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Abstract18

Stable isotopes, δ2H, δ18O, and d-excess, are valuable tools as natural tracers of diffusion processes19 andphase changes in the global hydroclimatological cycle. The IndonesianMaritimeContinent (IMC) is an20 archipelago area surrounded by very warmwaters which induce convective activities as the primary heat21 source driving global atmospheric circulation. Given the central role of IMC in this hydroclimatological22 cycle, comprehensive study and data collection on the stable isotopes of precipitation in this region is23 crucial.24 In this study, we collected monthly stable isotope data from 62 stations spread throughout the In-25 donesian archipelago from September 2010 to September 2017. We cleaned the data and conducted26 quality control activities by comparing the Local Meteoric Water Line (LMWL) to previous studies in a27 similar climatic region. We shared these data openly on our GitHub repository, making them easier to28 update and interact with users in the future.29

1 Introduction30

Indonesian Maritime Continent (IMC) comprises a group of islands surrounded by the Indian and Pacific31 Oceans. The region’s climate is influenced by its insular geography and its position near the Equator. Lo-32 cated in the western part of the Indo-Pacific warm pool (IPWP), IMC is a source of latent heat release and33 deep convection which drives the Hadley and Walker cells, thus playing an essential role in the earth’s hy-34 drological cycle (1; 2). IMC is also the only link for warmed surface waters from the Pacific Ocean to the35 Indian Ocean through the Indonesian Throughflow (ITF), a surface flow component of the global ocean36 conveyor belt (e. g. 3; 4; 5; 6; 7).37

In general, IMC experiences two seasons, namely the wet and dry seasons, each in boreal winter - spring38 (November-March/NDJFM) and boreal summer - fall (May - September/MJJAS) (8; 1). During the wet sea-39 son, there is warm sea surface temperature (SST) and heavy precipitation over the IMC, which is brought40 by the Asian winter monsoon, which is northeasterly to the north of the equator and northwesterly to the41 south of the equator, the opposite also happens in the dry season (9; 10; 1). Besides the annual cycle, IMC42 precipitation is influenced by internal global atmosphere-ocean interactions, such as the El Niño Southern43 Oscillation (ENSO) (e. g. 11; 12; 13; 14; 15) and the Indian Ocean Dipole mode (IOD) (e. g. 1; 16; 11; 17). On an44
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intra-annual scale, precipitation over the IMC is also influenced by the Madden-Julian Oscillation (MJO),45 which propagates from the Indian Ocean to the Pacific Ocean via IMC (e. g. 18; 19; 11; 20; 21; 22).46

Given the importance of IMC in understanding the earth’s hydroclimatological phenomena (23), investiga-47 tion of precipitation characteristics is inevitable. One of the characteristics of precipitation that is important48 to investigate is the traditional water-stable isotopes of precipitation (δ18O and δ2H) which are considered49 one of the natural tracers of hydrological cycles as a consequence of equilibrium and kinetic processes dur-50 ing phase transitions and diffusive processes (24; 25; 26; 27). In general, oxygen-18 (δ18O) and deuterium51 (δ2H) atmid- and high-latitudes are correlatedwith temperature (e. g. 28; 29; 30; 31; 32). However, in tropi-52 cal regions such as the IMC, these two isotopic compositions showanegative correlation (e.g. 33; 34; 35; 36)53 due to a rainout process known as the amount effect (37). δ18O can also be used as a signature of the wa-54 ter vapour transport process during ENSO and MJO over the IMC (38; 39; 40). Observations of δ18O and55
δ2H in the tropics are also crucial to confirm the sensitivity of proxy precipitation observations in paleo-56 climatology using proxy system modelling (PSM), which requires modern precipitation isotope data in the57 region (41). Modern precipitation isotope observations are also needed to correct calculations performed58 by isotope-enabled General Circulation Models (iGCMs) (e. g. 42; 43; 44; 45).59

Until recently, there is not much open and publicly accessible data on traditional precipitation isotope60 over the IMC. There are four isotope stations operated by the International Atomic Energy Agency (IAEA)61 within the framework of the Global Network of Isotopes in Precipitation (GNIP) program. However, these62 stations stopped operating in 2003 and only cover the Java region, except for the Jayapura station in Papua63 (46). In addition, there were isotope observations conducted by the Institute of Observational Research64 for Global Change (IORGC)/Japan Agency for Marine-Earth Science and Technology (JAMSTEC) conducted65 at six stations across IMC between 2001 and 2007 (33; 46).66

In this study, we conducted monthly δ18O and δ2H sampling at 62 observation stations along the IMC67 from September 2010 to September 2017. Part of these data (30 stations) have been used in a study by68 Belgaman et al. (47) but has yet to be opened to the public. We opened the δ18O and δ2H measurements69 to the public on our GitHub repository to support democratizing knowledge based on open-source code70 and reproducible datasets (48).71

2 Material and Methods72

2.1 Data Acquisition73

We conducted field sampling from 62 meteorological and climatological stations owned by the Indonesian74 Meteorology, Climatology, and Geophysical Agency (BMKG) throughout the IMC area (Figure 1). To find out75 the details of station numbering and their location, see the table on the following URL: https://github.76
com/sandyherho/imc-precip-iso/blob/main/output_data/sta_list.csv. We collected these pre-77 cipitation samples manually using buckets and then put them into 6 mL glass vials with screw caps. We78 collected this monthly precipitation samples from September 2010 to September 2017.79

Wemeasured δ18O and δ2H using the Picarro® L2120-i instrument using the cavity ring-down spectroscopy80 technique, which has proven practical and accurate in measuring water isotopes (e. g. 51; 52; 53; 54; 55).81 We measured the ratio of the abundance of the heavy to light isotopes (R), in the context of this study,82 2H/1H and 18O/16O, from samples by comparing them to the international standard, namely the Vienna83 Standard Mean Ocean Water (VSMOW) (56) so that δ values were obtained in units per mil (‰) using the84 following equation:85

δ =

(
Rsample
Rstandard − 1

)
× 103 (1)

Due to the limited supply of international standards (is), we calibrated the samples (x) using threeworking86 standards (ws), Aqua Standard®, SLW2 and ICE2, which had been calibrated against VSMOW. This calcula-87 tion process is formulated through the following equation (57):88

δx−is = δx−ws + δws−is + (δx−ws × δws−is)× 10−3 (2)
Long-term standard errors (1σ) for these δ18O and δ2H measurements are ±0.08 ‰ and ±0.22 ‰, re-89 spectively (47).90

2

https://github.com/sandyherho/imc-precip-iso/blob/main/output_data/sta_list.csv
https://github.com/sandyherho/imc-precip-iso/blob/main/output_data/sta_list.csv
https://github.com/sandyherho/imc-precip-iso/blob/main/output_data/sta_list.csv


Figure 1: Location of the stations at which monthly samples of precipitation were collected for isotopemeasurements over the IMC (rendered using PyGMT (49; 50)).

2.2 Data Wrangling91

Microsoft® Excel files extracted from the isotopemeasurement instrumentwere then converted into a text-92 formatted files, i. e. comma-separated values (CSV) format to make them easier to read by various kinds93 of software without being limited by a paid license (58; 59). These data were then splitted into time series94 for each station and the entire IMC. In addition, we also calculated d-excess (d), which is defined as the95 deviation from δ2H to δ18O according to the definition of the Global Meteoric Water Line (GMWL) (60),96 which can be written as follows:97
d = δ2H− 8δ18O (3)

Calculation of this d-excess is necessary, given its correlation with the oceanic source of precipitation98 (61; 28). Globally, this d-excess is a dependent variable of the relative humidity of the sea surface (62).99 Using d-excess, we can find the moisture flux anomaly during extreme events, such as ENSO influences in100 precipitation (e. g. 63; 64; 65). We did the entire data wrangling process using NumPy (66) and pandas101 (67) libraries in the Python computing environment.102

2.3 Local Meteoric Water Line (LMWL) Estimation103

We performed Local Meteoric Water Line (LMWL) calculations as part of our quality control efforts. It has104 been known since a study conducted by Craig (60) that there is a linear relationship between δ2H to δ18O105 globally, which can be formulated as follows:106

δ2H = 8δ18O+ 10 (4)
However, local slope variations and intercepts were only discovered after collecting IAEA/GNIP observa-107 tions through the study of Rozanski et al. (68), better known as LMWL. In this study, it is emphasized that108 the relationship between the two isotopes is still linear. Variations in the slopemay store information about109 the local seasonal climatology (69).110

We used Bayesian Linear Regression (BLR) to determine the relationship between δ2H and δ18O over the111 IMC. BLR allows better handling of uncertainty in models. This method recognizes that we need perfect112 information about model parameters or data variability. We can represent this uncertainty using a proba-113 bility distribution on the parameters in the Bayesian approach. This approach helps generatemore realistic114 and credible parameter estimates and confidence intervals. The BLR approach allows us to incorporate any115
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prior knowledge about the model parameters. This is useful when we need more data or want to use ex-116 isting domain knowledge. In this study, we determined the priors for slopes and intercepts from the global117 data compilation for humid tropical regions (Köppen class A) that was done by Putman et al. (69). Apart118 from single-point estimates (as in "frequentist" linear regression), the BLR gives a full posterior distribu-119 tion of model parameters after looking at the data. This provides richer information about the parameter120 uncertainties and allows for more robust modelling of the δ2H - δ18O covariance. Because of these ad-121 vantages, the Bayesian approaches have recently been popular for solving water isotope problems (e. g.122 69; 70; 71; 72; 73; 74; 75). The full benefits of using BLR can be found in Klauenberg et al. (76).123

The simple linear regression model that we used to explain the statistical relationship between δ2H and124
δ18O is illustrated in the following equation:125

δ2Hi = β0 + β1δ
18Oi + εi (5)

, where δ2Hi and δ18Oi are the observed deuterium and oxygen-18 isotope values for the i−th data point,126 respectively. β0 and β1 are the unknown regression coefficients (intercept and slope) to be estimated.127
εi is the random error term, assumed to be normally distributed, with mean zero and constant variance128
σ2.129

BLR estimation started by specifying the prior distributions for the unknown parameters: β0, β1, and σ2.130 In this study, we assumed normal prior for intercept and slope, and uniform prior for variance (77):131 
β0 ∼ N

(
m0, s

2
0

)
β1 ∼ N

(
m1, s

2
1

)
σ2 ∼ U(a, b)

(6)

Parametersm0,m1, s0, s1, a, and bwere determined from the global observation database for the humid132 tropical regions (Köppen class A) (69).133

Assuming errors εi are normally distributed, the likelihood function canbewritten in the following form:134

p
(
δ2Hi|β0, β1, δ

18Oi, σ
2
)
=

1√
2πσ2

exp

(
−
(
δ2Hi − β0 − β1 − δ18Oi

)2
2σ2

)
(7)

The joint posterior distribution of the BLR parameters given the observed isotope data (δ2Hi, δ
18Oi

) is:135
136

p(β0, β1, σ
2|data) ∝ p(data|β0, β1, σ

2)× p(β0)× p(β1)× p(σ2) (8)
, where p(data|β0, β1, σ

2) is the likelihood and p(β0), p(β1), and p(σ2) are the priors.137

We used a simple algorithm from the Markov chain Monte Carlo (MCMC) methods (78), the Metropolis-138 Hastings (MH) algorithm (79; 80), to estimate the posterior distribution. This algorithm can approximate139 the posterior distribution without the need to compute the normalization constant (81). MH algorithm has140 also proven reliable enough to be used in hydroclimatological problems (e. g. 69; 82; 83; 84; 85; 86; 87; 88).141 MH algorithm can be summarized into several steps as follows:142

1. Intitialize the parameters β(0)
0 , β(0)

1 , and σ2
0
(0) to some initial values.143

2. For iteration t = 1 to T , where T is the number of iterations (in this study, we used 10,000 steps144 with the tuning of 2,000 steps which are the "burn in" iterations used to accelerate convergence145 (78; 89)):146

(a) Calculate the acceptance ratio α:147

α =
p(data|β0, β1, σ

2∗)× p(β0)× p(β1)× p(σ2∗)

p(data|β(t−1)
0 , β

(t−1)
1 , σ2(t−1))× p(β

(t−1)
0 )× p(β

(t−1)
1 )× p(σ2(t−1))

(9)

(b) Generate a uniform random number u from [0, 1].148

(c) If u < α, accept the proposed parameters: β(t)
0 = β0, β(t)

1 = β1, σ2(t) = σ2∗. Otherwise,149
keep the previous parameters: β(t)

0 = β
(t−1)
0 , β(t)

1 = β
(t−1)
1 , σ2(t) = σ2(t−1).150
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3. After T iterations, we have samples from the posterior distribution. We use these samples to esti-151 mate the posterior mean, credible intervals, and other properties of the parameters.152

This study uses a symmetrical Gaussian proposal distribution to simplify computing the acceptance ratio153 (78; 90; 89; 91). We implemented the entire BLR process using the PyMC3 library within the Python com-154 puting environment (92).155

3 Results and Discussion156

The number of data points at each isotope observation station can be seen in Figure 2. The three stations157 with the most data collection were the Kemayoran Air Pollution Post in Jakarta (#1), with a total of 47 data158 points, followed byDeli Serdang in North Sumatra (#5)with a total of 46 data points, and in third place is the159 Bengkulu station (#11) which is located on the southwest coast of Sumatra with a total of 43 observations of160 data points. The stations with the fewest number of observations include Tambang (#57), located in Riau,161 and Ranomeeto (#58) in Southeast Sulawesi, each with two data points. Stations with the second-fewest162 number of observations include El Tari (#24) and Kupang in East Nusa Tenggara (#38), Mlati (#49) in Sleman,163 Yogyakarta, Malikusaleh (#53) in North Aceh, Koba (#56) in Bangka Belitung, each of which recorded only164 three data points. The stations with the third-fewest number of observations are Tarempa (#36) in the Riau165 Archipelago, West Seram (#48) in Maluku, and Sorong (#54) in Southwest Papua, each of which only has166 four data points. All stations’ average and median data points were 21.968 and 22, respectively. These are167 very small because only about a quarter of the 85months of observation period had successfully extracted168
δ2H and δ18O values.169

Figure 2: Availability of data points at each isotope station over the IMC collected in this study.
Weaknesses in data collection are also found in the need formore coverage of areas outside parts of Suma-170 tra and Java due to limited access to transportation for sending samples. This must be underlined because171 most of the isotopemeasurements we produced in this study are concentrated in a region withmonsoonal172 rainfall classifications (8; 93; 94). In contrast, anti-monsoonal and semi-annual regions are underrepre-173 sented. This is also evident in the less distribution of δ2H and δ18O values at stations in these two regions,174 as shown in the boxplots in Figure 3.175

By combining δ2H and δ18O from all stations, we performed BLR inference, where the results of trace176 plots and the posterior distribution of the linear regression parameters can be seen in Figure 4. There is a177 convergence of all linear regression parameters, which can be visually seen in the trace plots (Figure 4a).178 The posterior distribution of the LMWL parameters that have been calculated using the MH algorithm is179 shown in Figure 4b. The mean and standard deviation of the posterior intercept are 3.506‰ and 1.732‰,180 respectively. Meanwhile, the mean and standard deviation of the posterior slope are 7.298 ‰ and 0.267181 ‰, respectively. Then, for a 2σ credible interval, we can write the LMWL equation as follows:182

δ2H = 7.298(±0.534)δ18O+ 3.506(±3.464) (10)
The two regression coefficients in Equation 10 are shallower when compared to GMWL. This indicates183
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the occurrence of a sub-cloud evaporation process which indicates the occurrence of re-evaporation from184 rainwater after falling under the clouds through a tropical convective processes. Visually this can be seen185 by shifting the LMWL regression line clockwise when compared to the GMWL (Figure 5). Similar things186 were also found in previous studies over the Maritime Continent (95; 96; 26).187

4 Conclusion188

Based on water isotope observations from 62 stations that we collected from September 2010 to Septem-189 ber 2017, we managed to build monthly δ2H, δ18O, and d-excess datasets per station and for all IMC, which190 are shared openly, accessible, and easily updated on theGitHub repository. Wehave also performedquality191 control on these data by calculating the LMWL using BLR, which is under the range of slopes and intercepts192 in previous studies conducted in areas with similar climate types (e. g. 95; 96; 69; 26). The open data we193 shared are by far the most complete data over the IMC for stable isotopes of precipitation.194

There are limitations to this study. One of them is that we should have checked the amount effect. This is195 due to the limitation of station precipitation data, which contains many empty data. In the future, a combi-196 nation of station data and other high-resolution data sources is needed, such as the Climate Hazards Group197 InfraRed Precipitation with Station data (CHIRPS) (97), which can be used to calculate the amount effect.198 In addition, this monthly water isotope observation activities over the IMC were stopped in September199 2017. This activity should be continued, given the central position of the IMC in the Earth’s climate sys-200 tem, which is currently undergoing significant changes as a consequence of the unprecedented increase201 in anthropogenic radiative forcing. The study of water isotopes in precipitation over the IMC can undoubt-202 edly deepen our understanding of anthropogenic and natural attributions in the hydrologic cycle in the203 tropics.204
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(a)

(b)
Figure 3: Box plots of the monthly (a) δ18O and (b) δ2H recorded by the 62 stations between September2010 and September 2017.
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(a)

(b)
Figure 4: (a) BLR posterior parameter trace plots for the intercept (upper panel), slope (middle panel),and standard deviation (lower panel). (b) Posterior distribution of the three linear regression parameters:intercept (upper panel), slope (middle panel), and standard deviation (lower panel).

13



Figure 5: The GMWL (solid black line) compared to the LMWL (the posterior mean shown by a solid greenline, light green area shows 95% credible interval obtained from the highest posterior density interval(HPDI)) of all stations over the IMC. Grey dots indicate individual data points.
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Abstract

Stable isotopes, δ2H, δ18O, and d-excess, are valuable tools as natural tracers of diffusion processesandphase changes in the global hydroclimatological cycle. The IndonesianMaritimeContinent (IMC) is anarchipelago area surrounded by very warmwaters which induce convective activities as the primary heatsource driving global atmospheric circulation. Given the central role of IMC in this hydroclimatologicalcycle, comprehensive study and data collection on the stable isotopes of precipitation in this region iscrucial.In this study, we collected monthly stable isotope data from 62 stations spread throughout the In-donesian archipelago from September 2010 to September 2017. We cleaned the data and conductedquality control activities by comparing the Local Meteoric Water Line (LMWL) to previous studies in asimilar climatic region. We shared these data openly on our GitHub repository, making them easier toupdate and interact with users in the future.

1 INTRODUCTION
Indonesian Maritime Continent (IMC) comprises a group of islands surrounded by the Indian and PacificOceans. The region’s climate is influenced by its insular geography and its position near the Equator. Lo-cated in the western part of the Indo-Pacific warm pool (IPWP), IMC is a source of latent heat release anddeep convection which drives the Hadley and Walker cells, thus playing an essential role in the earth’s hy-drological cycle (Yang et al., 2019; Xue et al., 2020). IMC is also the only link for warmed surface watersfrom the Pacific Ocean to the Indian Ocean through the Indonesian Throughflow (ITF), a surface flow com-ponent of the global ocean conveyor belt (e. g. Godfrey, 1996; Li et al., 2020; Makarim et al., 2019; Nagaiet al., 2021; Santoso et al., 2022).
In general, IMC experiences two seasons, namely the wet and dry seasons, each in boreal winter - spring(November-March/NDJFM) and boreal summer - fall (May - September/MJJAS) (Aldrian and Susanto, 2003;Yang et al., 2019). During the wet season, there is warm sea surface temperature (SST) and heavy precip-itation over the IMC, which is brought by the Asian winter monsoon, which is northeasterly to the northof the equator and northwesterly to the south of the equator, the opposite also happens in the dry sea-son (Chang et al., 2005a,b; Yang et al., 2019). Besides the annual cycle, IMC precipitation is influencedby internal global atmosphere-ocean interactions, such as the El Niño Southern Oscillation (ENSO) (e. g.
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Peatman et al., 2021; Zhu et al., 2022; Chen et al., 2023a; Gao and Li, 2023; Lu et al., 2023) and the IndianOcean Dipole mode (IOD) (e. g. Yang et al., 2019; Hu et al., 2020; Peatman et al., 2021; Xiao et al., 2022).On an intra-annual scale, precipitation over the IMC is also influenced by the Madden-Julian Oscillation(MJO), which propagates from the Indian Ocean to the Pacific Ocean via IMC (e. g. Ahn et al., 2020; Weiet al., 2020; Peatman et al., 2021; Bai and Schumacher, 2022; Abhik et al., 2023; Hudson and Maloney,2023).
Given the importance of IMC in understanding the earth’s hydroclimatological phenomena (Yamanaka,2016), investigation of precipitation characteristics is inevitable. One of the characteristics of precipitationthat is important to investigate is the traditional water-stable isotopes of precipitation (δ18O and δ2H)which are considered one of the natural tracers of hydrological cycles as a consequence of equilibrium andkinetic processes during phase transitions and diffusive processes (Tritschler et al., 2020; Valdivielso et al.,2020; He et al., 2021; Malik et al., 2022). In general, oxygen-18 (δ18O) and deuterium (δ2H) at mid- andhigh-latitudes are correlated with temperature (e. g. Bershaw, 2018; Liu et al., 2019; Routson et al., 2019;Xia et al., 2019b, 2020). However, in tropical regions such as the IMC, these two isotopic compositionsshow a negative correlation (e.g. Kurita et al., 2009; Munksgaard et al., 2019; Xia et al., 2019a; Jackischet al., 2022) due to a rainout process known as the amount effect (Dansgaard, 1964). δ18O can also beused as a signature of the water vapour transport process during ENSO and MJO over the IMC (Suwarmanet al., 2013; Belgaman et al., 2016b; Suwarman et al., 2017). Observations of δ18O and δ2H in the tropics arealso crucial to confirm the sensitivity of proxy precipitation observations in paleoclimatology using proxysystemmodelling (PSM),which requiresmodern precipitation isotope data in the region (Evans et al., 2013).Modern precipitation isotope observations are also needed to correct calculations performed by isotope-enabled General Circulation Models (iGCMs) (e. g. Peng et al., 2020; Nan et al., 2021; Chen et al., 2022,2023b).
Until recently, there is not much open and publicly accessible data on traditional precipitation isotope overthe IMC. There are four isotope stations operated by the International Atomic Energy Agency (IAEA) withinthe framework of the Global Network of Isotopes in Precipitation (GNIP) program. However, these sta-tions stopped operating in 2003 and only cover the Java region, except for the Jayapura station in Papua(Belgaman et al., 2016a). In addition, there were isotope observations conducted by the Institute of Ob-servational Research for Global Change (IORGC)/Japan Agency for Marine-Earth Science and Technology(JAMSTEC) conducted at six stations across IMC between 2001 and 2007 (Kurita et al., 2009; Belgamanet al., 2016a).
In this study, we conducted monthly δ18O and δ2H sampling at 62 observation stations along the IMCfrom September 2010 to September 2017. Part of these data (30 stations) have been used in a study byBelgaman et al. (2017) but has yet to be opened to the public. We opened the δ18O and δ2Hmeasurementsto the public on our GitHub repository to support democratizing knowledge based on open-source codeand reproducible datasets (Perkel, 2016).

2 DATA ACQUISITION
We conducted field sampling from 62 meteorological and climatological stations owned by the IndonesianMeteorology, Climatology, and Geophysical Agency (BMKG) throughout the IMC area (Figure 1). To find outthe details of station numbering and their location, see the table on the following URL: https://github.
com/sandyherho/imc-precip-iso/blob/main/output_data/sta_list.csv. We collected these pre-cipitation samples manually using buckets and then put them into 6 mL glass vials with screw caps. Toprevent secondary evaporation after storage, we discarded samples with a volume of less than 5 mL. Wecollected these monthly precipitation samples from September 2010 to September 2017.
Wemeasured δ18O and δ2H using the Picarro® L2120-i instrument using the cavity ring-down spectroscopytechnique, which has proven practical and accurate inmeasuringwater isotopes (e. g. De Graaf et al., 2020;Maithani and Pradhan, 2020; Sagayama et al., 2021; Hutchings and Konecky, 2023; Zhang and Xu, 2023).We measured the ratio of the abundance of the heavy to light isotopes (R), in the context of this study,2H/1H and 18O/16O, from samples by comparing them to the international standard, namely the ViennaStandard Mean Ocean Water (VSMOW) (Hornberger, 1995) so that δ values were obtained in units per mil(‰) using the following equation:

δ =

(
Rsample
Rstandard − 1

)
× 103 (1)
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figs/fig1.png

Figure 1: Location of the stations at which monthly samples of precipitation were collected for isotopemeasurements over the IMC (rendered using PyGMT (Wessel et al., 2019; Uieda et al., 2023)).
Due to the limited supply of international standards (is), we calibrated the samples (x) using threeworkingstandards (ws), Aqua Standard®, SLW2 and ICE2, which had been calibrated against VSMOW. This calcula-tion process is formulated through the following equation (Coplen, 1988):

δx−is = δx−ws + δws−is + (δx−ws × δws−is)× 10−3 (2)
Long-term standard errors (1σ) for these δ18O and δ2H measurements are ±0.2‰ and ±1.0‰, respec-tively.
Microsoft® Excel files extracted from the isotope measurement instrument were then converted into atext-formatted files, i. e. comma-separated values (CSV) format to make them easier to read by variouskinds of software without being limited by a paid license (Taylor, 2015; Mäs et al., 2018). These data werethen splitted into time series for each station and the entire IMC. In addition, we also calculated d-excess
(d), which is defined as the deviation from δ2H to δ18O according to the definition of the Global MeteoricWater Line (GMWL) (Craig, 1961), which can be written as follows:

d = δ2H− 8δ18O (3)
Calculation of this d-excess is necessary, given its correlationwith the oceanic source of precipitation (Merli-vat and Jouzel, 1979; Bershaw, 2018). Globally, this d-excess is a dependent variable of the relative humidityof the sea surface (Pfahl and Sodemann, 2014). Using d-excess, we can find the moisture flux anomaly dur-ing extreme events, such as ENSO influences in precipitation (e. g. Sánchez-Murillo et al., 2017; Yoshikawaet al., 2020; Shao et al., 2021). We did the entire data wrangling process using NumPy (Van Der Walt et al.,2011) and pandas (McKinney et al., 2011) libraries in the Python computing environment.

3 METHOD
We performed Local Meteoric Water Line (LMWL) calculations as part of our quality control efforts. It hasbeen known since a study conducted by Craig (1961) that there is a linear relationship between δ2H to δ18Oglobally, which can be formulated as follows:

δ2H = 8δ18O+ 10 (4)
However, local slope variations and intercepts were only discovered after collecting IAEA/GNIP observa-tions through the study of Rozanski et al. (1993), better known as LMWL. In this study, it is emphasized
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that the relationship between the two isotopes is still linear. Variations in the slope may store informationabout the local seasonal climatology (Putman et al., 2019).
We used Bayesian Linear Regression (BLR) to determine the relationship between δ2H and δ18O over theIMC. BLR allows better handling of uncertainty in models. This method recognizes that we need perfectinformation about model parameters or data variability. We can represent this uncertainty using a proba-bility distribution on the parameters in the Bayesian approach. This approach helps generatemore realisticand credible parameter estimates and confidence intervals. The BLR approach allows us to incorporate anyprior knowledge about the model parameters. This is useful when we need more data or want to use ex-isting domain knowledge. In this study, we determined the priors for slopes and intercepts from the globaldata compilation for humid tropical regions (Köppen class A) that was done by Putman et al. (2019). Apartfrom single-point estimates (as in "frequentist" linear regression), the BLR gives a full posterior distributionofmodel parameters after looking at the data. This provides richer information about the parameter uncer-tainties and allows for more robust modelling of the δ2H - δ18O covariance. Because of these advantages,the Bayesian approaches have recently been popular for solving water isotope problems (e. g. Putmanet al., 2019; Arellano et al., 2020; Torres-Martínez et al., 2020; Zhang et al., 2020; Kang et al., 2022; Zaryabet al., 2022;Mao et al., 2023). The full benefits of using BLR can be found in Klauenberg et al. (2015).
The simple linear regression model that we used to explain the statistical relationship between δ2H and
δ18O is illustrated in the following equation:

δ2Hi = β0 + β1δ
18Oi + εi (5)

, where δ2Hi and δ18Oi are the observed deuterium and oxygen-18 isotope values for the i−th data point,respectively. β0 and β1 are the unknown regression coefficients (intercept and slope) to be estimated.
εi is the random error term, assumed to be normally distributed, with mean zero and constant variance
σ2.
BLR estimation started by specifying the prior distributions for the unknown parameters: β0, β1, and σ2. Inthis study, we assumed normal prior for intercept and slope, and uniform prior for variance (West, 1984):

β0 ∼ N
(
m0, s

2
0

)
β1 ∼ N

(
m1, s

2
1

)
σ2 ∼ U(a, b)

(6)

Parametersm0,m1, s0, s1, a, and bwere determined from the global observation database for the humidtropical regions (Köppen class A) (Putman et al., 2019).
Assuming errors εi are normally distributed, the likelihood function canbewritten in the following form:

p
(
δ2Hi|β0, β1, δ

18Oi, σ
2
)
=

1√
2πσ2

exp

(
−
(
δ2Hi − β0 − β1 − δ18Oi

)2
2σ2

)
(7)

The joint posterior distribution of the BLR parameters given the observed isotope data (δ2Hi, δ
18Oi

) is:
p(β0, β1, σ

2|data) ∝ p(data|β0, β1, σ
2)× p(β0)× p(β1)× p(σ2) (8)

, where p(data|β0, β1, σ
2) is the likelihood and p(β0), p(β1), and p(σ2) are the priors.

We used a simple algorithm from the Markov chain Monte Carlo (MCMC) methods (Jones and Qin, 2022),the Metropolis-Hastings (MH) algorithm (Metropolis et al., 1953; Hastings, 1970), to estimate the posteriordistribution. This algorithm can approximate the posterior distribution without the need to compute thenormalization constant (Chib and Greenberg, 1995). MH algorithm has also proven reliable enough to beused in hydroclimatological problems (e. g. Putman et al., 2019; Fan et al., 2022; Herho, 2022; Sharma andMujumdar, 2022; Vinnarasi and Dhanya, 2022; Xu et al., 2022; Zolghadr-Asli et al., 2022). MH algorithmcan be summarized into several steps as follows:
1. Intitialize the parameters β(0)

0 , β(0)
1 , and σ2

0
(0) to some initial values.
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2. For iteration t = 1 to T , where T is the number of iterations (in this study, we used 10,000 stepswith the tuning of 2,000 steps which are the "burn in" iterations used to accelerate convergence(Jones and Qin, 2022; South et al., 2022)):
(a) Calculate the acceptance ratio α:

α =
p(data|β0, β1, σ

2∗)× p(β0)× p(β1)× p(σ2∗)

p(data|β(t−1)
0 , β

(t−1)
1 , σ2(t−1))× p(β

(t−1)
0 )× p(β

(t−1)
1 )× p(σ2(t−1))

(9)

(b) Generate a uniform random number u from [0, 1].
(c) If u < α, accept the proposed parameters: β(t)

0 = β0, β(t)
1 = β1, σ2(t) = σ2∗. Otherwise,

keep the previous parameters: β(t)
0 = β

(t−1)
0 , β(t)

1 = β
(t−1)
1 , σ2(t) = σ2(t−1).

3. After T iterations, we have samples from the posterior distribution. We use these samples to esti-mate the posterior mean, credible intervals, and other properties of the parameters.
This study uses a symmetrical Gaussian proposal distribution to simplify computing the acceptance ratio(Jones and Qin, 2022; Karras et al., 2022; South et al., 2022; Agrawal et al., 2023). We implemented theentire BLR process using the PyMC3 library within the Python computing environment (Salvatier et al.,2016).

4 RESULTS and DISCUSSION
The number of data points at each isotope observation station can be seen in Figure 2. The three stationswith the most data collection were the Kemayoran Air Pollution Post in Jakarta (#1), with a total of 47 datapoints, followed byDeli Serdang in North Sumatra (#5)with a total of 46 data points, and in third place is theBengkulu station (#11) which is located on the southwest coast of Sumatra with a total of 43 observations ofdata points. The stations with the fewest number of observations include Tambang (#57), located in Riau,and Ranomeeto (#58) in Southeast Sulawesi, each with two data points. Stations with the second-fewestnumber of observations include El Tari (#24) and Kupang in East Nusa Tenggara (#38), Mlati (#49) in Sleman,Yogyakarta, Malikusaleh (#53) in North Aceh, Koba (#56) in Bangka Belitung, each of which recorded onlythree data points. The stations with the third-fewest number of observations are Tarempa (#36) in the RiauArchipelago, West Seram (#48) in Maluku, and Sorong (#54) in Southwest Papua, each of which only hasfour data points. All stations’ average and median data points were 21.968 and 22, respectively. These arevery small because only about a quarter of the 85months of observation period had successfully extracted
δ2H and δ18O values.

figs/fig2.png

Figure 2: Availability of data points at each isotope station over the IMC collected in this study.
Weaknesses in data collection are also found in the need formore coverage of areas outside parts of Suma-tra and Java due to limited access to transportation for sending samples. This must be underlined becausemost of the isotopemeasurements we produced in this study are concentrated in a region withmonsoonal

5



rainfall classifications (Aldrian and Susanto, 2003; Supari et al., 2018; Ferijal et al., 2021). In contrast, anti-monsoonal and semi-annual regions are underrepresented. This is also evident in the less distribution of
δ2H and δ18O values at stations in these two regions, as shown in the boxplots in Figure 3.
By combining δ2H and δ18O from all stations, we performed BLR inference, where the results of traceplots and the posterior distribution of the linear regression parameters can be seen in Figure 4. There is aconvergence of all linear regression parameters, which can be visually seen in the trace plots (Figure 4a).The posterior distribution of the LMWL parameters that have been calculated using the MH algorithm isshown in Figure 4b. The mean and standard deviation of the posterior intercept are 3.506‰ and 1.732‰,respectively. Meanwhile, the mean and standard deviation of the posterior slope are 7.298 ‰ and 0.267‰, respectively. Then, for a 2σ credible interval, we can write the LMWL equation as follows:

δ2H = 7.298(±0.534)δ18O+ 3.506(±3.464) (10)
The two regression coefficients in Equation 10 are shallower when compared to GMWL. This indicatesthe occurrence of a sub-cloud evaporation process which indicates the occurrence of re-evaporation fromrainwater after falling under the clouds through a tropical convective processes. Visually this can be seenby shifting the LMWL regression line clockwise when compared to the GMWL (Figure 5). Similar thingswere also found in previous studies over the Maritime Continent (He et al., 2018a,b, 2021).

5 CONCLUDING REMARKS
Based on water isotope observations from 62 stations that we collected from September 2010 to Septem-ber 2017, we managed to build monthly δ2H, δ18O, and d-excess datasets per station and for all IMC, whichare shared openly, accessible, and easily updated on theGitHub repository. Wehave also performedqualitycontrol on these data by calculating the LMWL using BLR, which is under the range of slopes and interceptsin previous studies conducted in areas with similar climate types (e. g. He et al., 2018a,b; Putman et al.,2019; He et al., 2021). The open data we shared are by far the most complete data over the IMC for stableisotopes of precipitation.
There are limitations to this study. One of them is that we should have checked the amount effect. Thisis due to the limitation of station precipitation data, which contains many empty data. In the future, acombination of station data and other high-resolution data sources is needed, such as the Climate HazardsGroup InfraRed Precipitation with Station data (CHIRPS) (Funk et al., 2015), which can be used to calculatethe amount effect. In addition, thismonthlywater isotopeobservation activities over the IMCwere stoppedin September 2017. This activity should be continued, given the central position of the IMC in the Earth’sclimate system, which is currently undergoing significant changes as a consequence of the unprecedentedincrease in anthropogenic radiative forcing. The study of water isotopes in precipitation over the IMC canundoubtedly deepen our understanding of anthropogenic and natural attributions in the hydrologic cyclein the tropics.
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(b)
Figure 3: Box plots of the monthly (a) δ18O and (b) δ2H recorded by the 62 stations between September2010 and September 2017.
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(b)
Figure 4: (a) BLR posterior parameter trace plots for the intercept (upper panel), slope (middle panel),and standard deviation (lower panel). (b) Posterior distribution of the three linear regression parameters:intercept (upper panel), slope (middle panel), and standard deviation (lower panel).
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figs/fig5.png

Figure 5: The GMWL (solid black line) compared to the LMWL (the posterior mean shown by a solid redline, area between the dashed red lines shows 95% credible interval obtained from the highest posteriordensity interval (HPDI)) of all stations over the IMC. Grey dots indicate individual data points.
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