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ABSTRACT

Based on Global Network Isotopes in Precipitation (GNIP) isotopic
data set, a review of the spatial and temporal variability of δ18O
and δ

2H in precipitation was conducted throughout central and
eastern Brazil, indicating that dynamic interactions between
Intertropical and South Atlantic Convergence Zones, Amazon
rainforest, and Atlantic Ocean determine the variations on the
isotopic composition of precipitation over this area. Despite the
seasonality and latitude effects observed, a fair correlation with
precipitation amount was found. In addition, Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) air mass back
trajectories were used to quantify the factors controlling daily
variability in stable isotopes in precipitation. Through a linear
multiple regression analysis, it was observed that temporal
variations were consistent with the meteorological parameters
derived from HYSPLIT, particularly precipitation amount along the
trajectory and mix depth, but are not dependent on vapour
residence time in the atmosphere. These findings also indicate the
importance of convective systems to control the isotopic
composition of precipitation in tropical and subtropical regions.
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1. Introduction

Forecasts of natural and future anthropogenic impacts on climate affecting fresh water
depend on a better understanding of the factors controlling regionalized precipitation
regimes. This is especially important in tropical areas, where the complexities of atmos-
pheric circulation and the water cycle’s seasonal intensity limit our capacity to predict
changes in precipitation patterns and water availability. Associated with the effects of
global warming and the increase in greenhouse gases emission, some climatic extreme
events have been observed in South America. Examples of these changes are, among
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others, the extreme droughts in the Amazonia region and in southern Brazil since 2006
and the occurrence of hurricanes in Santa Catarina in 2004 [1–3].

Stable isotopes in precipitation have been used for a long time as a useful tracer to the
water cycle, and it has become an important tool for understanding climatic factors that
affect precipitation regimes. Spatial variations on stable isotope composition of precipi-
tation are directly related to the movement of air masses and fractionation during
water phase changes, imprinting a directional spatial pattern across the globe [4]. Since
the beginning of regular measurements of stable isotope composition in precipitation,
some patterns have been correlated to a few dominant processes, as temperature
effect due to phase changes and Rayleigh-type isotope fractionation as a result of
rainout [5–7].

In tropical regions, the link between climate and isotopic composition in precipitation is
not as well established as in temperate climates, where stable isotopic variations in precipi-
tation have been quite well correlated with fluctuations in mean air temperature [6, 8–10].
The response in stable isotope content in precipitation due to temperature variations is
not observed in tropical regions, due to low variations in air temperature seasonality.
On the other hand, several studies from tropical regions have reported a negative corre-
lation between isotopic content and precipitation amount, called ‘amount effect’, consid-
ering monthly composite samples [6,8,11]. This phenomenon is related to the rain-out
process of convective and stratiform precipitation. The evaluation of daily and event-
based samples from precipitation in tropical regions has not indicated a relationship
between precipitation amount and isotopic composition of precipitation [12–14], that
could be associated to the major occurence of fractionation process on tropical precipi-
tation along the vertical profile [15].

These differences in vertical air motion and microphysical processes governing rain for-
mation lead to two types of precipitation: convective or stratiform rains. Recently, Aggar-
wal et al. [16] have shown that the isotopic composition of precipitation is related to the
rain-type proportion, and more depleted values represent an increase in stratiform pro-
portions in precipitation.

Recently, the use of isotope-equipped atmospheric general circulation models allowed
to reproduce reasonably well the global distribution of mean annual isotope contents of
modern precipitation, but failed to explain observed seasonal or inter-annual variations on
a regional or local scale, and some discrepancies were observed with respect to the estab-
lished relationships in terms of mean surface air temperature at mid-to-high latitudes, or
with the amount of precipitation in tropical areas [17]. This may be, at least in part, attrib-
uted to the fact that both the temperature and amount dependencies of isotopes are influ-
enced by moisture source and transport patterns [17].

Between the 1960s and the 1980s, about 200 stations of the global network of isotopes
in precipitation (GNIP) were providing monthly precipitation samples for isotope analysis
which included 15–20 stations in Brazil [8]. However, the majority of the Brazilian stations
were decommissioned in the 1980s and the 1990s. Unfortunately, this loss of the Brazilian
stations made a significant impact on the isotope coverage of GNIP stations in South
America. Based on isotopic data sets provided by GNIP stations in the Brazilian territory,
some important studies have been carried out, showing the importance of the recircula-
tion of water related to evaporation and evapotranspiration over the Amazon Basin [18–
20]. Along the Atlantic coast, observed variations in the monthly isotopic composition of
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precipitation are related to variations in moisture sources, due to seasonal changes in the
atmospheric circulation patterns [18–20].

The main purpose of this paper is to review the historical information on stable isotopic
composition of the precipitation over the central and eastern part of Brazil, based on
monthly and daily observations from GNIP stations, and to identify the main group of cli-
matic factors responsible for the observed changes in the isotopic content in precipitation.
Furthermore, at local scale, daily isotope variations in Rio Claro (São Paulo), Southeast
Brazil derived from observations measured during one year (from February 2014 to Feb-
ruary2015) were analysed in combination with surface meteorological data and HYbrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) air masses back trajectories
[21] to determine the possible key drivers of isotope variations using a multiple regression
model.

2. Precipitation and stable isotopes over Brazil

The large territorial extent of the central–eastern portion of Brazil, associated with the
diversity of relief forms, is responsible for the development of distinct atmospheric circula-
tion systems, contributing for the spatial and temporal variability observed in precipitation
[22]. Most of the precipitation is related to the austral summer season (December–
January–February) (Figure 1), except in the northernmost and southernmost parts of the
country. In NE Brazil, the maximum of precipitation is observed during austral autumn
and winter, related to the annual migration of deep tropical convection, while southern
Brazil shows a uniform distribution of precipitation throughout the year [23].

NE Brazil is characterized by two distinct precipitation regimes: (1) Along the coastal
zone, annual precipitation is about 1500 mm per year and dominates in the wintertime,
(2) whereas the region further from the coast is characterized by semi-arid climate present-
ing an annual precipitation amount of less than 500 mm per year and dominating in the
summertime [22]. Despite these variations, the climate in NE Brazil is dominated by the
meridional migration of the Intertropical Convergence Zone (ITCZ), which in turn, controls
the dynamics of the trade winds over oceans and land masses. The austral autumn
maximum in precipitation in NE Brazil is connected to the southward penetration of the
ITCZ into the tropical South Atlantic Ocean during this season [23]. Three GNIP stations
(Ceará Mirim, Fortaleza, and Salvador) are located in the coastal zone and five stations
in the semi-arid region (Carolina, Betânia, Fazenda Conceição, Floresta and Serra Talhada).

In the SE and central parts of Brazil, tropical and extratropical air masses interact inten-
sively, establishing important constrains on precipitation over this region. This includes the
change in moisture sources related to a seasonal shift from a more monsoonal regime
during the summer to a more extratropical regime in the winter. Due to this change, pre-
cipitation during the summer season over this region is controlled by the South American
Summer Monsoon (SASM), which is established during the summer months (December–
January–February). On the other hand, an extratropical circulation regime is responsible
for a significant fraction of the regional precipitation during the winter and early spring
seasons (May to September), especially south of the 30 °S [22].

During the summer season, when the SASM is active, more than 50% of the annual pre-
cipitation falls [24,25], and a NW–SE elongated band of enhanced convective activity ema-
nates from the Amazon Basin and extends into subtropical latitudes and over the Atlantic
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Figure 1. Seasonal precipitation totals (in mm) for June/July/August (left), December/January/February (centre) and Annual values (right) based on a long-term
mean (1990–2010) from the dataset of Climate Prediction centre- Mmerged analysis of precipitation (CMAP), available at [24] and in [25]. The location of the GNIP
Stations is depicted as triangles.
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coast, in which the South Atlantic Convergence Zone (SACZ) is established [26]. At the
centre of the SACZ, where the GNIP stations of Cuiabá, Brasília, Campo Grande, Rio de
Janeiro and Belo Horizonte are situated, the SASM is responsible for 80% of the annual pre-
cipitation (Figure 1).

The rainfall related to this monsoonal system normally presents depleted values of
δ
18O, due to the incorporation and transport of a high fraction of moisture coming

from Amazon Basin towards the Brazilian subtropics by the South American low-level
jet, which presents more depleted values for δ18O. Isotopic composition of precipitation
along the SACZ tends to be proportional to the degree of rainout of δ18O over the
Amazon Basin, which is enhanced during more intense phases of the SASM [26,27].

Evaluation of temporal variations in isotopic composition of precipitation collected at
Cuiabá GNIP station, located in the Brazilian central zone, has revealed that during the
active period of the SACZ, more depleted values observed in precipitation were associated
with the precipitation amount and the occurrence of storm precipitation, while during the
inactive period of the SACZ, a weakening of the vapour flux coming from the Amazon
basin was observed [28,29].

Most of the precipitation during winter and early spring, especially south of the 30 °S
along the Atlantic coast of Brazil, is due to the extratropical circulation regime, as a
result of migratory cyclones along the subtropical Atlantic coast [30,31]. Isotopic compo-
sition of the precipitation related to these events tends to present relatively high values of
δ
18O, due to the incorporation of large amounts of moisture derived from the Atlantic

Ocean [32].
Significant variations in intensity and spatial extent of precipitation over the Brazilian

territory on an interannual basis are affected by numerous factors acting over the
region, including: variation on tropical Atlantic sea surface temperature [33–36], the El
Niño–Southern Oscilation [23, 37–40], land surface conditions such as soil moisture or veg-
etation cover [41, 42], and interactions with the extratropical circulation [43–45].

3. Data and methods

Stable isotope (δ18O and δ
2H) data from 15 GNIP stations located in central, SE and S Brazil

were analysed to obtain an overview about the spatial and temporal distribution of isoto-
pic composition of precipitation. The dataset was obtained from the GNIP database [46],
representing monthly samples. These stations were operating during different periods
from the 1950s until the 1990s, with the exception of the Belo Horizonte station, operative
since 2010, and Rio Claro station, operative since 2014 (Table 1 and Figure 2).

Based on climatic regions defined by Reboita et al. [22], the data from GNIP stations
were divided into three major groups: Group 1 encompassing stations in NE Brazil (Forta-
leza, Ceará Mirim, Salvador, Carolina, Betania [Met Station], Betania [Fazenda Conceição],
Serra Talhada and Floresta), Group 2 covering the central part of Brazil (Brasília, Belo Hor-
izonte, Rio de Janeiro, Campo Grande, Cuiabá and Rio Claro); Group 3 representing the
south of Brazil (Porto Alegre) (Figure 2).

Precipitation collection for these stations has followed the technical procedures for
GNIP stations proposed by the IAEA [47] and is associated with isotopic composition infor-
mation; the reports include meteorological information such as monthly temperature, pre-
cipitation amount and vapour pressure data. Determination of the isotopic composition of
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Table 1. Details of the GNIP Stations in NE, SE and S Brazil. Isotope values in ‰.

GNIP
Code Station Latitude Longitude Climate

Elevation
(m) Period n LMWL

Arithmetic means Weighted means

δ
18O δ

2H δ
18O δ

2H d-excess

8239700 Fortaleza −3 ° 43′

12′′

−38 ° 33′

00′′

As 27 1965–
1987

276a δ
2H = 7.63
δ
18O + 9.17

−1.78 ± 0.50 −3.38 ± 4.21 −2.38 ± 0.73 −8.86 ± 6.61 8.95 ± 3.35

8259800 Ceará Mirim −5 ° 48′

0′′

−35 ° 12′

00′′

As 8 1961–
1983

276a δ
2H = 7.30
δ
18O + 8.56

−1.58 ± 0.31 −3.07 ± 3.14 −2.19 ± 0.64 −8.04 ± 4.89 10.87 ± 2.10

8322900 Salvador
(Ondina)

−13 ° 0′

00′′

−38 ° 31′

12′′

Af 45 1965–
1987

276a δ
2H = 7.81
δ
18O + 10.44

−1.42 ± 0.28 −0.61 ± 3.27 −1.65 ± 0.36 −1.93 ± 3.29 11.70 ± 1.84

8337800 Brasília
(Airport)

−15 ° 51′

0′′

−47 ° 55′

48′′

Aw 1061 1963–
1987

300a δ
2H = 7.75
δ
18O + 10.48

−3.98 ± 0.82 −21.71 ± 6.44 −4.87 ± 1.14 −29.20 ± 8.52 11.19 ± 3.11

8358301 Belo Horizonte
(CDTN)

−19 ° 52′

15′′

−43 ° 58′

02′′

Aw 857 2008–
2013

72a δ
2H = 8.02
δ
18O + 12.79

−5.69 ± 1.65 −32.88 ± 12.97 −6.26 ± 1.97 −37.49 ± 15.64 12.58 ± 0.70

8374300 Rio de Janeiro −22 ° 54′

0′′

−43° 10′

12′′

Af 26 1961–
1987

324a δ
2H = 7.98
δ
18O + 12.34

−3.81 ± 0.71 −18.32 ± 6.00 −4.34 ± 1.11 −24.20 ± 9.27 11.80 ± 1.96

8361201 Campo Grande −20 ° 28′

12′′

−54 ° 40′

12′′

Aw 572 1973–
1979

64a δ
2H = 8.09
δ
18O + 13.31

−5.84 ± 1.06 −43.17 ± 5.58 −6.20 ± 1.28 −44.68 ± 4.27 13.24 ± 1.75

8396700 Porto Alegre −30 ° 4′

48′′

−51 ° 10′

48′′

Cfa 7 1957–
1983

200a δ
2H = 7.67
δ
18O + 10.59

−4.62 ± 0.41 −24.76 ± 2.49 −4.67 ± 0.60 −25.16 ± 3.83 12.22 ± 3.03

8336101 Cuiabá −15 ° 36′

0′′

−56 ° 06′

00′′

Aw 165 1961–
1987

203a δ
2H = 7.55
δ
18O + 7.88

−4.07 ± 1.26 −23.42 ± 10.61 −5.45 ± 1.75 −33.27 ± 13.49 10.30 ± 3.97

8277101 Carolina −7 ° 20′

0′′

−47 ° 28′

00′′

Aw 177 1972–
1973

12a δ
2H = 8.05
δ
18O + 12.04

nc nc nc nc nc

8278901 Betânia–Faz.
Conceição

−8 ° 10′

39′′

−37 ° 56′

47′′

Aw 490 1974–
1975

24a δ
2H = 8.37
δ
18O + 11.25

−3.61 ± 0.83 −15.50 −4.72 ± 1.08 −18.46 10.75

8278902 Betânia–
Met.Station

−8 ° 15′

33′′

−38 ° 01′

56′′

Aw 450 1973–
1975

36a δ
2H = 5.85
δ
18O + 0.27

−1.17 ± 2.04 1.20 −1.22 ± 2.63 1.20 5.20

8278904 Serra Talhada–
Met.Station

−7 ° 58′

50′′

−38 ° 17′

33′′

Aw 445 1973–
1974

24a δ
2H = 13.76
δ
18O + 4.54

−0.74 ± 0.49 nc −1.87 ± 0.72 nc nc

8278903 Floresta–
Met.Station

−8 ° 35′

13′′

−38 ° 34′

38′′

Aw 320 1973–
1975

36a δ
2H = 5.58
δ
18O + 4.63

−0.81 ± 0.14 1.50 −1.81 ± 0.81 −2.19 11.01

8374701 Rio Claro
(UNESP)

−22 ° 23′

57′′

−47 ° 32′

37′′

Cwa 615 2012–
2013

12a δ
2H = 7.98
δ
18O + 12.34

nc nc nc nc nc

Obs: aKöppen Climate classification: Af – Tropical rainforest; Aw – Tropical wet and dry; Cfa – Subtropical hot summer; Cwa – Subtropical hot summer.
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precipitation was carried out in the Isotopic Hydrology Laboratories at the IAEA in Vienna
or in associated laboratories; the results are expressed in delta notation (δ) in ‰ VSMOW,
and deuterium excess (d-excess) calculated according the expression d-excess = δ

2H – 8
δ
18O [6].
Despite the different period of precipitation sampling in GNIP stations across Brazil, the

observed variations in isotopic content represent a temporal average of precipitation and
climatic events on a multi-annual scale, and they could be compared.

Precipitation on a daily basis was collected during one year (February 2014 to February
2015) at Rio Claro GNIP station (supplementary material, Table 1), using a Palmex rain col-
lector [48]. Determination of isotopic composition of precipitation samples was conducted
at the Laboratório de Hidrogeologia e Hidroquímica do Departamento de Geologia
Aplicada IGCE/UNESP-Rio Claro, using a cavity ring down spectroscopy water isotope
analyzer, Los Gatos Research. The secondary standards were: USGS-45 (δ2H =−10.3 ‰,
δ
18O =−2.24 ‰), USGS-46 (δ2H =−236.0 ‰, δ

18O =−29.80 ‰), and river water
(Cachoeira de Emas-CE) (δ2H =−36.1 ‰, δ18O =−5.36 ‰). USGS standards were used

Figure 2. Map showing the GNIP stations location in the central, E and S Brazil.
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to normalize the results to the VSMOW2-SLAP2 scale, while CE was used as a quality
control and drift control standard. The analytical precision was: ± 1.2 ‰ (1σ) for δ2H, ±
0.2 ‰ (1σ) for δ18O.

Statistical analysis was carried out to test differences among the calculated local meteo-
ric water lines (LMWLs). These tests were performed using a simple covariation analysis
test (ANCOVA), which test for the equality of slopes. Just as an analysis of variance for
H0:ml=m2=…= mk assumes that all k population variances are equal (i.e., s1

2= s2
2=….= sk

2),
the testing of b1= b2= ….= bk assumes that the residual mean squares in the k populations
are all the same (i.e., (s2y.x)1= (s2y.x)2=….= (s2y.x)k [49].

Interpolation of monthly weighted isotopic composition from GNIP stations in Brazil,
including those located in the Amazon region, were produced using a simple ArcGis [50]
interpolating method denominated topo to raster, in which the interpolation is performed
as inverse of the distance, the spatial continuity is preserved, the values measured are con-
served, and no differences can be measured between observed and calculated values.

To complement the daily data analysis from Rio Claro GNIP station, meteorological data
(precipitation, pressure, temperature and humidity) were obtained from the meteorologi-
cal station located at the State University of São Paulo (UNESP) campus in Rio Claro, associ-
ated with air parcel back trajectories calculated using the HYSPLIT model [21]. The HYSPLIT
model computes air mass position through time using pressure, temperature, wind speed,
vertical motion and solar radiation inputs from the GDAS1 meteorological database [51].
Three data sets of single 48, 120 and 240 h back trajectories were calculated using the
location of Rio Claro GNIP station as spatial reference, starting at 9:00 am (local time), con-
sidering air mass elevation 3000 metres over the ground, in order to represent the base of
the clouds or the 0 °C level [16]. Rainfall amount along the trajectory, atmospheric pressure
temperature and humidity over the point were computed through the model. Ground
meteorological data are presented in the supplementary material, Table 1, combined to
isotopic data. Atmospheric data derived from HYSPLIT are presented in the supplementary
material, Table 2.

Based on the strength of the correlations between meteorological variables measured
along back trajectories, considering different moisture residence times (48, 120 and 240 h),
from the ground meteorological station and the isotopic composition of precipitation
(δ2H, δ18O and d-excess), a multiple regression model was developed, using stepwise
regression and the Biostat software [52]. This analysis allows to choose the predictor vari-
ables presenting the strongest relationship with the dependent variables, taking into
account determination coefficient, p-value and mean quadratic errors [52].

4. Results and discussion

4.1. Monthly record – local meteoric water lines

Despite the large temporal period covered by the precipitation monitoring programme in
Brazil, different for each GNIP station, stable isotope composition of precipitation across
eastern Brazil showed a wide range of values, reflecting the large variations in climatic con-
ditions over the country (Table 1).

For precipitation collected in stations encompassed by Group 1 (n = 363), values for
δ
18O ranged from −8.60 to + 3.90 ‰, arithmetic mean −1.66 ± 0.97‰, weighted mean
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−2.56 ‰, δ2H varied from −56.0 to + 19.0 ‰, arithmetic mean −4.5 ± 3.63 ‰, weighted
mean −6.8 ‰, and d-excess varied from −13.2 to + 23.5 ‰, arithmetic mean 9.8 ±
0.52‰ and weighted mean 8.2‰. The regional meteoric water line for this group
shows a regression equation of δ2H = (7.26 ± 0.16) δ18O + (8.5 ± 0.37) (r = 0.93, α = 0.05
and n = 363) (Figure 3). Most of these stations are located close to the coast, and the vicin-
ity of the moisture source reflects on value of d-excess (8.55 ± 0.37) lower than the global
meteoric water line (GMWL). Due to the high average temperature in the NE region of
Brazil, secondary evaporation under the cloud base could occur, and it should be respon-
sible for the inclination value below 8.

Relationship between slopes and intercept of the LMWLs from regions which have the
same source of precipitation independent of the period should present a strong corre-
lation. The values of intercept and the slope of this line are expected to represent the
value of isotopic composition of precipitation falling on the GMWL; this value is expected
to be close to the arithmetic mean precipitation of the region [53]. This evaluation was
carried out for GNIP stations encompassed in Group 1. The results indicate the good agree-
ment of slopes and interception for five GNIP stations in semi-arid regions; and the isotopic
composition of precipitation indicates values of −0.36 ± 0.04 ‰ for δ

18O, and −4.1 ±
0.44‰ for δ2H, similar to values previously presented.

Figure 3. Isotopic variations observed for the groups of GNIP Stations located in the NE, centre and SE,
and S Brazil, respectively Group 01, Group 02 and Group 03. (a) Relationship between δ

18O and δ
2H

(Meteoric Water Line), (b) correlation between δ18O and precipitation amount and (c) seasonal variation
in precipitation amount and δ

18O (weighted mean).

526 D. GASTMANS ET AL.



The isotopic composition of precipitation in central and SE Brazil (Group 2, n = 523)
shows δ

18O ranging from −17.70 to + 5.20 ‰, arithmetic mean −4.32 ± 0.75 ‰ and
weighted mean −4.82 ‰. The δ

2H varied from −130.0 to + 47.0 ‰, arithmetic
mean −23.1 ± 1.10 ‰ and weighted mean −28.6 ‰, and the d-excess ranged from
−9.74 to + 25.66 ‰, arithmetic mean 11.31 ± 0.47 ‰, weighted mean 10.79 ‰. The
regional meteoric water line for this group shows a regression equation of δ

2H =
(7.73 ± 0.07) δ18O + (10.16 ± 0.38) (r = 0.98, α = 0.05 and n = 523) (Figure 3). Individual
meteoric water lines for stations located in central and SE Brazil (Table 1) represent
differences in climatic conditions observed along the central and southeastern part
of Brazil. Inclinations of these lines are close to 8, indicating a low evaporation
effect; the interception is about 12–13 for most stations, probably due to effects of
vapour recirculation along the transportation of air masses. For the Cuiabá station,
the interception is about 7, this value could be associated with the proximity of
this station to the moisture source located in the Amazonian region, as observed
by Matsuyama et al. [29].

The relationship between slopes and interceptions of the LMWL from GNIP stations
encompassed in Group 2 (Figure 4) indicates a good agreement between slopes and inter-
ception for six GNIP stations in the central part of Brazil. The isotopic composition of pre-
cipitation indicates values of −0.10 ± 0.005 ‰ for δ18O, and −6.7 ± 0.06 ‰ for δ2H, more
enriched than the ones previously presented and discussed, probably due to differences in
processes related to the origin of precipitation [53].

In the southern region of Brazil, a single GNIP station operated during a long period of
time (Porto Alegre). Its isotopic composition of precipitation implied a δ18O variation from
−11.43 to −0.56‰, arithmetic mean −4.76 ± 1.98 ‰ and weighted mean −4.76‰ (Group
3, n = 172). The δ

2H values varied from −84.9 to + 13.1 ‰, arithmetic mean −25.9 ±
15.96 ‰, and weighted mean −25.7 ‰. The d-excess values varied from −1.54 to +
28.22 ‰, arithmetic mean 12.16 ± 4.86 ‰ and weighted mean 12.37 ‰. The regression

Figure 4. Relationship between slope and intercept of LMWL from GNIP stations encompassed in
Group 01 (black) and Group 02 (red).
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equation of the regional meteoric water line for Group 3 is δ
2H = (7.67 ± 0.19) δ18O +

(10.59 ± 0.96) (r = 0.95, α = 0.05 and n = 172) (Figure 3). The proximity to moisture
sources, represented by the Atlantic Ocean, explains these values.

Using the ANCOVA test [49], the differences between the LMWLs from the three
groups (1, 2, 3) indicate distinct precipitation events and isotopic evolution for the con-
ditions of F = 20.05, F0.05(1),2,1079≈ 3.01, the null hypothesis is rejected, and the LMWLs
are not equal.

4.2. Monthly record – isotope effects

The isotopic composition of precipitation is marked by important seasonal variations for
the weighted mean δ

18O values (Figure 3). The depleted values pertain to the precipitation
events during the late summer (March–April) when the region is affected by the influence
of the SACZ. The enhanced δ

18O values refer to the winter season precipitation events
when the region is influenced by the extratropical circulation.

Values of δ18O from Group 1 and Group 2 are fairly correlated to the precipitation
amount (r =−0.46, with α = 0.05, n = 351, and r =−0.49, with α = 0.05 and n = 523, respect-
ively), while for Group 3 no correlation is observed between δ

18O and the precipitation
amount (Figure 3).

As expected to occur in tropical regions where air temperature plays a minor role in iso-
topic variability, no correlation is observed between δ

18O and temperature for samples
from the three groups. But for all groups, a fairly negative correlation exists between air
temperature and δ

2H at α = 0.05 (respectively for Groups 1, 2 and 3: r =−0.149 for n =
351, r =−0.126 for n = 523 and r =−0.244 for n = 172).

Some aspects of Rayleigh distillation associated with the isotopic composition of pre-
cipitation have been described by several authors [6–9,17–19] in terms of variations
according to the geographical position of the sampling point (latitude, continentality
and altitude). The annual weighted mean values for δ18O show a good correlation with
latitude (r = 0.69, with α < .05) and longitude (r = 0.77, with α < 0.05), indicating the exist-
ence of a longitudinal effect. Considering the distance of the Atlantic Ocean directly
related to the longitude of the sampling point, the effect of continentality was observed.
Located further away from the ocean, the isotopic composition of precipitation of the GNIP
station is more depleted.

In terms of altitude – despite the observed negative correlation – this effect is not sig-
nificant (r =−0.45, with α = 0.1), probably due to topographic conformation of the Brazilian
territory where no great differences in altitude are observed which could represent bar-
riers for the displacement of vapour masses.

During the period when the SACZ is more active (December–January–February)
(Figure 1), correlations with isotopic effects related to the Rayleigh distillation process
are enhanced. Latitude and longitude (continentality) effects present a good correlation
with values of δ18O (respectively, r = 0.72, with α < 0.05, and r = 0.79, with α < 0.05), prob-
ably associated to rain-out effects observed during the displacement of the SACZ over the
Brazilian territory. It should be noticed that the correlation factors are not strong (r = 0.52,
with α < 0.05 for latitude, and r = 0.25, with α = 0.1 for longitude) during the period when
the SACZ is not active (June–July–August).
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4.3. Seasonal variation in monthly record

The isotopic composition ismarkedby important seasonal variations for theweightedmean
δ
18O values (Figure 3). For GNIP stations from Group 1, during the rainy season (January–

April) precipitation was depleted compared to the dry season, and observed differences
between wet and dry season were about –4 ‰. For Group 2, depleted values were associ-
ated with the precipitation events during the late summer (March–April), while during the
winter (dry season) more enriched values were observed, wherein differences could reach
up to −7 ‰. Seasonal variations in the southern region of Brazil are marked by an inverse
behaviour despite small variations in precipitation; more depleted values are observed
during the dry season, while during rainy months, precipitation is more enriched up to +
4 ‰ (Figure 3). Annual weighted mean values for δ18O and δ

2H showed a trend indicating
latitude effects: more depleted precipitation is observed towards south of Brazil (Group 3),
while enriched precipitation in the northeastern region (Group 1).

Seasonal variations in d-excess for GNIP stations from Group 1 are marked by an
increase in d-excess from January to July (from 6 to 12‰) followed by a decrease in
the dry season. For Group 2, d-excess values are about 10 ‰ during wet season, while
during the dry season, values of d-excess can reach 14‰. In the southern region of
Brazil during the wet season, d-excess values are about 12–14 ‰, while about 10–11 ‰

during dry season. Despite differences observed in the precipitation amount in the
southern (Group 3) and southeastern (Group 2) regions of Brazil, atmospheric processes
and vapour sources could be related.

Interpolation of monthly weighted isotopic composition from GNIP stations in Brazil,
including those located in the Amazon region has allowed the evaluation of spatial and
seasonal variations on precipitation isotopologues (Figure 5) and the comparison with
the large regional climate figures, such as ITCZ and SACZ. A well-marked latitude influence
in precipitation isotopic composition was observed specially during the wet summer
season (November–March), when more enriched 18O concentrations are observed in NE
Brazil, while towards the south, depletion in 18O is detected. Precipitation isotope vari-
ations observed over NE Brazil are mainly related to the influence of ITCZ movement
along the year, as reported by Różanski and Araguás-Araguás [54], as well as due to the
vicinity of the Atlantic Ocean which acts as the more prominent vapour source.

It should be noticed that a NW–SE elongated band of more depleted precipitation is
observed during the wet season (Figure 5), presenting a similar spatial distribution to
the SACZ (Figure 1), which is associated with the South Atlantic subtropical anticyclone.
This anticyclone operative during the summer season is responsible for bringing moisture
over the continent. The anticyclone associated with cold fronts coming from the south is
linked with the SACZ and generates precipitation across the eastern part of Brazil. It is
responsible for an enhanced convective activity system and exhibits more depleted 18O
in precipitation.

Displacement of the South Atlantic subtropical anticyclone towards the east during the
winter and dry season interrupts the moisture transportation to the NE and centre of Brazil
resulting in lower precipitation rates. However, rain events are normally associated with
sporadic extratropical cold fronts coming from the south. This causes 18O enrichment in
precipitation up to + 3‰ in δ

18O during the winter season as observed in the central
region.
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4.4. Daily record

The daily rain samples collected from February 2014 to February 2015 in the Rio Claro GNIP
station (n = 51 samples) showed a large amount of variability in the isotopic composition
(supplementary material, Table 2). The values for δ2H were in the range between −136.0
and + 23.1‰ with −22.8 ± 32.34 ‰ on average, weighted mean −32.1 ‰; δ18O values
ranged from −18.36 to + 0.82 ‰, −4.47 ± 3.96 ‰ on average, weighted mean −5.72 ‰.
The d-excess varied from 1.57 to 22.92‰with an average of 12.93 ± 4.32 ‰. The meteoric
water line based on isotopic composition of daily samples precipitation shows a similar
inclination of the line calculated based on monthly composite sample (8.10 and 7.98,
respectively), while interception values are different (13.41 and 12.34, respectively). Stat-
istical analysis of the LMWL from monthly and daily samples from Rio Claro (ANCOVA
test) indicates that F = 0.002, and as F0.05(1),1,100≈ 253, the null hypothesis is accepted,
and the LMWLs are equal. It represents the same precipitation processes and isotopic evol-
ution despite the distinct temporal series for daily samples (2014–2015) and monthly
samples (2012–2013) (Figure 6 and supplementary material, Table 1).

Although no good correlation was found between precipitation amount and δ
18O

values (r =−0.26, α = 0.05 and n = 42), more 18O enriched concentrations were observed
during the dry season (May to August), while the most 18O depleted events occur
during rainy season (November to February) (Figure 7).

Figure 5. Monthly variations in weighted mean values for δ18O. Isotopic composition of GNIP stations
located in Amazonian region of Brazil was used to interpolation.
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The 48-hour back trajectories for every rainy day at the Rio Claro GNIP station showed
three distinctly different directions associated with the movement of air masses (Figure 8).
The main direction is associated with air masses coming from the Atlantic Ocean; in
addition, part of the precipitation events are related to air masses coming from the
Amazon Basin. During dry seasons, the extratropical circulation regime is actively associ-
ated with migratory cyclones along the subtropical Atlantic coast, which are responsible
for the movement of wet cold fronts over the continent where hot dry air masses are sta-
tioned. As a result, significant differences on isotopic composition from precipitation col-
lected during the wet and dry seasons were observed.

During the wet season, δ18O varied from −18.36 to + 0.37‰, arithmetic mean −5.20 ±
4.25‰, weighted mean−6.53‰. The δ2H values varied from −136.0 to + 14.2‰, arithmetic
mean −29.1 ± 34.1‰, weighted mean −38.9‰, and the d-excess varied from 1.57 to +
22.92‰, arithmetic mean 12.42 ± 4.48‰, weighted mean 13.21‰. The meteoric water
line for this period shows a regression equation of δ2H= (7.95 ± 0.18) δ18O+ (12.19 ± 1.26)

Figure 6. δ18O versus δ2H and local meteoric water line based on daily samples from Rio Claro GNIP.

Figure 7. Daily variations for δ18O and precipitation in Rio Claro GNIP station for the period 2014–2015/
February.
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(r = 0.99, α = 0.05 and n = 33), presenting inclination similar to GMWL, and a value of
d-excess > 10, probably associated with the large humidity gradients along the trajec-
tory, which in turn, enhance the kinetic fractionation associated with re-evaporation
processes.

During the dry season, the precipitation in average is more positive in δ
18O and δ

2H
compared with the wet season: δ18O varied from −8.86 to + 0.82 ‰, arithmetic mean
−3.13 ± 3.00 ‰, weighted mean −3.06 ‰; δ2H varied from −62.0 to + 23.1 ‰, arithmetic
mean −11.19 ± 25.7 ‰, weighted mean −9.81 ‰, and the d-excess varied from + 3.40 to
+ 19.40 ‰, arithmetic mean 13.88 ± 3.92 ‰, weighted mean 14.65 ‰. The meteoric
water line shows a regression equation of δ

2H = (8.43 ± 0.30) δ
18O + (15.39 ± 1.30)

(r = 0.97, with α = 0.05 and n = 18) for this period. Effects of vapour recirculation and low
humidity seem to have an influence on the d-excess being greater than the GMWL [6–
9,17–19].

Correlation between meteorological variables (ground and trajectory-based) and
the isotopic composition of rainfall (δ2H and δ

18O) were evaluated based on three dis-
tinct vapour residence times (48, 120 and 240 h). The isotopic composition (δ2H and
δ
18O) presents a positive correlation with mix depth and a negative correlation with

precipitation along the trajectory. For residence times of 120 and 240 h, a negative
correlation with relative humidity along the trajectory is observed (supplementary
material, Table 3). No relevant correlation was found with the other meteorological
variables. Strong correlation was observed between the overall relative humidity
along the trajectory and the trajectory-based meteorological variables. This resulted
in removing this variable from the regression model due to the effect of
multicollinearity.

The linear regression model considers five variables to better explain variations for
δ
18O, δ2H and d-excess, and a summary of the results is presented in the supplementary

material, Table 4. These regression models are able to explain the majority of the variations

Figure 8. Hysplit trajectories calculated for wet season (left) and dry season (right). The moisture source
is related to Atlantic Ocean with important contribution from Amazonian Basin during wet season.

532 D. GASTMANS ET AL.



on the isotopic composition of precipitation presenting a correlation coefficient (r) of
about 0.60, 0.60 and 0.45 for δ18O, δ2H and d-excess, respectively. No great differences
in correlation coefficients were observed for the different trajectory vapour residence
times in atmosphere, but changes in variables should be noticed.

The variables are mostly related to atmospheric trajectories, encompassing variations
on precipitation and mix depth along the trajectory to explain variations in isotopic com-
position, indicating that the processes occurring along the transport of vapour over the
ocean and continent areas are responsible for the observed variations on the isotopic
composition of precipitation, while variations in d-excess are associated with mix depth
and wind direction. Mix depth reveals the importance of convective activity in the isotopic
composition of precipitation. It should be emphasized that, despite small variations in

Figure 9. Measured versus calculated values of δ18O (A), of δ2H (B), and d-excess (C).
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predictable variables for the models, the results are very similar and they are not depen-
dent on vapour residence time in atmosphere.

Despite the regression model being able to reproduce the observed values of δ18O and
δ
2H, it should be noticed that the model tends to underestimates values for more depleted

precipitation events (Figure 9 and supplementary material, Table 4).
For d-excess values, these models are not so efficient to reproduce the values, probably

because d-excess is not correlated with any of the meteorological variables considered in
this study (supplementary material, Table 3).

The differences between the modelled and measured values observed during the wet
season, when the SACZ is intensified over the southern portion of the Brazilian territory,
could be related to the effects of the convective system associated with this important
meteorological feature [26,27]. More robust variables should be added to the model in
order to distinguish convective and stratiform precipitations.

5. Conclusions

Observed regional and temporal variations in isotopic precipitation are associated with
important features operating over the eastern part of Brazil. On an annual basis, latitude
effects on the isotopic composition of precipitation are observed, resulting in isotopically
more enriched precipitation over the NE region (Group 1), while towards the South
(Groups 2 and 3), precipitation is more depleted, up to −2‰ for δ18O.

Temporal variations in the NE region are related to meridional migration of the ITCZ
towards the south which results in a depletion in the isotopic content of precipitation
during the wet season associated with an increase in the precipitation amount. In the
SE, the SACZ produces isotopically more depleted precipitation, up to −7‰ for δ18O,
compared to the dry season during the period when the SASM is active. Despite these sea-
sonal variations observed along the studied region of the Brazilian territory, associated
with variations on precipitation regimes, a fair correlation between isotopic composition
and precipitation is observed, particularly for Groups 1 and 2 while no amount effect is
observed in precipitation for Group 3.

Effects of the SACZ on isotopic composition of precipitation were observed during the
wet season, represented by a NW–SE elongated band of more depleted precipitation
associated with cold fronts coming from the South responsible by an enhanced convective
activity system.

The more recent monitoring programme carried out in Rio Claro (February 2014/Febru-
ary 2015) indicates a large variability in the isotopic composition of precipitation, aligning
along the LMWL based on monthly composite samples. No correlation was found between
precipitation amount and isotopic composition, despite the distribution of more depleted
events during wet season and enriched precipitation along dry season.

The origin of vapour, tracked using HYSPLIT, indicates three distinct directions, most of
them coming from the Atlantic Ocean. In addition, parts of precipitation are related to air
masses coming from the Amazon Basin although no temporal association with directions
is observed.

The linear multiple regression model indicates that the processes occurring along the
vapour transportation trajectory are more effective to explain variations in the isotopic
composition in precipitation, although no relationship is observed related to vapour
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origin and residence time in atmosphere. The main meteorological parameters related to
δ
18O and δ

2H variations are precipitation amount along the trajectory and mix depth,
while for d-excess wind direction and mix depth are the variables. The presence of mix
depth in all models indicates the influence of the type of rain, convective or stratiform,
on their isotopic composition.
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