesoscale Convective Systems (MCSs) (Schumacher and Houze, 2003; Romatschke and
Houze, 2013, 2010). Convective events account for a significant proportion of annual rainfall and are linked with extreme

events over the land, with most intense events occurring in the afternoon (Schumacher and Houze, 2003; Kurita, 2013a; Wang
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and Tang, 2020). High-frequency rainfall sampling strategies during the occurrence of convective events are needed to capture
the diurnal heating cycle and associated variations in the isotopic signatures of convective rainfall.

High-frequency rainfall sampling and analyses of stable isotope ratios has been used to better understand the evolution of
large atmospheric systems such as tropical cyclones and typhoons (Sun et al., 2022; Sanchez-Murillo et al., 2019; Han et al.,
2021) and local evaporation effects (Graf et al., 2019; Aemisegger et al., 2015b; Lee and Fung, 2008). This high-resolution
isotope information provided a better insight into the development of weather systems and cloud dynamics, both responsible
for changes in the rain type, intensity, and inherent isotope variability during rainfall events (Coplen et al., 2008; Muller et al.,
2015; Celle-Jeanton et al., 2004). However, high-frequency isotope sampling of rainfall has been limited across the tropics,
despite convective activity being significant in this region.

Using high-frequency rainfall sampling strategy we focus here on processes controlling isotopic composition of rainwater
on diurnal time scale, which are of local (below-cloud evaporation and exchange processes, vertical structure of rainfall, cloud
top over sampling site, and others) and regional (moisture origin/transport, regional atmospheric circulation, and convective
activity). Evolution of convection systems on the diurnal cycle is used here only to characterize the clouds during day and
night situations. We combine high-frequency rainfall sampling with ground-based observational data (Micro Rain Radar, and
automatic weather station) with satellite imagery (GOES-16), ERA-5 reanalysis products and HYSPLIT trajectories to study
the day-night differences in isotopic composition of convective rainfall collected over the inland tropics of Brazil.

2 Data and Methods

2.1 Sampling site and atmospheric systems

The rainfall sampling site was localized in Rio Claro city, Sdo Paulo State (Fig. 1a). The station (-22.39°S, -47.54°W, 670
m.a.s.l) belongs to Global Network of Isotopes in Precipitation network (GNIP) and is influenced by atmospheric systems
responsible for rainfall variations and seasonality linked to the regional atmospheric circulations of CSB region. The rainfall
seasonality over CSB is associated with: (i) Frontal Systems (FS), represented mainly by Cold Fronts from southern South
America (SA) acting all the year, and (ii) the South Atlantic Convergence Zone (SACZ) during austral summer (December to
March) (Kodama, 1992; Garreaud, 2000) (Fig. 1b). These synoptic features are mostly responsible for the development of CS
(Romatschke and Houze, 2013; Siqueira et al., 2005; Machado and Rossow, 1993) (Fig. 1c), and were captured during their
passage over the Rio Claro station..

2.2 Rainfall sampling and isotope analyses

Rainwater was manually collected with a passive collector at 5-10 minutes intervals, from September 2019 to February 2021,

except for April, July, and August 2020, when no rainfall was observed in the study area (Fig. 2). Due to the difficulties of
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manual sampling and complexity in forecast rainfall occurrences for one point, rainfall events were collected randomly during
the monitoring period. Rainfall samples (n = 90) were immediately transferred and stored in 20 mL HDPE bottles with sealed
caps. Air bubbles were avoided to prevent potential isotopic exchange with the headspace and fractionation.

Rainfall samples were analysed for stable isotope composition using Off-Axis Integrated Cavity Output Spectroscopy (Los
Gatos Research Inc.) at the Hydrogeology and Hydrochemistry laboratory of UNESP's Department of Applied Geology and
at the Chemistry School of the National University (Heredia, Costa Rica). All results were expressed in per mil relative to
Vienna Standard Mean Ocean Water (V-SMOW). The certified calibration standards used in UNESP were USGS-45 (6°H =
—10.3%o, 380 = —2.24%0), USGS-46 (§?H = —236.0%o, 3*30 = —29.80%o), including one internal standard (Cachoeira de Emas
- CE — 8%°H = —36.1%o, 8*80 = —5.36%0). USGS standards were used to calibrate the results on the V-SMOW2-SLAP2 scale,
whereas CE was used for memory and drift corrections. In Costa Rica laboratory, the certified standards MTW (&°H =
—130.3%o, 5180 = —16.7%0), USGS45 (8°H = —10.3%o, 5'80 = —2.2%o), and CAS (8°H = —64.3%o, 580 = —8.3%0) were used
to correct the measurement results for memory and drift effects and to calibrate them on the V-SMOW?2-SLAP?2 scale (Garcia-
Santos et al., 2022). The analytical uncertainty was £1.2%o (15) for °H and +0.2%o (1o) for §'80 for UNESP analysis and
0.07%o 8180 and 0.38%o0 &°H for Costa Rica analysis. Deuterium excess (d-excess) was calculated as: d-excess = §2H - 8*5'80
(Dansgaard, 1964). It was used to interpret the influence of moisture origin/transport (Sanchez-Murillo et al., 2017; Froehlich
et al., 2002) and to quantify below-cloud processes (e.g. Jeelani et al., 2018; Graf et al., 2019; Aemisegger et al., 2015b).

2.3 Meteorological data

Automatic Weather Station (AWS) Decagon Em50 (METER) was installed near the Micro Rain Radar (MRR) (METEK) at
670 m.a.s.l, in immediate vicinity of the rainfall collection site. Meteorological data were recorded at 1 min intervals for rain
rate (AWS RR, mm.min™), air temperature (T, °C), relative humidity (RH, %) and pressure (kPa). The MRR data for
reflectivity (Z, dBZ), fall velocity (w, m.s™%), liquid water content (LWC, g.m™®) and rain rate (MRR RR, mm.mint) were also
recorded at 1 min intervals. MRR parameters correspond to the mean values measured at the elevation between 150 and 350
meters above ground. MRR operated at a frequency of 24.230 GHz, modulation of 0.5 — 15 MHz according to the height
resolution. For this work, different height resolutions (31 range bin) were tested, 150m, 200m, 300m and 350m, resulting in
vertical profiles of 4650m, 6200m, 9300m and 10.850m, respectively (Endries et al., 2018). The MRR data used in the
following discussion are the near-surface data (first measurement from 150m to 350m). MRR vertical profile (from 150m to
10.850m) was used to classify and visualize the radar echoes. Rain rates (AWS and MRR) were computed for 5 min intervals
(mm.5min?) following the chosen interval of isotope rainfall sampling. Lifting Condensation Level (LCL, meters) was
computed from AWS RH and T, following Soderberg et al. (2013).

GOES-16 imagery (https://home.chpc.utah.edu/~u0553130/Brian_Blaylock/cgi-bin/goes16_download.cgi) was used to

identify the convective nuclei of the cloud-top (10.35-um, Band-13) and brightness temperature (BT), at 10 min intervals
during the sampling period over the Rio Claro station (Ribeiro et al., 2019; Schmit et al., 2017). The 10.35-um BT is often

4
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used to estimate the convective cloud depth, since the lower BT is linked to deeper cloud tops (Adler and Fenn, 1979; Roberts
and Rutledge, 2003; Adler and Mack, 1986; Ribeiro et al., 2019; Machado et al., 1998).

The origin of air masses and moisture transport (Fig. 1e) were analysed using the HYSPLIT Model (Stein et al., 2015;
Soderberg et al., 2013). Trajectories of convective events were estimated for t 240 hours prior to rainfall collection and ending
elevations at 1500m above the surface, following (dos Santos et al., (2022). The meteorological outputs: heights (meters),
relative humidity (%), and rainfall intensity (mm.hrt) along the trajectories were used to analyse the rainout processes.

Reanalysis data were used to better understand the influence of atmospheric circulation on isotopic composition of rainfall

at the study area. ERA-5 climatology (https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset) was used to generate

plots of hourly vertical integral of eastward water vapor flux during convective events sampled. The Global Modelling and
Assimilation  Office (GMAO) data (MERRA-2, 1 hour, 05 x 0.625 degree, V5124 -
https://goldsmr4.gesdisc.eosdis.nasa.gov/data/ MERRA2/M2T1INXFLX.5.12.4/) were used calculations of latent heat flux
(LHF), and Aqua/AIRS L3 Daily Standard Physical Retrieval (AIRS-only) 1 degree x 1 degree V7.0, Greenbelt, MD, USA,
Goddard Earth Sciences Data and Information Services Center (GES DISC) data, for average outgoing longwave radiation
(OLR) (https://disc.gsfc.nasa.gov/datasets/AIRS3STD_7.0/summary). OLR values below 240W.m2 indicate organized deep
convection (Gadgil, 2003).

2.4 Convective rainfall classification

In General, classification of convective precipitation systems was based on the vertical structure of precipitation (lack of the
melting layer and bright band - BB) in the radar profiles featuring high reflectivity values (Z >38 dBZ) (Houze, 1993, 1997;
Steiner and Smith, 1998; Rao et al., 2008; Mehta et al., 2020; Endries et al., 2018) and satellite imagery (Vila et al., 2008;
Ribeiro et al., 2019; Siqueira et al., 2005; Machado et al., 1998). Consequently, convective rainfall was defined in this study
by (i) convective nuclei observed in GOES-16 imagery, (ii) no BB detected, (iii) Z > 38dBZ near-surface and (iv) rainfall
intensity (AWS) of at least 10mm.h* (Klaassen, 1988) (Fig. 1c,d). The convective nuclei were identified using GOES-16
imagery, determined as a contiguous area of at least 40 pixels with BT lower than 235K (<-38°C) over Rio Claro station,

according to previous studies (Ribeiro et al., 2019).

2.5 Definition of day-night differences in convective rainfall

The rainfall samples collected in this study generally do not represent consecutive pairs of day-night data during the same day.
Daytime data are related to rainfall samples collected in Rio Claro station from 07:00 to 18:59 local time (10:00-21:59 UTC)
whereas night-time data represent the period 19:00-06:59 local time (22:00-09:59 UTC). Therefore, the labelling of convective
rainfall samples as ‘day’ or ‘night’ is directly related to the period of their collection at the Rio Claro station. It was not the

focus of this study to evaluate the formation of convection processes and evolution of a convective system, because we only
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collected rainfall samples in a single point. An evaluation of the evolution of convection during the day-night using high-
frequency strategies would require a range of collection stations capable of capturing the formation of the convective system
and its spatial and temporal evolution. Although, in the tropics, a substantial part of the convection systems is developed during
the day (Warner et al., 2003; Romatschke and Houze, 2010), they can generate rain events in the afternoon and at night, not
occurring in the same place. Proper sampling of these systems, following their formation, development, and decay would
require a complex and expensive sampling strategy.

2.6 Statistical tests

The Shapiro-Wilk test was applied to verify that the data distribution was normal (parametric) or non-normal (non-parametric)
(Shapiro and Wilk, 1965). A significant difference (p-value < 0.05) indicates a non-parametric distribution. A Spearman rank
correlation test was used for nonparametric data distribution, whereas Pearson’s linear correlation test was applied for
parametric data. A Kruskal-Wallis nonparametric test (Kruskal and Wallis, 1952) was applied to test statistical differences (p-
value < 0.05) between the isotopic compositions (580 and d-excess) for day-night during summer, and between autumn and
spring. All tests were performed with significance levels defined by a p-value (p) < 0.05, using R statistical package (R Core
Team, 2022).

3 Results

3.1 Seasonal variations of rainfall isotopes and meteorological parameters

The high-frequency sampling allowed a more detailed and robust analysis of rainfall formation processes and its isotope
characteristics as compared to previous studies in the region (dos Santos et al., 2022; Dos Santos et al., 2019), which were
based on monthly or daily composite rainfall samples. Figure 2a illustrate this monthly perspective of isotope characteristics
(880 and d-excess) of rainfall for the study period (September 2019 — February 2021) at the Rio Claro site. It reveals a sharp
seasonal isotopic contrast between rainy and dry season (austral summer and winter, respectively). The Local Meteoric Water
Lines (LMWL) for the Rio Claro site based on monthly cumulative and high-frequency samples (Fig. A1 -Appendix A) cannot
be directly compared because of not complete coverage of rainfall in the given month by the high-frequency sampling. The
high-frequency sampling strategy employed in the study was aimed to capture specific rainfall events for each season (cf. Fig.
2a).

The seasonal and day-night distributions of convective activity (Fig. 2b,c) and rainfall amount (Fig. 2d) were observed
during the study period, resulting in different conditions for occurrence of convective events and high-frequency sampling of
rainfall. In austral winter, a season characterized by dry conditions in the south-central tropics of Brazil, convective rainfall
events were largely absent (Fig. 2a). No rainfall was collected at night during spring (convective events occurred predominantly

during day hours). Covid-19 restrictions precluded rainfall collection at night. Contrary to summer months, during autumn,

6
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spring and winter latent heat fluxes were lower (Fig. 2b) and outgoing longwave radiation was larger (Fig. 2c), which in turn
may have inhibited convective development related to thermal forcings (Houze, 1997, 1989). During summer, strong diurnal
heating and persisting convective activity resulted in nearly equal total rainfall amounts during day (51%) and night (49%)
(Fig. 2d).

3.2 Day-night differences in meteorological parameters and isotopic characteristics of convective rainfall.

Strong day-night variations in the isotopic parameters 580, d-excess of convective rainfall were observed during the austral
summer (red box-plots in Fig. 3). Day and night median 3*80 values were equal -7.5%o and -13.0%., respectively. During
daytime, higher 820 values (-4.4%o ~ -11.6%o, Fig. 3a), lower d-excess values (1.2%o ~ 18.4%o, median 8.4%. - Fig. 3d), lower
AWS rain rates (median 1.0mm-5min~— Fig. 3g) and AWS rainfall amount (median 16.9 mm) were observed. In contrast,
lower 8§80 values (-7.9%o ~ -15.2%o), higher d-excess (4.8%o ~ 21.4%o, median 16.7%o), higher AWS rain rates (median
1.8mm-5min-t) and AWS rainfall amount (median 26.9 mm) were observed night-time convective events. The non-parametric
Kruskal-Wallis test shows significant differences between day and night isotopic composition (p=<0.0001 for &0 and d-
excess).

Similar 5180 values (Fig. 3b,c) were observed in autumn (median -3.1%o) and spring (median -3.2%.), while d-excess values
(Fig. 3e,f) and AWS rain rates (Fig. 3h,i) differ between both seasons, (autumn: 16.8%o. and 0.6mm-5min; spring: 22.2%. and
1.2mm-5min‘?) (Fig. 3e,f). The Kruskal-Wallis test shows significant differences between autumn and spring and for the d-
excess (p=0.0039) and AWS rain rates (p=0.04), except §'80 (p=0.36).

Differences in convective rainfall between seasons were also observed in the origin of moisture tracked back by HYSPLIT
modelling (Fig. 1e), accompanied by differences in median 680 and d-excess values (in parentheses below, respectively) (Fig.
3 color-coded). In summer, convective events during daytime exhibited trajectories from Amazon (-10.4%. and 13.4%.) and
Southwest (-6.7%o and 7.1%o), and predominantly from Amazon at night-time (-13.0%. and 16.7%.). The Atlantic Ocean
moisture source was dominant during autumn (-3.3%o and 17.2%o for daytime, -2.8%o and 16.2%o, night-time) and spring (-
3.1%0 and 22.9%o), but also mixing with more isotopically depleted moisture of the Amazon origin (-4.1%. and 19.7%o.) was
suggested by HYSPLIT simulations for few events.

Figure 4 illustrates different meteorological scenarios for isotope parameters (580 and d-excess). During summer, in
daytime higher 50 and lower d-excess values correspond to low relative humidity values (RH) (Fig. 4a), high lifting
condensation level — (LCL) (Fig. 4f) and low brightness temperature — (BT) (Fig. 4k). At night-time, slightly lower §'80 values
and higher d-excess correspond to higher RH (Fig. 4b), lower LCL (Fig. 4g) and higher BT values (Fig. 4l). For these variables
strong and significant (p < 0.05) correlations were observed (Table 1): during daytime §'0-RH (r = -0.51), §0-T (r = -0.64),
3'80-AWS rain rate (r = -0.57), d-excess and AWS rain rate (r 0.61), d-excess and Z (r 0.61), d-excess and MRR rain rate (r
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0.61) and night-time §'80-RH (r = -0.74), d-excess and RH (r = 0.51,), 8*80-LCL (r = 0.75), d-excess and LCL (r -0.52), *0-
T (r=0.50).

During autumn and spring, the isotopic composition of convective rainfall is influenced by frontal systems (Fig. 4r,s,t)
(Dos Santos et al., 2019) which are characterized by (i) the passage of a cold front over the study area, (ii) instability (frontal),
when a cold front is localized in the south of Brazil and it generates changes in the regional atmosphere over So Paulo, and
(iif) when the cold front is localized in the Atlantic Ocean near Southeast portion of Brazil and interacts with regional
atmosphere, generating a low pressure (frontal). In summer, frontal systems and frontal instabilities occurred during the
daytime (Fig. 4p), while instability (thermal) and low pressure were present only at night (Fig. 4g). The instability (thermal)
is the atmospheric ascend related to surface heat in inland Brazil, mainly during summer.

Slightly higher median meteorological values were observed in spring when compared to autumn, except for LCL (449m
autumn-night and 225m spring), RH (AWS, 95% autumn-day and 93% spring) and RH (HYSPLIT, 78% autumn-day, 73
autumn-night and 41% spring) (Table B1). Also, the relations between rainfall isotopic composition and meteorological
parameters are not very clear in these seasons (Fig. 3). In general, correlations between isotope ratios and meteorological

variables in spring and in autumn are rather weak (Table 1), except for 3¥0-BT during autumn (r = 0.53).
3.3 Conceptual model of convective rainfall during summer

A conceptual model of the observed day/night isotopic variability of convective rainfall at the Rio Claro site is presented in
Fig. 5. The measured meteorological variables help us to better characterize the convective cloud/rainfall during passage over
the sampling site, the local atmosphere-surface conditions, and their impact on the observed isotope signatures of rainfall. BT
and LCL are related to the convective cloud depth (Machado and Laurent, 2004; Ribeiro et al., 2019) and cloud base (Risi et
al., 2019; Hu et al., 2022), respectively. RH and rainfall rates (from MRR and from AWS) indicate atmospheric conditions
below the cloud base and at the surface (Graf et al., 2019; Aemisegger et al., 2015a).

For daytime conditions, median values of meteorological and isotope parameters suggest strong convective cloud depth
and elevated cloud base (lower BT and high LCL values), the later resulting in longer interaction time between raindrops the
ambient atmosphere below the cloud base level. Lower RH enhances partial evaporation of raindrops, decreasing median value
of rainfall rate (both MRR and AWS readings), and producing less negative 8'80 and lower d-excess values. During night-
time, less vigorous convective cloud depth (higher BT) and low cloud base level (low LCL) were observed, which resulted in
reduced time of interaction raindrops with the atmosphere below the cloud base. High RH at the surface combined with higher
median rainfall intensity, further reduced the extend of raindrops evaporation. Consequently, stable isotope signatures
generated during in-cloud processes were transferred without substantial changes to the samples of rainfall collected at the

ground.
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4 Discussion

We are not directly interpreting the convection processes (not include vapor isotopes data), but rather the consequence of this
mechanism reflected in rainwater. For this reason, our dataset represents case studies of rain events over our collection point
(Fig. 1), whose classification was based mainly on point vertical radar observation, agreed with Houze (1997), that the
convective adjective must be used to describe the precipitation (or radar echo) and convection (or convective activity) is a
dynamic concept, the rapid, efficient, vigorous overturning of the atmosphere, directly related to the formation of clouds in the
tropics (Houze, 1997, 1993).

Isotopic composition of convective rainfall is a function of two main factors: (i) rainout history of moist air masses during
their transport in the atmosphere, from the source region(s) to the collection site, and (ii) local effects associated with
convective cloud characteristics at a given location linked to the fractionation steps associated with in-cloud phase changes of
water such as vapour-to-liquid and/or, vapour-to-solid, and modifications of rainfall isotopic composition below the cloud-
base level due to partial evaporation of raindrops as well as isotope exchange with the ambient moisture.

Regional aspects of atmospheric moisture transport to the Rio Claro site are illustrated in Fig. 1e showing representative
HYSPLIT backward trajectories associated with convective rainfall whereas maps of vertically integrated moisture flux in the
region are shown in Fig. 6. During summer, most of the moisture supply to the rainfall collection site is associated with
northwest-southeast winds bringing moisture from the Amazon basin. Moist air masses of Atlantic origin are transported
westward over the Amazon Forest, undergoing intensive recycling and rainout. Strong topographic blocking effect of the
Andes induces a change in the wind direction to northwest-southeast, along the eastern slope of the Andes, allowing flow of
moisture from the Amazon Basin to the southeast of Brazil (Fig. 6a) (Marengo et al., 2004; Vera et al., 2006). Along this
pathway, the occurrence of regional convective activity (Fig. 6d) generates successive convective systems resulting in
continuous rainout (Fig. A2) and vapour recycling (Moerman et al., 2013; Risi et al., 2008; Vimeux et al., 2011), which leads
to the characteristic depletion of convective rainfall in heavy isotope contents (5'80 around -10%o). Intensive convective
activity during summer results in large amounts of rainfall reaching the land surface during this season (Fig. A2).

In contrast to summer rainy season when moist, rain-producing air masses arriving at Rio Claro station are predominantly of
the Amazon origin, during autumn and spring the rainfall is associated exclusively with Atlantic Ocean and/or Amazon,
respectively. These air masses and largely suppressed convective activity during autumn (Fig. 6e) and spring (Fig. 6f) generate
convective systems with lower continuous rainout (Fig. A2) and vapor recycling. Very high 320 values, with median equal -
3.1%o (autumn) and -3.2%. (spring), accompanied by high d-excess values (median equal ca. 16.8 and 22.2%o, respectively
(cf. Fig.2), can be explained only by two processes: (i) first—step condensation of water vapour of marine origin (Atlantic
Ocean), and/or (ii) first step condensation of evapotranspirated moisture of continental origin which has the isotopic
composition of regional rainfall in the study area, stored in the soil during the rainy season (50O equal ca. -10 per mil).
HYSPLIT modelling suggests further that, during spring, two types of moist air masses are contributing to the characterize

differences in isotopic composition of convective rainfall: (i) continental air masses arriving from the Amazon, and (ii)
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maritime air masses arriving from the Atlantic Ocean. It is apparent from Fig. 3b,c that these two types of air masses reveal
slightly different isotope signatures: median §'®0 correspond to -4.1%. and -3.1%o, respectively, with d-excess values
substantially lower for continental moist air masses when compared to maritime air masses (19.7%o and 22.9%o, respectively)
(Fig. 3e,f). It is apparent from Fig. 1e, that backward trajectories starting at the Atlantic Ocean may interact also with the
continent (mixing with re-evaporated water vapour and partial rainout over the continent) before they reach the Rio Claro site.
This is supported by slightly reduced 580 and elevated d-excess values observed when compared to rainfall events of purely
continental origin.

The high-frequency of rainfall sampling implemented in this study revealed yet another dimension of the isotopic
variability of summer rainfall in the tropics: day versus night time differences in convective rainfall (cf. Fig. 3a,d). The night-
time rainfall is depleted in heavy isotopes and has elevated d-excess values, when compared to the daytime rainfall. During
summer rainy season in the southwest of Brazil is under overwhelming influence of moist air masses arriving from the Amazon
basin. Night-time rainfall events were predominantly from Amazon air masses. The occurrence of night-time events was
limited and likely linked to the occurrence of the low-level jet during the night (Saulo et al., 2000; Nicolini et al., 2002). These
air masses have a long history which could be linked to long residence time of water vapor in the atmosphere, in the order of
10 days (Gimeno et al., 2010). This in turn, combined with rainout and moisture recycling, may lead to distinct depletion in
heavy isotope contents and elevated d-excess values of the moisture precipitating over the Rio Claro site. Therefore, it is highly
unlikely that the sharp day-night contrast in the isotope characteristics of convective rainfall shown in Fig. 3a,d is generated
by only moist air masses of different origin. Instead, we suggest that those strong diurnal variations of the isotopic composition
of convective rainfall in the inland tropics of Brazil are mainly controlled by local effects.

Impact of local processes on the isotopic composition of convective rainfall in the tropics is illustrated by the conceptual
model presented in Fig. 5. This diagram combines (a) meteorological parameters characterizing the convective cloud structure
(cloud-top temperature and cloud-base level) and rainfall interactions with the local atmosphere below the cloud-base level
(ground-level relative humidity, lifting condensation level, raindrops dimensions and rainfall rate) with (b) the processes
modifying the isotopic composition of raindrops below the cloud-base level (partial evaporation and isotope exchange with
ambient moisture). We suggest that night-time isotopic composition of convective rainfall largely reflects regional conditions
characterized by presence of moist air masses of Amazon origin depleted in heavy isotopes and having elevated d-excess
values, with the LLJ playing a relevant role in the moisture transport from the Amazon to the collection site area. It is suggested
that partial evaporation and isotope exchange of raindrops below the cloud-base level seems to be suppressed at night due to
number of factors such as: (i) shorter travel time of raindrops to the ground due to both lower cloud-base level and higher
terminal velocity of large raindrops formed during night-time events, (ii) smaller relative mass reduction of large raindrops
leading to smaller modification of their isotopic composition due to partial evaporation, (iii) higher RH of the ambient
atmosphere below the cloud-base level reducing intensity of raindrops evaporation. These factors change during daytime,
resulting in a substantial modification of the original isotopic composition of raindrops leaving the cloud base (longer travel

time of raindrops, higher relative mass reduction of raindrops, lower RH of ambient atmosphere below the cloud-base level).
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Our conceptual model supports previous studies related to possible factors modifying the isotopic composition of precipitation
below the cloud base level such as drop size distribution (Muller et al., 2015; Managave et al., 2016), below-cloud RH (Lee
and Fung, 2008), height of the cloud base (Wang et al., 2016) and rain intensity (Graf et al., 2019). However, it is mentioned
that a more detailed assessment of precipitation evaporation below the cloud base must be conducted and include further details
of the vertical profiles of temperature and humidity as well as water vapor isotopes information if possible.

Absence of day-night isotope contrasts of rainfall during the autumn and spring seasons (cf. Fig. 2) is probably related to
lower surface heating and hence lower possibility of convection to generate convective rainfall by thermal conditions (cf. Fig.
6e,f). Apparently, generally weaker convection activity of the regional atmosphere during this period does not generate day-
night differences in the extent and intensity of rain-producing convective systems, large enough to induce discernible

difference in the isotopic characteristics of rainfall.

5 Concluding remarks

This work provides a new perspective on the isotopic variability of convective rainfall in the tropics. We combined high-
frequency sampling of rainfall, covering a 1.5-year period (September 2019 — February 2021), with extensive monitoring of
meteorological parameters in the local atmosphere, satellite imagery and HYSPLIT backward trajectory modelling of moist
air masses bringing rainfall the Rio Claro site, a continental, tropical location in the south-eastern Brazil.

On monthly time scale, the Rio Claro site reveals typical variability observed in other tropical sites, with high amount of
rainfall during the rainy period, strongly depleted in heavy isotopes, and high & values during the dry period. High-frequency,
intra-event sampling implemented in this work revealed an unexpected characteristic of the sampled convective rainfall
fractions. A distinct diurnal variability was discovered, with large differences in the & values and the d-excess parameter
between the daytime and night-time rainfall fractions. A conceptual model, based on local high-frequency meteorological
observations, satellite imagery and HYSPLIT modelling was proposed to explain the observed diurnal variations of the isotopic
composition of the collected rainfall fractions. We suggest that the observed diurnal variability is largely caused by local
effects, i.e. the differences in the convective clouds structure, rain-producing systems during daytime and night-time causing
large changes in the isotope signatures of daytime rainfall due to partial evaporation of raindrops below the cloud-base level
and apparent absence of those effects for night-time rainfall fractions.

Day-night differences and diurnal cycle in water isotopic composition of convective systems presented here offers an
interesting new perspective for the ongoing discussion of the ‘amount effect’ in tropical areas.

Although high-frequency rainfall sampling is logistically difficult, we encourage future studies of this type in different
geographical regions across the tropics, to search for diurnal variations in the isotopic compaosition of convective rainfall during
rainy period. Such studies should be accompanied by extensive monitoring of local meteorological parameters and modelling
of regional transport of moisture to the rainfall collection site.
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Figure 1. (a) Localization of sampling site in Rio Claro (black star) (b) in regional synoptic context across Brazil and main atmospheric
systems (CF — cold front and SACZ — Southern Atlantic Convergence Zone). Over collection point (c) GOES-16 satellite imagery showed
convective system with lower brightness temperature (BT, clou-top) and (d) Micro Rain Radar (MRR) illustrates the vertical structure of
convective rainfall, height (h) and time (t), characterized by radar reflectivity (Z) with strong values near-surface. (e) transport of atmospheric
moisture to the site visualized by air mass back trajectories derived from HYSPLIT modelling. In Figure le, the authors used trivial
information, the borders of the countries and the ocean provided by the ESRI base map.
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Table 1. Spearman rank correlations between isotopic composition of rainfall and meteorological parameters

Seasons Summer Autumn* Spring
Day Night
Isotopes 5180 d-excess 5180 d-excess 5180 d-excess 5180 d-excess
GOES BT 0.43 -0.08 -0.25 -0.19 0.53 -0.08 0.14 -0.26
Z -0.38 -0.19 -0.14 0.32 0.34 -0.29 -0.22 0.55
w -0.16 -0.26 -0.14 0.10 0.14 -0.19 -0.13 0.59
MRR LwC -0.07 -0.35 -0.20 0.41 0.00 -0.11 -0.29 0.45
RR -0.52 -0.22 -0.40 0.37 0.00 0.00 -0.25 0.36
LCL 0.47 0.75 0.86 -0.68 -0.33 0.40 -0.42 -0.16
AWS Temp -0.64 0.5 -0.22 0.11 -0.56 0.56 0.48 0.4
RH -0.51 -0.74 -0.86 0.68 0.30 -0.38 0.42 0.16
RR -0.57 -0.19 -0.34 0.41 0.16 0.00 -0.18 0.11

Bold values are significant (p-value <0.05). BT (°C) - GOES brightness temperature; MRR - Micro Rain Radar; Z (dBZ)- reflectivity; w
605 (m-s)- vertical velocity; LWC (gm) - liquid water content; RR (mm) - rain rate; AWS - Automatic Weather Station; LCL (meters) -
lifting condensation level; T (°C) - temperature; RH (%) - relative humidity; RR (mm) - rain rate. *For autumn the correlations were not
separated into day and night, because the number of samples representing night is very small (n=4).
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Figure 5. Schematic diagram for daytime (orange) and night-time (dark-blue) situations of convective rainfall occurrences during summer
at the inland tropics of Brazil. Vertical structure of convective cloud is characterized by the cloud depth (GOES-16 BT — brightness
temperature °C) and cloud-base (LCL — lifting condensation levels in meters). Below-cloud illustrate falling raindrops and their interactions
with atmosphere near-surface (150m-350m) by Micro rain radar data, RR — rain rates, Z — reflectivity, w — fall velocity, LWC — liquid water
content and at surface by Automatic weather station, RR — rain rates, AT - difference between maximum and minimum surface air
temperature and RH — relative humidity. Differences in cloud structure and atmosphere below-cloud generate the differences in isotopic
composition (580 and d-excess) of convective rainfall observed. The illustration of cloud and raindrops are not scale.
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Figure 6. (a) Amazon, (b) Atlantic Ocean and (c) Southwest Brazil are HYSPLIT origin and were combined with ERA-5 vertical integral
of eastward water vapor flux for the days when convective rainfall events occurred, during (d) summer, (e) autumn and (f) spring aggregated
with MERRA-2 outgoing longwave radiation between 2019 and 2021. The position of the names indicates the origin of HYSPLIT
trajectories. Positive values in Fig. a,b,c indicate the direction of moisture vapor flux from left to right, and negative values from right to
left. Lower OLR (red) values indicate higher convective activity.
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Figure A2. Rainfall intensity on HYSPLIT backward trajectories (240 hours) related to the moisture origin (Figure 1e) for all convective
events. The Amazon trajectories reveal quasi-continuous rainout during pathway of moist air masses over the Amazon Basin down to the
collection site at Rio Claro.
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Table B1. Meteorological data for summer (day and night), autumn (day and night) and spring (day)

Seasons Summer Autumn Spring
Meteorological Daytime Night-time Daytime Night-time
data min  max median min  max median min max median min max median min max  median
GOES BT -66 -39 -51 -57.8 -16.2 -45 -55 -36 -50 -61 -53 -56 -66.7 -57.3 -63
z 20 51 36 0.93 46 40 17 51 42 22 44 33 24 50 45
MRR w 5.4 8.8 7.0 026 7.7 6.6 5.6 8.7 7.6 50 81 6.6 5.4 8.9 7.8
LWC 0.0 14.0 0.8 0.03 7.6 18 0.1 3.8 12 0.1 3.3 10 0.0 4.0 21
RR 0.5 10.0 8.4 0.27 10.0 9.9 0.02 10 8.9 5.0 8.1 6.6 1.0 10 9
LCL 212 777 452 83 377 95 133 340 167 355 757 449 65 1137 225
Temp 19 25 21 20 24 22 18 20 19 18 20 19 19 27 21
AWS RH 79 94 86 89 98 97 90 96 95 78 89 86 71 98 93
RR 0.03 838 1.0 0.1 5.0 1.8 0.01 54 0.6 0.2 2.6 0.7 0.2 54 1.2
Height 31 1110 1727 0 3212 778 1185 3576 2030 44 1500 287 0 11104 1781
HYSPLIT RH 2 100 71 32 100 78 42 90 78 54 92 73 2 100 41

Rainfall 0.00 10.70 0.37 0.00 13.20 0.53 0.00 1.00 0.01 0.00 1.0 0.01 0.00 2.40 0.03

Bolded values were used to create the figure 5. BT (°C) - GOES brightness temperature; MRR - Micro Rain Radar; Z (dBZ)- reflectivity; w

(m-s?)- vertical velocity; LWC (g'm™) - liquid water content; RR (mm.5mint) — rain rate; AWS - Automatic Weather Station; LCL (meters)

- lifting condensation level; T (°C) - temperature; RH (%) - relative humidity; RR (mm.5min-) — rain rate. Meteorological values along
670 HYSPLIT trajectories; (meters) height; RH (%) - relative humidity; Rainfall rate (mm.h1).
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