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ABSTRACT

Precipitation isotope ratios (O and H) record the history of water phase transitions and fractionation processes during
moisture transport and rainfall formation. Here, we evaluated the isotopic composition of precipitation over the central-
southeastern region of Brazil at different timescales. Monthly isotopic compositions were associated with classical effects
(rainfall amount, seasonality, and continentality), demonstrating the importance of vapor recirculation processes and
different regional atmospheric systems (South American Convergence Zone-SACZ and Cold Fronts-CF). While moisture
recycling and regional atmospheric processes may also be observed on a daily timescale, classical effects such as the
amount effect were not strongly correlated (8'80-precipitation rate r < —0.37). Daily variability revealed specific climatic
features, such as 680 depleted values (~ —6%o to —8 %0) during the wet season were associated with strong convective
activity and large moisture availability. Daily isotopic analysis revealed the role of different moisture sources and transport
effects. Isotope ratios combined with d-excess explain how atmospheric recirculation processes interact with convective
activity during rainfall formation processes. Our findings provide a new understanding of rainfall sampling timescales and
highlight the importance of water isotopes to decipher key hydrometeorological processes in a complex spatial and
temporal context in central-southeastern Brazil.

Key words: precipitation, stable water isotopes, d-excess, moisture source and transport, southern Atlantic Ocean and
Amazon
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Article Highlights:

¢ A significant correlation was observed between monthly precipitation amounts and 380 values (r = 0.60).

e Strong daily 8!30 correlations (r = 0.50) were associated with regional meteorological features such as OLR.

* Air mass back trajectories and d-excess values (>13%o) showed the role of the Amazon Forest on moisture recirculation
and availability.

* Our results indicate the major importance of convection activity (r = 0.65 — §'80-OLR) and moisture availability (r =
—0.66 — 3180-Precipitable Water) controlling rainfall generation and the isotopic variability.
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1. Introduction

The stable water isotopologues constitute an important
tool to underpin the climatic controls involved in rainfall for-
mation processes, considered one of the most vulnerable com-
ponents of the hydrological cycle under a changing climate
(Power et al., 2017; Wasko and Sharma, 2017). Different iso-
topologues are formed due to the isotopic fractionation during
aqueous phase changes. Therefore, it is possible to trace and
combine their isotopic compositions with physical and micro-
physical processes within distinct water reservoirs at the sur-
face-atmosphere continuum (Bowen et al., 2019).

Since the establishment of the Global Network of Iso-
topes in Precipitation in 1961 (known as GNIP; https://
www.iaea.org/services/networks/gnip), multiple efforts
have addressed the key climatic drivers governing the isotopic
composition of precipitation (Rozanski et al., 1993; Clark
and Fritz, 1997; Aggarwal et al., 2012; Terzer et al., 2013;
Konecky et al., 2019). However, the isotopic drivers are still
not well defined in tropical areas, whereby weak correlations
with temperature and moderate negative correlations with
the amount of precipitation (known as the “amount effect”)
(Dansgaard, 1964; Kurita et al., 2009; Winnick et al., 2014;
Sanchez-Murillo et al., 2016) are the most recurrent find-
ings. Recently, convective and stratiform precipitation pro-
cesses (Risi et al., 2008; Aggarwal et al., 2016; Tharammal
et al., 2017; Lekshmy et al., 2018; Munksgaard et al., 2019;
Sanchez-Murillo et al., 2019) have been considered to be
the main factor that explains precipitation isotopic variability
in the tropics and a large portion of extratropical areas world-
wide (Aggarwal et al., 2016). However, the linear regression
model used for rainfall correlation has already been debated
(Konecky et al., 2019) since the humidity convergence pro-
cesses and rain re-evaporation were not considered.

The combination of more robust analytical instrumenta-
tion and techniques combined with the greater efficiency of
reliable precipitation passive collectors (Michelsen et al.,
2018, 2019) allow for the exploration of precipitation pro-
cesses at different timescales (i.e., monthly, weekly, daily,
and intra-events). Kurita et al. (2009) demonstrated that
daily isotopic compositions reflect: 1) the regional atmo-
spheric conditions (i.e., moisture source, rain-out history dur-
ing transport) such as on a monthly timescale; 2) local
effects (i.e., topography, surface meteorological conditions);
and 3) post-condensation processes (i.e., the interaction
between raindrops and the surrounding water vapor under
the cloud and/or re-evaporation during the raindrops
descent). It is necessary to emphasize that in daily or sub-
daily monitoring strategies, the correlation between 3'80
and the rain intensity (recognized as the amount effect)
tends to be weak (Kurita et al., 2009). This lack of correlation
on daily basis (or amount effect) was directly related to
regional factors, such as air mass origin, its trajectory, and
the precipitation history or local factors (below-cloud pro-
cesses, which depend on rain intensity, relative humidity,
and drop sizes). During intense rainfall events, drops tend to
be larger and hence less affected by isotopic exchanges with
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vapor (Muller et al., 2015; Graf et al.,, 2019; Han et al.,
2020, 2021).

Our study combines the isotopic compositions of
monthly and daily precipitation data, collected over different
timescales and obtained from meteorological stations
located in the central-southeastern region of Brazil: Belo Hori-
zonte-MG, Brasilia-DF, Rio Claro-SP, and Rio de Janeiro-
RJ, hereafter BH, BR, RC, and RJ, respectively (Fig. 1 and
Table 1). This region is characterized by a high population
density and high concentrations of large industrial and agro-
industrial activities; therefore, sustaining water resources is
one of the main challenges for managers and government
agencies (Ferreira et al., 2018). Belo Horizonte, Brasilia,
and Rio de Janeiro are socio-climatic hot spots (Torres et al.,
2012), while Rio Claro is located in the Parana Basin, close
to important recharge areas of the Guarani Aquifer System
(Batista et al., 2018; Kirchheim et al., 2019; Santarosa et al.,
2021).

The main objective of this study is to evaluate the multi-
temporal rainfall isotopic variability over the central-south-
eastern region of Brazil and identify how distinct isotope sam-
pling timescales enhance our understanding of key drivers
controlling rainfall generation. The main research questions
are 1) How do different climatic regimes/conditions affect
the isotopic composition at each location on monthly and
daily sampling scales? 2) Do the atmospheric systems promote
the same influence over isotopic variability at all stations?
3) Does changing the sampling timescale, monthly or daily,
affect the insights for isotopic interpretation in tropical
areas?

Our results offer an enhanced isotopic assessment of trop-
ical rain, provide novel information and knowledge to
improve the current regional and global interpretations of sta-
ble isotope variations in tropical rainfall under climate
change scenarios. Furthermore, this study promotes an inter-
pretation of new data using two timescales in a large
regional area. From this perspective, the study of the isotopic
composition of precipitation in Brazil represents a research
area that has received limited attention.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses the background settings, section 3 outlines
the materials and methods with isotopes analysis and meteoro-
logical data, section 4 presents the results in two parts, from
monthly to daily timescales, section 5 discusses the results,
and section 6 presents the conclusions from this research.

2. General settings

The rainfall pattern in central-southeastern Brazil is char-
acterized by an annual average of around 1500 mm and is
divided into two distinct seasons, the dry season (April to
September) and the wet season (October to March) (Reboita
et al., 2010; Alvares et al., 2013). Recycled moisture (i.e.,
evapotranspiration) from the Amazon rainforest is the main
water vapor source during the wet season (Fig. 1). Amazon
moisture is transported by the Low-Level Jet (LLJ), providing
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moisture flux from the east of the Andes range (i.e., Amazon
region) to the southeast region of South America (Marengo
et al., 2004; Montini et al., 2019; Ramos et al., 2019). The
interactions between the incursions of Bolivian High (BoH),
LLJ, and Cold Fronts (CF) on the southeastern coast con-
tribute to the formation of the South American Convergence
Zone (SACZ), an area of enhanced convective activity with
a wide range of cloud coverage, humidity, and heavy rainfall
during the Brazilian summer (Kodama, 1992; Lima et al.,
2010) (Fig.1). These climatic features are all part of the sea-
sonal dynamic of the South America Summer Monsoon sys-
tem (Vera et al., 2006; Reboita et al., 2010; Marengo et al.,
2012). During the dry season, there is decreased moisture
flux into the Amazon, a displacement of the southern
Atlantic Subtropical High (SASH) over the continent, and,
consequently, a decrease in rainfall due to strong CF incur-
sions (Reboita et al., 2010).

3. Materials and methods
3.1. Isotopic composition of monthly and daily
precipitation
Monthly isotopic compositions at BH, BR, and RJ were
obtained from the GNIP dataset (reference code in Table 1,
available at: https://www.iaea.org/services/networks/gnip).
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Both monthly and daily samples were collected in RC at the
Environmental Studies Center — Sdo Paulo State University
(CEA-UNESP) and were analyzed using Cavity Ring-Down
Laser Spectroscopy at the Hydrogeology and Hydrochemistry
laboratory of UNESP’s Department of Applied Geology,
according to dos Santos et al. (2019c), available at https:/
data.mendeley.com/datasets/72z5cyhg9g/1. The BR dailyiso-
topic composition was collected at the Laboratory of the
Geochronological, Geodynamics and Environmental Studies
- Brasilia University (UnB). The samples were analyzed at
the Laboratory of the Stable Isotopes using a Picarro L2120-
i Analyzer - Vaporization Module A0211 and Autosampler
PAL HTC-xt. The BH daily samples were collected and ana-
lyzed at the Center for the Development of the Nuclear Tech-
nology (CDTN) using a Delta V IRMS Thermo Fischer sys-
tem, model Delta V Advantage Isotope Ratio MS.

3.2. Meteorological data and El
Oscillation (ENSO) analysis

Precipitation, temperature, and relative humidity surface
data from BH (OMM code: 83587, 19.93°S, 43.93°W), BR
(OMM code: 83377, 15.78°S, 47.92°W), and RJ (OMM
Code: 83743, 22.89°S, 43.18°W) were obtained from the
Meteorological Dataset for Education and Research
(BDMEP) at the National Institute of Meteorology
(INMET), available at: http://www.inmet.gov.br/portal/

Nifio-southern
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Fig. 1. Circulation patterns and atmospheric systems: (a) ET: Evapotranspiration; ITCZ: Intertropical
Convergence Zone; BoH: Bolivian High; LLJ: Low-Level Jet; SACZ: South America Convergence Zone;
SASH: southern Atlantic Subtropical High; CF: Cold Front (CF1 = of extratropical origin; CF2 = associated
with the formation of SACZ). Figure based on Marengo et al. (2004) and modified from Santos et al. (2019a);
(b) Stable isotope sampling locations. Annual precipitation (color-coded in mm) was obtained from the
dataset of the Climate Prediction Center Merged Analysis of Precipitation, available at: http://www.cpc.ncep.
noaa.gov/products/global_precip/html/wpage.cmap.html.
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index.php?r=bdmep/bdmep. Surface meteorological data for
RC were obtained from a meteorological station located at
the Centro de Andlise e Planejamento Ambiental—Sao
Paulo State University Rio Claro (22°23'S, 47°32'W). Histori-
cal precipitation data ranges are 1961 to 2018 (BH), 1965 to
2018 (BR), 1994 to 2018 (RC), and 1961 to 1983/2002 to
2016 (RJ).

The influence of ENSO in the study area was assessed
using the Oceanic Nifio Index (ONI), which identifies differ-
ent ENSO phases and classifies each intensity based on a con-
tinuous average of sea surface temperature anomalies (TSM)
of three months in the Nifio region 3.4. over the Pacific
Ocean (5°N-5°S, 120°-170°W) (Huang et al., 2017). Accord-
ing to the National Oceanic and Atmospheric Administration
(NOAA) (http://origin.cpc.ncep.noaa.gov/products/analysis
_monitoring/ensostuff/ONI_v5.php), an ENSO event is
defined as SST values exceeding a threshold of £0.5°C for a
minimum of five consecutive overlapping months. Positive
and negative anomalies are defined as La Nifia (cold phase)
and EI Nifio (warm phase), respectively.

Due to different periods covered by the isotopic data
(Table 1), locations were separated to compare ENSO
events during the same period. At stations BR and RJ, the fol-
lowing ENSO events were selected: 1) warm phase: March
1965-April 1966 and October 1968—December 1969; and 2)
cold phase: May 1973-June 1974, October 1974—April
1976). At BH and RC, the following ENSO events were
selected: 1) warm phase: November 2014-May 2016; and 2)
cold phase: August-December 2016 and October
2017-March 2018. A regression analysis was carried out for
these ENSO events, including the monthly isotopic composi-
tions and the ONI-Index. Historical precipitation values
were used to determine the standard precipitation anomaly
during ENSO phases. At the RC station, the precipitation
data (1950-2016) were obtained from dos Santos et al.
(2019b) and were updated to include 2017 and 2018.

3.3. HYSPLIT and synoptic analysis

The origin of the air masses, their trajectories, and the
subsequent precipitation for the daily isotopic composition
at BH, BR, and RC were analyzed using the HYSPLIT
model (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory) (Stein et al., 2015; Rolph et al., 2017). This model
uses a 3D Lagrangian air mass vertical velocity algorithm to
determine the position of the air masses and reports these val-

Table 1. General information of precipitation sampling locations.
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ues at hourly time resolution over the trajectory (Soderberg
et al., 2013; Sanchez-Murillo et al., 2017). The trajectories
of the air masses were estimated for 240 hours prior to precipi-
tation onset, considering the estimated time of residence of
the water vapor (Gimeno et al., 2010; van der Ent and Tuinen-
burg, 2017; Gimeno et al., 2021). The trajectories were com-
puted using NOAA's meteorological data (global data assimi-
lation system, GDAS: 1 degree, global, 2006-present), with
ending elevations of the trajectories at 1500 m above the sur-
face, taking into account the climatological height of the
LLJ, within 10002000 m (Marengo et al., 2004). The HYS-
PLIT model also calculates meteorological outputs along
the trajectories, such as ambient temperature (K), relative
humidity (RH%), rainfall intensity (mm hr'), and mixed
layer depth (mix depth m). The mixing depth is calculated
based on the potential temperature profile (Draxler et al.,
2020) Trajectory frequency maps were generated as the sum
of the number of times the trajectories passed through one 3°
grid cell using ArcGIS software.

The synoptic atmosphere analysis was carried out
based on the NCEP/NCAR (National Center for Environmen-
tal Prediction/National Center for Atmospheric Research)
reanalysis of data from the National Oceanic and Atmospheric
Administration — NOAA (Kalnay et al., 1996) (https://psl.
noaa.gov/data/composites/day/). This dataset was used to gen-
erate plots of vertically integrated precipitable water (kg m2)
and the 500 hPa vertical velocity field or Omega (Pa s~!)
with grid size 2.5° x 2.5°, and Outgoing Longwave Radiation
(OLR W m~2), grid size 1.0° x 1.0°.

The OLR is a thermal radiative flux emitted by the
earth’s surface and was used as an indicator for the convective
activity (Vuille and Werner, 2005), since values below 240
W m2 indicate organized deep convection, while values
above 240 W m2 suggest no organized convection occur-
rence (Gadgil, 2003). The positive and negative Omega corre-
sponded to downward and upward motion (convective activ-
ity), respectively.

3.4. Convective and stratiform precipitation by ERA-
Interim

The ERA-Interim is a global atmosphere reanalysis
from the European Centre for Medium-Range Weather Fore-
casts (ECMRWF). This model and reanalysis system uses
ECMWEF’s Integrated Forecast System (IFS-31r2), config-
ured for the following spatial resolution: 60 levels in the verti-

Location GNIP Code Latitude Longitude Elevation. (m) Timescale n Period Climate Type

Belo Horizonte 8358301 19.87°S  43.96°W 857 Monthly 91 10/2008-12/2018 Cwb
Daily 43 09/2016-02/2017

Brasilia 8337800 15.85°S  47.93°W 1061 Monthly 115 03/1965-06/1987 Aw
15.76°S  47.89°W 1071 Daily 75  09/2016-03/2017

Rio Claro 8374701 22.39°S  47.54°W 670 Monthly 65  02/2013-12/2018 Cwa
Daily 69  09/2016-03/2017

Rio de Janeiro 8374300 22.90°S  43.17°W 29 Monthly 131 11/1961-09/1985 Aw

Elev. = elevation in meters; n = number of samples; Climate type based on Koppen’s climate classification map for Brazil by Alvares et al. (2013).
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cal, with the top level at 0.1 hPa, T255 spherical-harmonic
representation for the basic dynamical fields, and a reduced
Gaussian grid with approximately uniform 79 km spacing
for the surface and other grid-point fields (Berrisford et al.,
2011). The ERA-Interim provides daily convective and
large-scale precipitation (stratiform), with 3-hr resolution
and a spatial resolution grid of 0.75° x 0.75°.

The convective and large-scale (stratiform) precipitation
data were obtained online (https://apps.ecmwf.int/datasets/
data/interim-full-daily/levtype=sfc/). Every grid pixel repre-
sents the amount of convective and large-scale precipitation
[m of water and was converted to millimeters (mm)] based
on the prognostic parameterization of cloud schemes by
ECMWEF (de Leeuw et al., 2015). Data were obtained for spa-
tial grids corresponding to the BH, BR, and RC stations
(Table 1), according to local precipitation intervals recorded
by the meteorological stations, which correspond to cumula-
tive precipitation samples from the previous day at 1200
UTC to the next day at 1200 UTC (equivalent to 24 houyrs).
In the partitioning of ECMWF scheme by ERA-interim, the
large-scale precipitation is considered stratiform precipitation
(de Leeuw et al., 2015).

3.5. Statistical Analysis

A Kruskal-Wallis (Kruskal and Wallis, 1952) nonpara-
metric test was applied to test statistical differences (p-value
< 0.05) between the isotopic compositions (8'80, §2H and d-
excess) for each locality. The D’ Agostino-Pearson K2 statistic
(n = 20 and k samples) (D’Agostino et al.,, 1990) was
applied to verify that the data distribution was normal (para-
metric) or non-normal (non-parametric). A significant differ-
ence (p-value < 0.05) indicates a nonparametric distribution.
A Spearman correlation test was used for nonparametric
distribution data, whereas Pearson’s linear correlation test
was applied for parametric data. These statistical tests (analy-
sis of variance, normality, and correlation) were conducted
between monthly and daily isotope ratios (§'80, 62H, and d-
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excess) and meteorological data (i.e., local station data, ONI-
Index, HYSPLIT model, and rainfall type from the ERA-
Interim). All tests were performed with significance levels
defined by a p-value (p) < 0.05, using the Corrplot R package
(R Core Team, 2020).

4. Results

4.1. Climatic patterns and precipitation

During the monitoring period (Table 1), the average
monthly precipitation (AMPrecip) in all sites presented evi-
dent seasonal distributions, following the pattern observed
in long-term monthly precipitation (Fig. 2). In terms of the
AMPrecip values, December was the rainiest month at BH
(275 mm) and BR (236 mm), while at RJ and RC, January fea-
tured greater values, at 207 and 204 mm, respectively. In con-
trast, July was the driest month at RC (18 mm), June in BR
(19 mm), June and August in BR (30 mm), and August in
RJ (41 mm) (Fig. 2). The wet season represents the largest
contribution for annual precipitation, ranging from 83% in
BH, 79% in BR, 71% in RC, and 68% in RJ.

The influence of ENSO on precipitation was determined
based on the long-term monthly precipitation (1960-2018)
for all sites. Weak annual precipitation anomalies were
found during both phases. During the warm phase, rainfall
increases were reported in RC (12.6%), RJ (2.5%), and BR
(1.9%), and a decrease was noted at BH (-5.6%). During
the cold phase, the net rainfall anomalies were as smaller in
all sites, with decreases at BH (-5.8%), RC (-1.4%), BR
(-0.3%), and a small increase at RJ (0.1%) (Fig. S1 in the
Electronic Supplementary Materials, ESM).

Temperature also presented a seasonal pattern. The differ-
ence between the hottest monthly average, January for BH
(21°C), RC (24°C), and RJ (26°C), and the coldest monthly
average did not exceed 7°C in RC and BH, while at RJ and
BR seasonal average temperature only differed by 5°C and
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3°C, respectively (Fig. S2 in the ESM).

4.2. Monthly and seasonal isotopic variability

Differences in the average monthly isotopic composition
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(880 and &%H) are presented in Figs. 3a—b. Overall, 5180
mean values were: —4.91%o0 (BH), —4.58 %0 (RC), —4.08 %0
(BR), and —3.72%0 (RJ). The BR station presented higher iso-
topic variability, while a lower variation was observed at
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Fig. 3. Monthly isotopic compositions of precipitation at each site: (a) 3'30, (b) 82H, and (c) d-excess
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BH, RC, and RJ. As expected, 8*H values exhibited a similar
distribution. Differences were also observed for d-excess
(Fig. 3c). Greater d-excess values were observed at RC and
RJ sites (d-excess > 12 %o), while BR reported lower d-
excess values. Amount-weighted 880 averages were lower
than the arithmetic 880 means for all sites, ranging from
—6.25 %0 in BH, —5.07 %0 in BR, —4.87 %0 in RC, and RJ
(-2.64%0). Isotope values were plotted along to the Global
Meteoric Water Line (GMWL), with the slope of Local Mete-
oric Water Lines (LMWLs) close to 8 and intercepts greater
than 11 for RJ, BH, and RC sites, except for BR that had an
intercept near 10%o (Fig. 3d).

On a seasonal basis, the isotopic compositions exhibited
depleted values during the wet season and enriched values
during the dry season, with the most depleted §'80 values
occurring during January, March, and December (~ —6%o to
—8%0) and enriched values observed from July to September
(~ —4%o0 to —1%0). Despite the similarity of the seasonal distri-
butions, the Kruskal-Wallis test revealed statistically signifi-
cant monthly differences between the sites for §'30 (p =
0.03) and d-excess (p = <-0.0001) (Fig. 3e). For 8*H, no sig-
nificant statistical differences were observed.

Overall, significant negative correlations between the
amount of precipitation and 830 values were observed
across all sites (Table 2). Relationships between the isotopic
values and temperature (except in RJ; Table 2) exhibited
weak correlations. Elevation and latitudinal effects were
also not observed. The most depleted values were recorded
at the BH station (857 m elevation). Despite the moderate
and positive correlation between the isotopic composition
and the ONI-Index during the cold phase of ENSO at BH
and RC (Table 2), the p-value is not significant (> 0.05 for
all localities). For 82H and d-excess, the correlations with
meteorological parameters are not strong, except for *H-tem-
perature (Table 2).

4.3. Daily isotopic variability

The assessment of the daily isotopic composition at BH
(September 2016—February 2017), BR, and RC (September
2016-March 2017) indicates relatively small differences as
demonstrated by the amplitudes (Figs. 4a—c) and the average
3180 values: —4.03%0%3.72%0 (BH), —3.39%0+3.88 %0 (BR)
and —4.85%0+4.34%0 (RC). Isotopic composition at RC was
the most depleted during this period (Figs. 4a and b), while
greater d-excess values were observed at BR (Fig. 4c). The
Kruskal-Wallis test indicated a statistically significant differ-
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ence for d-excess among all sites, while for 680 and 62H,
no significant differences were observed.

Computed daily LMWLs presented similar slopes and
intercepts: BH (82H = 7.79 + 0.165!30 + 10.74 + 0.89); BR
(8%H = 7.42 £ 0.128180 + 12.68 + 0.64); RC (8?H = 7.96 +
0.128'80 + 12.93 + 0.80).

The temporal distribution of the isotopic composition
of precipitation is different between locations (Fig. 4). At
BH (Fig. 4d) and BR (Fig. 4e), 8!80 exhibited two depleted
incursions (October—-November and February—March).
Strong depletions were observed at BR during February
2017. At RC, moderate depletions were observed until late
December, with strong incursions between January and
March (Fig. 4f). In general, low 8!30 values were observed
during months with larger precipitation amounts (Fig. 4).
Most portions of rain events were characterized by a greater
convective precipitation-ERA (Cv) fraction (Fig. S3 in the
ESM); however, the Cv and Stratiform (St) precipitation of
the ERA does not correlate with 3!30-32H values.

Greater §!80-8%H correlations (r = 0.50) were observed
with regional meteorological data (Table 3), such as 3!30-
Omega for BH and BR; 8!30-Precipitable water for BR and
RC; 8!80-OLR only for BR; §'80-Mix depth along HY SPLIT
trajectories for BR and RC; the accumulated rainfall along
HYSPLIT trajectories presented greater §!30-correlations
for all localities (Table 3).

The d-excess values were associated with large temporal
variability. However, d-excess values can be divided into
two periods (Fig. 4g). Until December, a large range of values
was observed in RC (4.0%0—24.5%0), BR (1.15%0—20.96%o),
and BH (2.09 %¢—18.12 %0), while from January 2017 to
March 2017, the observed variability was smaller, as
observed at RC (4.2%0—17.1%0) and BH (5.68%0—15.71%o),
while BR presented a similar variation (2.94 %¢—22.72 %o).
Only Cv (0.60) in BH and local precipitation (0.64) for BR
exhibited strong correlations with d-excess (Table 3).

5. Discussion

The isotopic composition of precipitation in central-
southeastern Brazil can be associated with the different pro-
cesses in the atmosphere operating at different timescales
(monthly or daily). Evaluation of the monthly isotopic compo-
sition revealed that seasonality is a common rainfall denomi-
nator across the region. The depleted (enriched) values (Fig.
3c) occurred during the rainy (dry) season (Fig. 2), in agree-

Table 2. Correlations between precipitation isotopes and meteorological data.

Precipitation Temperature Warm phase (ONI) Cold phase (ONI)
Locations 3180  &°H d 3180  &%H d 3180  8%H  d-excess 3180  3%H  d-excess
Brasilia -0.60 -0.09 -0.001 0.13 0.17 0.18 023 022 -0.07 0.10 0.01 0.12
Rio de Janeiro -0.45 -0.45 -0.08 -044 -0.55 -0.07 0.02 0.05 -0.003 0.07 0.12 0.23
Belo Horizonte -0.49 -0.49 -0.23 0.17 -0.14 -0.01 021  0.18 0.18 047 047 0.20
Rio Claro 0.63 031 -0.17 -0.29 -0.31 -0.03 024 027 -0.01 0.51 0.51 0.02

d = d—excess. Bolded values are significant (p—value < 0.05).
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Table 3. Correlation between daily isotopic composition and meteorological data. Bolded values are significant (p-value < 0.05) and

highlighted color in text are better correlations (r > 0.50).

Belo Horizonte (BH) Brasilia (BR) Rio Claro (RC)
Meteorological data 3180 3H  d-excess 3180 3H  d-excess 3180 3H  d-excess
Local data Precip. -0.20 -0.14 0.41 -0.39 -0.31 0.64 -0.30 -0.27 0.14
Temp. 0.02 0.00 -0.14 0.27 0.24 -0.14 0.40 0.36 -0.20
RH -0.10 -0.10 0.05 -040 -0.36 0.22 -0.16 -0.10 0.27
NOAA OLR 0.36 034 -0.23 0.57 0.55 -0.26 0.25 0.22 -0.12
Prec. Water -0.34 -0.32 0.17 -0.66 -0.65 0.23 -0.56 -0.59 -0.15
Omega 0.65 0.61 -0.35 0.63 0.64 -0.14 0.36 0.32 -0.19
ERA int. Cv -0.35 -0.28 0.60 -0.34 -0.32 0.18 -0.30 -0.28 0.13
St -0.07 -0.06 0.08 -046 -0.44 0.19 -0.35 —-0.32 0.20
HYSPLIT model Height -0.07 -0.06 0.03 0.18 0.13 -0.24 0.40 0.41 0.06
Pressure 0.12 0.10 -0.16 -0.04 0.01 0.13 -0.36 -0.36 -0.01
Pot. Temp. -0.20 -0.17 0.24 -0.05 -0.06 0.00 0.29 0.29 -0.01
Amb. Temp. -0.03 -0.03 0.06 -0.13  -0.09 0.15 -0.39 -0.40 -0.05
Rainfall -0.57 -0.52 0.42 -0.58 -0.57 0.21 -0.56 -0.57 -0.09
Mix. depth 0.49 043 -045 0.64 0.64 -0.26 0.49 0.51 0.16
RH -0.13 -0.12 0.07 -046 -0.50 0.09 -0.47 -0.51 -0.15
Terrain -0.23 -0.16 0.56 -0.22 -0.19 0.34 -0.12 -0.12 -0.11
Solar Rad. 0.06 0.07 0.04 0.30 0.30 -0.07 0.19 0.15 -0.19

ment with a previous study based on monthly timescales for
RC (Gastmans et al., 2017; dos Santos et al., 2019a).

Monthly seasonality is not related to a temperature
effect since there is a relatively small temperature seasonality
between the warmer and colder months (highest value is 7°
C) (Rozanski et al., 1993; Vuille et al., 2003; Jasechko,
2019). The lack of a temperature effect in tropical regions,
where the temperature ranges from 20°C to 30°C, is often
attributed to the dominance of the monthly amount effect
(Rozanski et al., 1993) and the seasonal changes of the loca-
tions of storm origin.

The influence of ENSO did notresult in significant differ-
ences in isotopic composition. Despite the existence of posi-
tive rainfall anomalies during the dry season (Fig. S1), there
were no significant differences in historical rainfall rates or
significant correlations between isotopic values and the ONI
Index (Table 2). In fact, previous studies revealed that the cen-
tral-southeastern region of Brazil is a transition region
between the drier conditions to the north-northeast and wetter
conditions over the southern portion of Brazil (Pezzi and Cav-
alcanti, 2001; Coelho et al., 2002; Barros et al., 2008; dos San-
tos et al., 2019b).

Greater average precipitation amounts were observed at
BH and BR compared to RC and RJ, which may be associated
with the SACZ position during the wet season (Zilli et al.,
2019). Likewise, RC and RJ are the most often influenced
by cold-frontal incursions during the dry season, which
results in higher precipitation amounts compared to BH and
BR. This trend may explain the differences between
monthly isotopic compositions, such as the relative depletion
in BH and enrichment in RJ, as well as the range of values
(Fig. 3). In addition, the small isotope variability in RJ is asso-
ciated with the proximity to the Atlantic Ocean, whereas in

BR, the large variability is more related to the continental
effect.

The distance to the Atlantic Ocean also affects moisture
transport, highlighted by the LMWLs. Considering the
monthly timescale, higher values of intercepts and slopes
observed for BH and RC sites indicate that the isotopic com-
position of precipitation is influenced by the processes of
moisture recirculation in the atmosphere (Wu et al., 2015;
Tang et al., 2017; Putman et al., 2019).

Despite the short period of sampling, which covered
most of the wet season over the region across all the sites,
the observed daily isotopic composition is similar to the
observed monthly data, with more enriched precipitation at
BR compared to sampling period, which covered most of
the wet season across all sites, the observed daily isotopic
composition is similar to the observed monthly data, with
more enriched precipitation observed at BR than BH and
RC. The intercept of LMWLs for BH and RC sites showed
lower values relative to the values derived from monthly
data. According to Kurita et al. (2009), this is an expected
trend because, on the monthly scale, the sum of rainfall
events inhibits the local processes (post-condensation pro-
cesses) that tend to decrease intercept values.

For this reason, the daily isotopic compositions (Fig. 4)
are related to specific climatic features, acting over the
region in different periods of the wet season. Contrary to
those observed on a monthly timescale (Table 2), there was
no amount effect observed on daily timescales (Table 3),
and the most depleted values are not related to the larger pre-
cipitation events. During the wet season, both the radiation
flux and temperatures are normally higher, which favor
increased convective activity and the occurrence of large-
scale SACZ events (Reboita et al., 2010).
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Fig. 5. Time series between 3'80 and NOAA meteorological data for all sites: (a) Outgoing
Longwave Radiation (OLR, W m2); (b) Precipitable Water (kg m=2); (c) Omega (Vertical velocity)
at 500 hPa. Arrows indicate the limit of values associated with convective activity (< 240 W m~2 for

OLR and negative for Omega).

Thereby, the differing displacements of daily isotopic
variations (Fig. 4) are explained by convective activity
(OLR < 240 W m~2 and negative values of Omega) and mois-
ture contribution (HYSPLIT trajectories) (Fig. 6). The
depleted 3'80 values (Fig. 5) in BH and BR were coupled
with the lower OLR values between November-December
(avg: 198 and 195 W m~2, respectively), between February-
March at BR (avg: 204 W m2), and between January (avg:
188 W m2) and March at RC (avg: 204 W m~2) (Fig. 5a).
Omega values (Fig. 5b) have similar distributions with OLR
values, confirming the convective activity. This is evidenced

by higher correlations between 8!30-OLR (r > 0.55; p <
0.05) and 3'%0-Omega (r > 0.61; p < 0 .05) (Table 3).
Depleted 880 values were observed during negative peaks
of omega values, representing a rising motion (Fig. 5b) and
for low OLR values that occurred during the same period
(Fig. 5a), while positive omega values were observed with
enriched 8!80 values during September and early November
(Fig. 5b), along with their associated higher OLR values (>
240 W m2) (Fig. 5a).

Large amounts of moisture in the atmosphere [high pre-
cipitable water values (PW)] were also observed during the
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periods characterized by depleted 3!30 values and high con-
vective activity (Fig. 5c). The first incursions of more
depleted values in RC (Fig. 5c) were not observed before
December (PW average between September-December:
32.18 kg m~2) when an increase of the convective activity
and PW occurred (PW avg during 830 depleted period in
Fig. 5¢c: 41.59 kg m2). On the other hand, the first depleted
incursions at BR and BH were observed in early November
(Fig. 5¢), associated with an early increase in PW and convec-
tive activity (Fig. 5). The observed differences indicate that
regional climatic features are modulated in different ways at
each site.

The temporal variability on moisture availability also
impacts d-excess values, as indicated by the differences
observed in the daily LMWL intercepts and the Kruskal-
Wallis test. Thus, despite the constant increase in the availabil-
ity of moisture in the atmosphere from September to Decem-
ber 2016, large variations in the PW values were observed
for all locations: BH (19.23 kg m2-41.49 kg m2), BR
(30.25 kg m2-43.14 kg m2), and RC (19.68 kg m2-
40.77 kg m2). These large PW variations led to a greater vari-
ability for the observed d-excess values for this period
(Fig. 4g). In contrast, from January to March, the PW variabil-
ity was lower for BH (31.23 kg m2-39.54 kg m2) and RC
(30.49 kg m2-44.94 kg m2), while BR was similar
(30.49 kg m—?— 44.94 kg m~2), which led to lower observed
variability in d-excess values (Fig. 4g).

Thereby, the large variability observed for PW and conse-
quent d-excess values can be associated with different mois-
ture sources and transport conditions that interact with atmo-
spheric dynamics and regional circulation features, such as
the LLJ (moisture transport from Amazon to central-south
of Brazil) and the SASH (moisture transport from the
Atlantic Ocean to central-south of Brazil). The trajectory
maps display this difference between the sites with four mois-
ture sources: land, ocean, and two with pathway over Amazon
Forest (influenced by reevaporated moisture), originating
from Land (named Land-Amazon; Fig. 6) or Ocean (Ocean-
Amazon). The trajectories influenced by Amazon are
accounted in the same percentage. Thus,. the trajectory contri-
butions to the BH are 17% from the land and 83% from the
ocean (9% influenced by Amazon Basin), for BR, 32%
from the land and 68 % from the ocean (22% from the Amazon
Basin), and for RC 40% from the land and 60% from the
ocean (21% from the Amazon basin) (Fig. 6).

Amazon moisture flux (Land-Amazon and Ocean-Ama-
zon in Fig. 6a) traveled short distances to reach BR and,
once associated with the SASH circulation (Ocean trajectories
in Fig. 6a), they favor the moisture passage over BR (Fig.
6a), resulting in higher variations of PW and elevated d-
excess values (avg: +14.40%o). On the other hand, the mois-
ture from the Amazon (Land-Amazon and Ocean-Amazon;
Fig. 6¢) that reaches the RC site does experience larger transit
distances. In addition, the site’s association with cold-
frontal activities (Ocean trajectories in the southern portion
of map; Fig. 6¢) produces a mixture of different moisture
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sources, resulting in lower d-excess values (avg: +13.09%o).
Most of the moisture resulting in precipitation over BH origi-
nated from the Atlantic Ocean (Fig. 6b) and had a shorter
pathway compared to the moisture arriving directly from
the Atlantic Ocean to BR and RC; this is thought to have
resulted in their lower d-excess values (avg: +11.55%o).

In addition, the higher correlations (r = 0.50) observed
between 8180 at the daily timescale and the regional parame-
ters (Rainfall and Mix depth along HYSPLIT trajectories,
PW, Omega, and OLR) (Table 3 and Fig. 5) confirm the
importance of regional factors on governing isotope varia-
tions. They also reveal that seasonal effect related to the
amount effect at a monthly timescale (r = 0.60 between
3'80-monthly precipitation) is explained by a combination
of moisture sources, recirculation processes, and convective
activity, better observed at a daily timescale.

Despite the relationship between §!30 values and convec-
tive activity in RC, no statistical correlations were observed
between 8!80 and OLR, Omega, and rainfall type by the
ERA-interim. Thus, PW and Rainfall-HYSPLIT exhibited
the best correlations, indicating that moisture availability is
the key climate driver for RC, characterized by distinct mois-
ture contributions and atmospheric systems, confirming the
results demonstrated in previous studies (dos Santos et al.,
2019a, c).

The effect of regional climatic characteristics was more
evident in BR through correlations between 8!30 and
regional meteorological parameters (Omega, OLR, PW, Rain-
fall-HYSPLIT, and Mix depth-HYSPLIT). The daily analysis
confirmed the importance of the continental effect on a
monthly scale, represented by a group of climatic features
characterized by the interaction with convective activity, mois-
ture transport, moisture source, and atmospheric systems
(mainly the SACZ); thus, it is not possible to determine a sin-
gle climatic driver for BR.

For BH, convective activity and moisture transport are
important climatic features, confirmed by the strong correla-
tion between Omega and Rainfall-HYSPLIT. The explana-
tion for convective activity (movement of winds by atmo-
spheric systems) is associated with SACZ and CF incur-
sions, complemented by a weak correlation with $!80 and
OLR. The importance of air movement (convection or subsi-
dence) during the formation of precipitation systems can be
explained by the strong correlation between d-excess and
Cv-Era in BH. These findings are coherent with previous
assessments done by Risi et al. (2010), in which d-excess val-
ues were associated with processes of subsidence in the transi-
tion zones of convective-stratiform precipitation. However,
few discussions have involved d-excess values and rainfall
type due to the inherent difficulty in associating meteorologi-
cal parameters with d-excess variability.

One possible explanation for weak correlations
between daily 8!80-82H and Cv-St precipitation is the sam-
pling frequency and monitoring design since the classifica-
tions by Aggarwal et al. (2016) were specific to monthly
data. The monthly 8'80 may be biased because the precipita-
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tion amount (P) also tends to increase with higher stratiform
rain fraction, as mentioned by Konecky et al. (2019), such
that the roles of moisture convergence and microphysical pro-
cesses like rain re-evaporation (which also increases with P)
remain hidden variables, mainly on monthly scales. The

biased P was represented by similar distributions between
daily 8'80-local precipitation (Fig. 4) and 8!30-Cv precipita-
tion (Fig. S3), which also occurred with their correlations
(Table 3). In addition, the daily data from RC was excluded
from the convective/stratiform classification data using
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Global Precipitation Measurement (GPM) by Munksgaard
et al. (2019) due to weak correlation.

Moreover, SACZ and CF are responsible for organizing
the convective activity over Brazil, generating precipitation
systems formed by convective and stratiform precipitation
(Machado and Rossow, 1993; Romatschke and Houze,
2013). These precipitation systems are estimated to be 45%
convective and 46% stratiform in South America, noting
that rainfall type is also difficult to partition (Romatschke
and Houze, 2013).

Therefore, acombination of convective activity and mois-
ture availability to the formation of precipitation systems
agrees with other studies (Kurita et al., 2011; Kurita, 2013;
Torri et al., 2017; Lacour et al., 2018) that demonstrate the
major importance of climatic mechanisms, such as convection
in relation to cloud microphysics (Aggarwal et al., 2016).

Our results demonstrate a relevant application of the
role of convective activity on the isotopic variability of
daily precipitation as a response to the interaction between
moisture-convection, advancing the understanding of iso-
topic depletion and its poor correlation with the amount
effect. However, it also highlights the strong relationship
with 8180-OLR, as shown by Vuille and Werner (2005). Fur-
thermore, it complements the assessment conducted by
Kurita et al. (2011) and Lacour et al. (2018), whose focus
was an assessment of the convection and isotopic composition
of vapor and its response to precipitation. The spatial distribu-
tion of convection in locations over the continent differs
from the regions over the tropical oceans (Torri et al., 2017)
and those over a moisture convergence zone. The latter fea-
tures intense convective activity, heavy rainfall, and large spa-
tial distribution, such as the SACZ, which is generally used
to explain the depleted isotopic composition of precipitation
over the Americas (Gastmans et al., 2017; dos Santos et al.,
2019c; Santos et al., 2021).

6. Conclusion

Sampling precipitation assessments of different
timescales indicate how the different climatic features affect
the isotopic composition of precipitation. While it was possi-
ble to visualize the isotopic variability associated with classic
effects (seasonal, precipitation amount, and continentality)
at the monthly scale, the daily isotopic composition
revealed stronger relations to specific climatic features, such
as convective activity and moisture transport.

Therefore, the variability observed at the daily scale
was very helpful to understand how the available moisture
interacts with the convective activity resulting in depleted
3180 incursions, which are observed frequently during the
wet season at different days at each site, and how the superpo-
sition of several events associated with these processes can
resultin monthly-scale depleted precipitation, leading to simi-
lar monthly seasonal variations for all sites, as well as for
ENSO effects.

The observed differences in d-excess values, even on a
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monthly and daily basis, confirm the importance of recircula-
tion processes that are governed by different moisture
sources (the Atlantic Ocean and Amazon Forest) and path-
ways (modulated by the dynamics of atmospheric systems),
resulting in depleted 8'80 values and large variability of d-
excess values.

Thus, to quantify and improve the knowledge of tropical
climate dynamics in the central-southeastern region of
Brazil, there is a need to investigate the climatic (mecha-
nisms) related to convection and the processes responsible
for rainfall type (convective vs. stratiform) formation with
the most robust meteorological data, such as radar or satellite
products with enhanced resolutions, and intra-event collec-
tion of isotopic composition precipitation to investigate
events related to the SACZ and CF.

Our results provide insights for new isotopic interpreta-
tion within the central-southeastern region of Brazil. Finally,
our study may help to explain the hydrometeorological pro-
cesses in a tropical region that is highly dependent on rainfall
for hydroelectric power generation and agricultural produc-
tion.
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