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Abstract Understanding the controls on stable isotopologues of tropical rainfall is critical for paleoclimatic
reconstruction from tropical ice core records. The southern Papua region, Indonesia, has a unique climate
regime that allows for the evaluation of the influence of precipitation and convective activity on seasonal
rainfall δ18O. The influence of the El Niño–Southern Oscillation (ENSO) on interannual rainfall δ18O variation is
also important for paleoclimate reconstruction. Here we present stable isotope analyses of 1332 rain samples
collected daily during the period from January 2013 to February 2014 (ENSO-normal) and December 2014
to September 2015 (El Niño) at various elevation stations (9 to 3945m above sea level) on the southern slope
of the central mountain ranges in Papua. The results suggest an altitude effect with an isotopic lapse rate
for δ18O (δD) of �2.4‰/km (�18.2‰/km). The temporal δ18O variability (daily to interannual) is controlled
mostly by regional convective activity rather than local/regional precipitation amount. The intraseasonal δ18O
variation resembles the Madden-Julian Oscillation cycle with major δ18O depletion events associated with
active (wet) phases. Moisture origins, transport pathways, moisture convergence, and raindrop evaporation
appear to have no significant seasonal effects on δ18O, leading to the conclusion that condensation
temperature controls δ18O depletion associated with convective activity. Seasonal δ18O variation is likely
associated with atmospheric temperature at the mean condensation level as indicated by the altitude of
latent heat release in the troposphere. Rainfall δ18O (δD) is generally enriched by 1.6‰–2‰ (11‰–15‰)
during El Niño than during ENSO-normal periods.

1. Introduction

The stable isotopic content of water has been recognized as a powerful tool for paleoclimate reconstruction.
In the tropics, there is an empirical negative relationship between the stable isotope ratios in precipitation
and the rainfall amount, which defines the stable isotope “amount effect” [Dansgaard, 1964; Rozanski et al.,
1993; Gonfiantini et al., 2001]. On seasonal timescales, the amount effect results in rainfall isotopic values
being more depleted during rainy seasons than dry seasons [Gonfiantini et al., 2001]. The amount effect in
rain has been ascribed to fractionation processes that occur on both local [Vuille et al., 2005; Lee et al.,
2009] and larger spatial scales [Cobb et al., 2007; Risi et al., 2008a; Kurita et al., 2009, 2011; Fudeyasu et al.,
2011; Tremoy et al., 2012;Moerman et al., 2013; Kurita, 2013]. However, previous studies also have linked rain-
fall isotopic composition to moisture sources, moisture transport history, and/or prevailing weather patterns
[Rhodes et al., 2006; Scholl et al., 2007, 2009; Kurita et al., 2009; Breitenbach et al., 2010; Fudeyasu et al., 2011;
Crawford et al., 2013; Suwarman et al., 2013; Windhorst et al., 2013].

The mechanisms that lead to the observed isotope amount effect are poorly understood. The amount effect
has been explained as a consequence of the extent of the rainout process from deep convective clouds in the
Intertropical Convergence Zone (ITCZ) [Rozanski et al., 1993; Yoshimura et al., 2003]. In this scenario, greater
rain intensity during storm events results in lower isotopic values while less intense rain storms tend to
generate precipitation with more enriched isotopic values. Because heavy water vapor is preferably removed
as condensation, the remaining vapor becomes lighter. Thus, subsequent precipitation that forms from a
given convective air mass will be more isotopically depleted [Yoshimura et al., 2003; Vuille et al., 2003].
Alternatively, the amount effect has been interpreted by the direct and indirect effects of unsaturated down-
drafts in the convective system [Risi et al., 2008a, 2008b]. The direct effect of the unsaturated downdrafts is
associated with processes of rainfall reevaporation and equilibration through diffusive exchanges. The indirect
effect is referred to as downdraft recycling, which decreases the isotopic ratios of atmospheric water vapor by
injecting isotopically depleted vapor from the downdrafts into the subcloud layer which feeds the convective
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system [Risi et al., 2008b]. A recent study demonstrates that moisture convergence is also the main contributor
to the interpretation of the amount effect [Lee et al., 2007;Moore et al., 2014]. Moreover, Kurita [2013] suggested
that the rainfall isotopic variation in tropical regions is not directly controlled by the precipitation amount but
rather depends on large-scale convective activity, as shown by Lekshmy et al. [2014] in southern India during
the monsoon season. Recently, upwind regional convective activity during the monsoon season has been
identified as the main control of isotopic variation in the southern Tibetan Plateau [Gao et al., 2013] and over
the tropical Andes [Samuels-Crow et al., 2014].

In the tropics, most precipitation falls from high convective clouds during the summer monsoon season, cor-
responding to intensively deep convection originating from low-pressure systems following the annual
movement of the ITCZ. Outgoing longwave radiation (OLR) at the top of the atmosphere is routinely used
to locate areas of deep convection and precipitation [Arkin and Ardanuy, 1989]. The OLR value represents
an integral measurement of the radiative effects from the surface, clouds, and gases in the atmosphere.
In general, enhanced deep convection associated with high precipitation is identified by low OLR values
(<205Wm�2) [Gu and Zhang, 2002], while high OLR values (>205Wm�2) indicate reduced convection with
less precipitation or clear-sky condition. Therefore, on seasonal timescales in the tropics, precipitation amount
and OLR values are generally inversely correlated.

Correlations between rainfall isotopic variations and large-scale convective activity have also been reported
on intraseasonal timescales in tropical South America [Vimeux et al., 2011], Africa [Risi et al., 2008a; Tremoy
et al., 2012], the southern Tibetan Plateau [Gao et al., 2013], and Southeast Asia [Moerman et al., 2013]. The
most prominent mode of intraseasonal variability in the tropics is the Madden-Julian Oscillation (MJO) which
has 30–60 day periodicity and is characterized by an eastward propagation of both enhanced and reduced
tropical cloud convection across the equatorial Indian Ocean to the western and central Pacific Ocean
[Madden and Julian, 1972]. Kurita et al. [2011] showed that rainfall isotopic variation is associated with the
intraseasonal MJO. Moreover, Moerman et al. [2013] suggested that the large negative values of rainfall
δ18O, indicated by low OLR values, are associated with the wet phases of MJO.

From a different perspective, OLR primarily reflects the temperature at the emission level of infrared radiation,
leading to the interpretation that isotopic depletion associated with convection is the result of lower conden-
sation temperature. In cloudy conditions, this reflects the altitude of the cloud top. Therefore, in the tropics,
lower (higher) OLR values also correspond to higher (lower) cloud top and echo top altitudes, average alti-
tude of rainfall within clouds, and likely associated with cooler (warmer) temperatures at which precipitation
forms in clouds [e.g.,Mechem and Oberthaler, 2013, Figure 5]. Based on echo tops radar data, previous studies
in Puerto Rico and Hawaii concluded that rain δ18O seasonality is influenced by atmospheric temperatures
(temperature effect [Dansgaard, 1964]) that correspond to different cloud heights associated with the seaso-
nal climate patterns [Scholl et al., 2009; Scholl and Coplen, 2010]. Rainfall δ18O depletion that occurs during
summer corresponds to deep convection and high cloud height associated with low-pressure systems, while
during winter orographic precipitation and high-pressure systems are predominant where rainfall δ18O
enrichment is controlled by the limited cloud height under the trade wind inversion (TWI) layer [Scholl
et al., 2009]. In ice core studies, the relationship between ice δ18O and temperatures at mean condensation
levels has been proposed for the interpretation of the tropical ice core records [Thompson et al., 2000,
2003]. Modeling studies in the western U.S. have also revealed the relationship between rainfall isotope
seasonality and condensation height in temperate latitudes [e.g., Buenning et al., 2012, 2013].

Research on rainfall stable isotopes in the Maritime Continent Indonesia region may provide an opportunity
to evaluate processes that control modern precipitation. Seasonal rainfall isotopic variations in this region
have been linked to local or regional precipitation amounts [Kurita et al., 2009], and moisture origins
[Suwarman et al., 2013], and are influenced by the strength of regional convective activity [Moerman et al.,
2013; Kurita, 2013]. In the southern part of the central mountain ranges of Papua, Indonesia (New Guinea;
4°S, 137°E), the annual movement of the ITCZ causes low (high) OLR values during austral summer (winter)
from December to March (May to October). However, Aldrian and Dwi Susanto [2003] identified the rainfall
seasonality in this region as antimonsoonal, marked by a distinct peak during austral winter and relatively
low rainfall during austral summer. This condition provides this region with a unique climate regime as the
precipitation amount and OLR values are positively correlated on seasonal timescales, in contrast to the typical
relationship in the tropics. Therefore, it is a challenge to directly evaluate the influence of precipitation amount
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and convective activity on the isotope ratios in tropical rainfall from this region. It is also important to investi-
gate the influence of moisture dynamics and the impact of ENSO interannual variations on rainfall isotopic
ratios in this region, as it is located in the heart of the West Pacific Warm Pool (WPWP). ENSO events can signifi-
cantly alter the amplitude of seasonal rainfall in Papua [Prentice and Hope, 2007]. Papua usually experiences
drier conditions during El Niño events [Sukri et al., 2003; Permana, 2011].

Here we present stable isotope analyses of 1332 rain samples collected daily during the period from January
2013 to February 2014 (ENSO-normal period) and December 2014 to September 2015 (El Niño period). The
collection sites are located at various elevations along the southern slope of the central mountain ranges
in Papua. The controls on daily to seasonal isotopic variations in precipitation are investigated with respect
to local surface temperature, local/regional precipitation amount, and convective activity based on both in
situ and satellite data. The influences of moisture dynamics on rainfall isotopic ratios are examined for moist-
ure origins and transport history with air mass back trajectories and for moisture convergence. Furthermore,
the influence of atmospheric temperature at mean condensation level on rainfall isotopic values is examined
with respect to the altitude of latent heat (LH) release and cloud fraction in the troposphere. The isotopic
ratios during ENSO-normal and El Niño periods are also investigated to provide insights into the key climate
factors controlling isotopic variability in precipitation on interannual timescales in the region and, ultimately,
inform our understanding of the information preserved in tropical ice cores from Papua glaciers.

2. Site Description and Climate

Papua (8°S–0°S, 130°E–141°E), which was known as Irian Jaya before 2002, is the largest and easternmost of
the 34 provinces in the Republic of Indonesia. With a land area of 319,036 km2 (16.62% of the Indonesian
region), Papua and West Papua Provinces occupy the western half of New Guinea Island. Papua is bordered
on the east by Papua New Guinea (PNG) and is surrounded by the Pacific Ocean to the north, the Arafura Sea
(AS) to the south, and the Banda Sea (BS) to the west (Figure 1a). The island is divided from the east-southeast
to the west-northwest by mountain ranges that exceed 3500m above sea level (m asl), including the highest
peak, Puncak Jaya (4884m asl). The Papua landmass is covered mostly by tropical rainforest with wetlands in
some coastal regions and grasslands in the high mountains.

The climate setting of Papua, which is located within the WPWP, is controlled mainly by the annual movement
of the ITCZ [McAlpine et al., 1983; Prentice and Hope, 2007]. During austral summer (the “northwest season,”
December to March), the climate is dominated by the monsoon westerlies which result from veering of the
northeast trade winds over the equator due to heating over the NewGuinea landmasses (Figure 1b). The south-
east trades flow over the entire Papua region during the austral winter (the “southeast season,”May to October)
(Figure 1c) [Prentice and Hope, 2007]. The temperature regime is typically equatorial with a seasonal range of
~1 to 3°C and a diurnal range of ~6 to 14°C. Moderately high temperatures occur at sea level, varying between
22°C and 34°C. The southern mountain ranges of Papua experience maximum (minimum) temperature in
December–February (June–August), but the more equatorward regions experience two temperature maxima
(minima) in May and November (February and July). The average regional surface lapse rate is ~5.0°C/km as
determined by weather station data. Below 2500m asl, the average level of the top of the atmospheric
boundary layer [Prentice and Hope, 2007], the lapse rate is 5.2°C/km and above that altitude the rate decreases
to 4.6°C/km [Permana, 2011].

Because of the surrounding oceans, Papua is one of the wettest regions on Earth with many sites receiving
2500–4500mmof precipitation annually [Prentice and Hope, 2007]. Due to its location within theWPWP, there
is little seasonal variability in rainfall. For most parts of Papua, rainfall maxima (minima) occur during the
northwest (southeast) season, but in the southern part of the central mountain ranges the seasonality is
reversed (see the study area in Figure 1) [Aldrian and Dwi Susanto, 2003]. The annual precipitation in this region
ranges between ~5000 and 12,000mm with the highest amount (~12,500mm/yr) recorded at Mile50 station
(4.28°S, 137.01°E; 617m asl) [Permana, 2011]. During the northwest season all parts of the island are almost con-
tinuously wet (Figure 1b), with the monsoon westerlies prevailing up to about 600mb. The weather pattern is
dominated by a low-pressure system associated with enhanced deep convective activity which is driven by the
position of the ITCZ in the Southern Hemisphere. During the southeast season the southern part of the island
experiences drier conditions withminimum rainfall in June–July (Figure 1c). However, the rainfall amount in the
lower part of the study area is higher than during the northwest season. In the southeast season, the trade wind
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inversion (TWI) layer is present at about 2000m asl south of themountains in Papua as a result of the ITCZ position
in the Northern Hemisphere [McAlpine et al., 1983; Prentice and Hope, 2007]. The TWI layer, indicated by a strong
temperature inversion, is a controlling factor for cloud development which caps local convective circulation and
mixing processes. During this season, meteorological data from lowland stations demonstrate that rainfall at
nighttime (6P.M.–6A.M. local time) is much higher than at daytime (6A.M.–6P.M. local time), with differences

Figure 1. (a) Topography of Papua Province and its borders (NASA SRTM 90m [Jarvis et al., 2008]). The small black triangle
marks the highest peak of Puncak Jaya. (b) Mean monthly precipitation (shaded, TRMM 3B43V7 products) and mean 10m
winds (vector, NASA MERRA reanalysis) from January 1998 to December 2013 for January. (c) As in Figure 1b but for July.
The black shadow box (Figures 1a–1c) is the study area.
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of up to 250–350mm/month occurring
from June to August [Permana, 2011].
Conversely, highland stations receive at
least as much rainfall during the day as
at night.

This diurnal variation in the southeast
season is mainly caused by local wind
regimes and orographic lifting result-
ing in a shallow local convective system
that is limited by the presence and the
strength of TWI. During the day, parti-
cularly in late afternoon, the rainfall on
the lowland is caused mainly by south-
east trade winds transporting moisture
from the Arafura Sea, enhanced by
upslope anabatic (valley) winds and
sea breezes at the southern coast. As
it interacts with steep topography,
orographic lifting of the moisture pro-
duces high rainfall over the slopes and
highlands. At night, strong southeast
trade winds converge with downslope
katabatic (mountain) winds enhanced
by land breezes at the southern coast,
leading to offshore convergence and
producing high nocturnal rainfall on
the southern lowlands [McAlpine et al.,

1983]. A similar nocturnal rainfall mechanism also occurs during the northwest season due to offshore con-
vergence of katabatic flow with monsoon westerlies [McAlpine et al., 1983]. The only difference between the
two seasons is the presence of the TWI, suggesting that more nocturnal rainfall originates from shallow
convection systems during the winter. The impacts of trade winds and local wind circulation on the diurnal
rainfall have been observed in Papua New Guinea [McAlpine et al., 1983] and the island of Hawaii [Chen and
Nash, 1994; Esteban and Chen, 2008] which has analogous topography to southern Papua. The influence of
topography on the diurnal precipitation cycle over NewGuinea Island based on satellite products andmodeling
was discussed by Zhou and Wang [2006]. Furthermore, the diurnal cycle over the island of New Guinea during
summer is systematically modulated by intraseasonal variability in large-scale circulation patterns such as the
MJO [Ichikawa and Yasunari, 2008]. A recent study suggests that diurnal variation, rather than monsoon
variation, is the dominant factor that controls precipitation intensity in the study area [Christianto, 2014].

3. Methods and Data
3.1. Sample Collection and Analysis

While a Papua ice core drilling project conducted on the glaciers near Puncak Jaya by the Byrd Polar and
Climate Research Center (BPCRC) was underway in June 2010, 83 rain samples for stable isotope analysis were
collected from different elevations daily over 2weeks [Permana, 2011]. For this study, we used 1332 rain
samples that were collected daily in two collection periods. The first period was from January 2013 to
February 2014 at five stations, and the second was from December 2014 to September 2015 at three stations
at altitudes ranging from 9 to 3945m asl along a ~90 km transect across the southern mountain ranges
(Table 1). The sampling sites were located near weather stations operated by PT Freeport Indonesia (PTFI)
(Figure 2): Portsite (PORT; 4.83°S, 136.84°E; 9m asl), Timika (TMK; 4.53°S, 136.89°E; 37m asl), Kuala Kencana
(KK; 4.41°S, 136.86°E; 67m asl), Tembagapura (TPR; 4.14°S, 137.09°E; 1900m asl), and Grasberg (GRS; 4.04°S,
137.12°E; 3945m asl). In March 2008 the TPR weather station was moved to Mile 66 (M66; 4.15°S, 137.1°E;
2350m asl); thus, due to their close proximity, rainfall isotopes from TPR were compared with meteorological
data from M66. The climatology for each collection site is also shown in Figure 2.

Table 1. Number of Samples for Each Station by Montha

Month PORT TMK KK TPR GRS Total

Jan 2013 3 3 3 3 2 14
Feb 2013 15 18 24 18 18 93
Mar 2013 15 8 25 16 6 70
Apr 2013 20 9 28 25 0 82
May 2013 19 13 22 26 4 84
Jun 2013 24 7 25 24 2 82
Jul 2013 25 16 31 27 22 121
Aug 2013 11 6 24 27 11 79
Sep 2013 13 11 25 18 0 67
Oct 2013 13 0 30 17 0 60
Nov 2013 10 0 28 9 0 47
Dec 2013 16 0 29 20 0 65
Jan 2014 8 0 2 20 0 30
Feb 2014 0 0 0 5 0 5

Dec 2014 11 18 7 36
Jan 2015 18 25 18 61
Feb 2015 10 22 24 56
Mar 2015 11 20 16 47
Apr 2015 19 20 23 62
May 2015 16 15 3 34
Jun 2015 21 23 0 44
Jul 2015 14 13 10 37
Aug 2015 11 10 9 30
Sep 2015 10 16 0 26
Total 333 91 296 437 175 1332

aThe empty row splits the two collection periods. See Text S1 for details.
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The details of the collection processes and a description of the rain collectors are located in Text S1 and
Figure S1 in the supporting information, respectively. The first collection period for TMK, KK, and TPR began
on 29 January 2013, while at PORT it began earlier (26 January 2013) and at GRS it began later (30 January
2013). The fewest number of samples were collected at the highland station GRS from May to June 2013
due to a tunnel collapse at the PTFI training facility in mid-May. The second collection period, at PORT and
TPR, started on 11 December 2014, while at GRS it started on 13 December 2014.

Rainfall isotopic ratios of oxygen (δ18O) and hydrogen (δD) were measured at the BPCRC stable isotope
laboratory using a cavity ring-down spectrometer (Picarro L2120-i water isotope analyzer). A well-known
global relationship between average δ18O and δD in natural waters has been defined by Craig [1961] as
the global meteoric water line (GMWL) and derived by the equation δD= 8*δ18O+ 10. In any particular region,
this relationship is defined as the local meteoric water line (LMWL).Dansgaard [1964] defined the y axis intercept
value of the MWL as the deuterium excess (d= δD� 8*δ18O). The reported estimates of uncertainty attributed
to rainfall δ18O and δD measurements are ±0.2‰ and ±1.5‰, respectively. An uncertainty of ±1.5‰ for d
excess values is calculated from the quadratic combination of the uncertainties of δ18O and δD.

3.2. Climate Data

Local meteorological data during the collection period, including local precipitation amounts and surface
temperature, were obtained from PTFI weather stations and the local office of the Agency for Meteorology
Climatology and Geophysics of Indonesia (BMKG) in Timika. Daily regional precipitation and monthly latent
heating data were derived from the National Aeronautics and Space Administration (NASA)-Tropical Rainfall
Measuring Mission (TRMM) satellite products 3B42 V7 (0.25° × 0.25° grid) and 3A12 V7 (0.5° × 0.5° grid),
respectively. Unfortunately, the TRMM 3A12 products are only available up to March 2015 as the instruments
on TRMMwere turned off on 8 April 2015. Regional convective activity data were obtained from the National
Oceanic and Atmospheric Administration (NOAA) interpolated OLR data set on a 2.5° × 2.5° grid [Liebmann
and Smith, 1996]. OLR data at higher resolution were derived from the NASA-Modern-Era Retrospective
Analysis for Research and Application (MERRA) reanalysis as a variable of upward longwave flux at top of
atmosphere from 1979 to present with a resolution of 0.67° longitude and 0.5° latitude [Bosilovich, 2008;

Figure 2. The rain collection sites and climatology. The climatology is based on observation data from 1997 to 2013, except for TPR which is from 1997 to 2007.
Note that the temperature scale is different for GRS.
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NASA, 2011; Rienecker et al., 2011]. Since the NOAA OLR data are only available up to 31 December 2013,
MERRA OLR data were used in this study demonstrating that they compare well during the period of 2013
(Figure S2). The moisture origins and moisture transport paths were identified and simulated using the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectory model [Draxler and Rolph,
2014] combined with National Centers for Environmental Prediction (NCEP) reanalysis data at 12 h time steps
back to 5 days at 1000m above ground level (m agl). The calculated back trajectories were also conducted at
different elevations using Global Data Assimilation System for testing sensitivity. In addition, surface wind
and cloud fraction data were obtained from MERRA reanalysis. Sea surface temperatures (SSTs) were pro-
vided by the NOAA Extended Reconstructed Sea Surface Temperature version 3b data set [Smith et al., 2008].

4. Results
4.1. Stable Isotope Variations (δ18O, δD, and d)

Daily rainfall δ18O and deuterium excess (d= δD� 8*δ18O) data from all stations are shown in Figure 3 (δD
data are shown in Figure S3). Detailed statistics of daily rainfall δ18O, δD, and d are described in Table 2.
The results show that the more depleted δ18O values occur with increasing elevation, which demonstrates
the nature of the altitude effect. The calculated regional isotopic lapse rate for δ18O is �2.4‰/km and for

Figure 3. (a) Time series of daily rainfall δ18O for all stations with dashed lines representing the linear trend over particular
time intervals. (b) Time series of daily d values for all stations.
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δD is �18.2‰/km. These values are comparable to the calculated isotopic lapse rates of �2.3‰/km for δ18O
and �18.0‰/km for δD during the ~2week collection period in June 2010 [Permana, 2011], as well as with
the global isotopic lapse rate of approximately�2.8‰/km for δ18O [Poage and Chamberlain, 2001]. This altitude
effect is equivalent to a temperature effect of 0.48‰/°C for δ18O and 3.64‰/°C for δD, based on the surface
lapse rate of 5.0°C/km [Permana, 2011]. In general, all stations show a similar temporal variation of daily rainfall
δ18O, which suggests that a common regional factor controls the temporal isotopic variability in the region.

The mean weighted d values range from 13.35‰ at KK to 17.10‰ at GRS (Table 2), which demonstrate an
increase of d value with elevation at a rate of 0.68‰/km. Increasing d values with elevation have also been
reported in the tropical montane rainforest of the Amazon Basin [e.g., Windhorst et al., 2013]. The d values
tend to increase with elevation at high relative humidity [Gonfiantini et al., 2001], which is prevalent in the
Papua region. The mean d value of all samples is ~15‰, which is greater than the GMWL intercept of 10‰
[Craig, 1961]. The possible cause of the high d value in this region is a land surface recycling through the sur-
rounding tropical rainforests during transport to the collection sites [Salati et al., 1979; Windhorst et al., 2013].
As with δ18O, the daily d variations at all stations show similar patterns suggesting relatively similar moisture
sources and transport pathways into the region (Figure 3b).

In the first collection period (ENSO-normal year), themost enriched δ18O (δD) of�0.71‰ (6.22‰) was recorded
at KK, while the most depleted δ18O (δD) of �27.10‰ (�199.02‰) was recorded at GRS (Table 2). The mean
weighted δ18O ranges from �6.78‰ at the lowest elevation (PORT) to �17.72‰ at the highest elevation
(GRS), while the weighted δD ranges from �39.93‰ to �124.34‰ at these same stations. The ranges of
δ18O and δD among all the stations are 11.93‰ to 17.96‰ and 104.23‰ to 149.18‰, respectively. There
are no linear trends on daily rainfall δ18O at the four lowest stations between February and April 2013, while
linear trends increase from May to August 2013, decrease from September to December 2013, and increase
from January to February 2014 (Figure 3a). Due to lack of data at GRS, daily rainfall δ18O variations could
initially only be surmised to follow the patterns seen at the other stations. It was only after the second
collection period that the GRS trends could be confirmed. On the other hand, the daily d values on seasonal
timescales demonstrate little linear trend (Figure 3b).

In the second collection period (El Niño year), the amount-weighted stable isotope signatures (δ18O and δD)
in rain samples are more enriched than during the first period (ENSO-normal) at all stations (Table 2). The d
values are lower than during the ENSO-normal period, but the differences are insignificant because they fall
within the ±1.5‰ range of uncertainty. In addition, the ranges of δ18O and δD values are similar between
El Niño and the ENSO-normal periods.

Table 2. Descriptive Statistics of Daily Rainfall δ18O, δD, and d Values for All Stations

Jan 2013 to Feb 2014 (ENSO-Normal Year) Dec 2014 to Sep 2015 (El Niño Year) All Samples

Station Minimum Mean
Amount
Weighted Maximum Range Minimum Mean

Amount
Weighted Maximum Range Mean

Amount
Weighted

δ18O (‰)
PORT (9m asl) -15.35 -7.32 -6.78 -1.18 14.16 -14.34 -5.38 -6.23 0.21 14.55 -6.50 -6.57
TMK (37m asl) -14.99 -7.89 -7.84 -3.06 11.93 -7.89 -7.84
KK (67m asl) -17.50 -8.11 -8.28 -0.71 16.79 -8.11 -8.28
TPR (1900m asl) -21.72 -12.07 -12.02 -3.76 17.96 -18.66 -10.11 -10.96 -2.21 16.45 -11.26 -11.64
GRS (3945m asl) -27.10 -17.09 -17.72 -11.02 16.08 -25.22 -15.94 -16.12 -8.83 16.39 -16.37 -16.87

δD (‰)
PORT (9m asl) -107.30 -44.33 -39.93 6.20 113.50 -106.22 -29.98 -36.46 14.63 120.85 -38.25 -38.58
TMK (37m asl) -110.43 -48.56 -47.09 -6.20 104.23 -48.56 -47.09
KK (67m asl) -126.72 -51.45 -52.92 6.22 132.94 -51.45 -52.92
TPR (1900m asl) -158.62 -81.66 -81.19 -9.44 149.18 -136.23 -65.24 -72.31 2.84 139.07 -74.84 -78.00
GRS (3945m asl) -199.02 -119.15 -124.34 -73.68 125.34 -186.23 -111.28 -112.13 -51.11 135.12 -114.20 -117.84

d (‰)
PORT (9m asl) 5.88 14.24 14.30 22.57 16.69 2.84 13.03 13.37 20.42 17.58 13.73 13.94
TMK (37m asl) 6.78 14.52 15.62 20.21 13.43 14.52 15.62
KK (67m asl) 4.17 13.43 13.35 21.46 17.29 13.43 13.35
TPR (1900m asl) 7.48 14.92 14.94 21.82 14.34 6.69 15.65 15.40 21.82 15.13 15.22 15.10
GRS (3945m asl) 10.10 17.57 17.39 21.51 11.41 9.25 16.28 16.85 24.56 15.31 16.76 17.10
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4.2. Local Meteoric Water Lines (LMWLs)

The slopes of the LMWLs range between 7.90 and 8.54 (Figure S4) and are comparable to the GMWL slope of 8.
However, the intercept values (d) range between 14.27‰ and 19.04‰ and are higher than the GMWL value of
10. By considering samples from all stations, the regional MWL (RMWL) is calculated as δD=7.98 δ18O+14.38
(n=1332, R2 = 0.99).

Considering all samples from lowland (PORT), midland (TPR), and highland (GRS) stations, there are no significant
changes in theMWL observed during the El Niño period (δD=7.94 δ18O+14.38; n=433, R2 = 0.99) compared to
the ENSO-normal period (δD=7.99 δ18O+14.86; n=512, R2 = 0.99).

5. Discussion
5.1. Daily Variability of Rainfall δ18O

Due to similar daily isotopic variations among the stations, all daily rainfall δ18O are amount weighted,
composited, and then linearly interpolated to obtain the daily regional rainfall δ18O (Figure S5). Based on
statistical analyses, there are no significant correlations between daily rainfall δ18O and daily local precipita-
tion amounts at the three low-elevation stations (Figures 4a–4c), while at middle- and high-elevation stations,
the correlations are significantly negative but significantly weak (Figures 4d and 4e). At a regional scale, no
correlation exists between the daily rainfall δ18O and daily precipitation amounts (mean precipitation from
TRMM at 4.375–4.875°S and 136.875°E) (R=�0.091, p=0.02; Figure 4f). This suggests that the local/regional
precipitation amount does not exert a major control over isotopic ratios in the area on a daily basis.

On the other hand, the correlation coefficients between daily rainfall δ18O and daily local surface temperature
at all stations are significantly negative but weak (Figures 5a–5e). These inverse relationships suggest that
local surface temperature is also not the main driver of rainfall δ18O in the region. Instead, a statistically
significant but weak positive relationship (R= 0.46, p< 0.001; Figure 5f) is observed between daily regional
rainfall δ18O and daily regional convective activity (mean OLR values from MERRA at 4.5–5°S, 136.67°E),
signifying that convective activity is likely the main control of rainfall δ18O in the region.

The positive correlation between daily regional rainfall δ18O and OLR values increases from 0.22 (p< 0.01)
during the ENSO-normal period to 0.61 (p< 0.01) during the El Niño period. Meanwhile, the negative correlation

Figure 4. Relationships between daily rainfall δ18O and daily local precipitation amount at (a) PORT, (b) TMK, (c) KK, (d) TPR, and (e) GRS. (f) The relationship between
daily rainfall δ18O composite and daily regional precipitation (mean precipitation from TRMM at 4.375–4.875°S, 136.875°E). Regression lines are in black.
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between daily regional rainfall δ18O and regional precipitation amount is significant during the El Niño period
(R=�0.25; p< 0.01), but not during the ENSO-normal period (R=0.08; p= 0.13). This negative relationship is
likely due to much drier conditions throughout Papua during El Niño events, particularly in austral winter
[Sukri et al., 2003; Prentice and Hope, 2007].

In order to investigate the relationship between δ18O and climate variables on longer timescales, Figures 6a
and 6b show the correlations between running means of daily δ18O and local/regional precipitation and
OLR during the two collection periods. With increased daily averaging, correlations between the regional
rainfall δ18O and OLR values become even stronger during the two collection periods, suggesting an even
greater role for regional convective activity on rainfall δ18O at longer timescales. In contrast, negative
correlations between rainfall δ18O and local/regional precipitation amount are stronger only during
the El Niño event, whereas during the ENSO-normal period, no significant correlations exist up to 10 day
running means. Interestingly, the correlations are significantly positive but weak at greater than 10 day
running means with a range of 0.11 (at 10day running means) to 0.35 (at 60day running means). Furthermore,
correlations between rainfall δ18O and local precipitation remain positive at lowland and negative at high-
land stations during the ENSO-normal period.

In addition, convective processes may have integrated impacts on rainfall δ18O over several previous days.
The integration effect of convective activity has been observed in other monsoon regions [Risi et al.,
2008a; Vimeux et al., 2011; Tremoy et al., 2012; Moerman et al., 2013; Gao et al., 2013]. In order to assess
the influence of the temporal integration of precipitation and convective activity, Figures 6c and 6d show
the correlations between daily local/regional δ18O and running means of OLR and precipitation amount
during the two collection periods. Daily regional rainfall δ18O has a stronger positive correlation with
OLR averaged over the previous 5–7 days (R= 0.43, p< 0.01 in the first period and R= 0.78, p< 0.01 in
second period). Meanwhile, the negative correlations are more significant between daily rainfall δ18O
and mean regional precipitation over the previous 5–9 days (R = �0.18, p< 0.01 in the first period and
R=�0.52, p< 0.01 in the second period). The most significant negative correlations between daily local
rainfall δ18O and running means of local precipitation at most stations occur over the previous 3 to
15 days averaging in both collection periods. These analyses agree with the time-integrative nature of
rainfall δ18O and support the hypothesis of the weeklong “memory” of rainfall δ18O which may reflect the
approximately weeklong atmospheric residence time of water vapor in the region [Moerman et al., 2013].

Figure 5. (a–e) As in Figure 4 but with daily local surface temperature. (f) The relationship between δ18O and daily regional convective activity (meanOLR values from
MERRA at 4.5–5.0°S, 136.67°E).
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The integrative convection property of δ18O has been explained by the progressive isotopic depletion
of local water vapor by downdraft recycling process in the convective system. Furthermore, the shorter
memory effect during the rainy season has been related to the more intensive and frequent convective
activity in the region [Vimeux et al., 2011].

Figure 6. (a) Correlations between “n”-day running means of daily rainfall δ18O and daily climate variables for the first
collection period. (b) Correlations between daily rainfall δ18O and n-previous day averages of climate variables for the
first collection period. (c) As in Figure 6a and (d) as in Figure 6b but for the second collection period. Climate variables
include local precipitation, regional precipitation (TRMM derived), and regional convective activity (OLR).
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The spatial integrative effects of con-
vective activity and precipitation on
rainfall δ18O variation are also exam-
ined based on air mass trajectories.
Daily air mass back trajectories during
2013 and 2015 were calculated using
the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) back
trajectory model [Draxler and Rolph,
2014] combined with NCEP reanalysis
data at 12 h time steps back to five
previous days at 1000m above ground
level (m agl). The correlation coeffi-
cients between daily regional rainfall
δ18O and daily average OLR (MERRA),
as well as with the cumulative regional
precipitation (TRMM) along the back
trajectories, are shown for 2013 and
2015 in Figure 7. Both parameters have
significant effects on rainfall δ18O varia-

tion, with convective activity more significantly correlated than precipitation amount. These correlations
are not significantly changed by using different source of meteorology data nor by using different starting
elevations in the HYSPLIT model (Figure S6).

The correlation coefficients over the five previous days are comparable to the temporal integrative effect of
convective activity and precipitation on rainfall δ18O (Figures 6c and 6d), suggesting a significant spatiotemporal
integrated effect of convective activity and precipitation in the region. Although the correlation between daily
rainfall δ18O and precipitation is improvedwhen precipitation amounts are cumulated along the back trajectories
from the upwind region, it is still weaker than the spatially integrated effect of convective activity on rainfall δ18O,
indicating that convective activity is more important than precipitation amount on controlling rainfall δ18O. This
is consistent with previous studies [Gao et al., 2013; Samuels-Crow et al., 2014; Lekshmy et al., 2014] which indicate
that the upwind regional convective activity is a good controlling factor on rainfall δ18O variation in the tropics.

Consistently positive relationships between rainfall δ18O and OLR on daily and longer timescales during ENSO-
normal and El Niño conditions indicate that regional convective activity explains a larger portion of rainfall δ18O
variability. Furthermore, the spatiotemporal integrative convection over 5–7days seems to be the strongest
control in the region. In contrast, inconsistent temporal relationships between local/regional precipitation
amount and rainfall δ18O indicate that precipitation amount is not a major control on rainfall δ18O variability.

5.2. Intraseasonal Variability of Rainfall δ18O

Previous studies [Risi et al., 2008a; Vimeux et al., 2011; Tremoy et al., 2012; Gao et al., 2013;Moerman et al., 2013]
have demonstrated correlations between tropical rainfall δ18O and large-scale convective activity at intra-
seasonal timescales. Kurita et al. [2011] showed that rainfall isotopic variation in Maritime Continent
Indonesia is associated with the MJO intraseasonal cycle. The MJO cycle is defined as the eastward propaga-
tion of mesoscale convective systems (MCSs) with period of ~30–90 days which is characterized by the deep
organized convective systems and cloud clusters along the tropical band causing high precipitation [Madden
and Julian, 1972]. The regional rainfall δ18O is more significantly positively correlated with the OLR values over
increasing time averages (Figures 6a and 6b). The regional rainfall δ18O time series is characterized by peak-
trough variations with average amplitude of ~5‰ and with a periodicity of ~20–60 days using a band-pass
filter (Figure S7). Using spectral analyses, regional rainfall δ18O and OLR time series also indicate similar
periodicities of ~15–70 days during the two collection periods which resemble the MJO periodicity in the
region (Figures 8a and 8b). This is consistent with the findings of Moerman et al. [2013] in northern Borneo
(4°N, 114°E), northwest of Papua. In their study, the authors concluded that the MJO strongly influences the
intraseasonal variability of rainfall δ18O, with major depletion events (δ18O shifts up to ~10‰) coinciding with
the active (wet) phases of the MJO.

Figure 7. Correlation coefficients between daily regional rainfall δ18O and
mean OLR (MERRA) and cumulative precipitation (TRMM) along the back
trajectories over n-previous days at 1000m agl in 2013 and 2015.
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As Papua is also located within the MJO influenced area, major δ18O depletion events in this region are also
likely associated with the active phases of the MJO. Figure 8c shows that major regional δ18O depletion
events mostly coincide with enhanced regional convective activity (low OLR values) during its eastward
propagation in the tropical region.

5.3. Seasonal Variability of Rainfall δ18O

The seasonal amount-weighted δ18O values during the two collection periods at most stations are generally
marked by austral summer depletion and austral winter to spring enrichment; however, enrichment is also
observed in March (Figures 9a–9e). The seasonal correlations between monthly δ18O and local precipitation
amount vary among the stations; they are significantly negative at TPR (R=�0.76, p=0.004), but insignificantly
negative at GRS (R=�0.29, p=0.44), while the relationship is insignificantly positive at TMK (R=0.51, p=0.16)
and KK (R= 0.46, p= 0.14) and there is no correlation at PORT (R=�0.02, p=0.95). On the other hand, the
correlations with surface temperatures are negative and significant at PORT (R=�0.65, p=0.02), KK (R=�0.59,
p=0.04), and TPR (R=�0.60, p=0.04) but insignificant at TMK (R=�0.57, p= 0.11) and GRS (R=�0.51,
p=0.16). Regionally, the seasonal variation of the monthly regional amount-weighted δ18O resembles the
seasonal variation of regional convective activity with a significantly positive correlation (R=0.80, p=0.002;
Figure 9f). Moreover, an insignificant negative relationship is observed between monthly regional amount-
weighted δ18O and TRMM regional precipitation on seasonal timescales (R=�0.30, p=0.35; Figure 9f).
These results suggest that regional convective activity plays a more important role than local/regional preci-
pitation amount in controlling rainfall δ18O on seasonal timescales.

The annual movement of the ITCZ is themain driver of seasonal convective activity in the tropics. Its position in
the austral summer (monsoon) season causes low-pressure systems which lead to enhanced deep convective
systems and organizedMCSswith deep cumulonimbus clouds generating high precipitation. During the austral
winter, a high-pressure system in the southern slope of central Papua supports the isolated shallow convection
and formation of shallow cumulus clouds due to local wind circulation and topography which also generates
high precipitation, particularly at lower elevations. The results of this study are consistent with previous studies
that suggest that local/regional precipitation amount is not the main control on seasonal rainfall δ18O variation
but rather depends on large-scale convective activity [Kurita, 2013; Lekshmy et al., 2014]. For instance, total
rainfall at KK in July and August 2013 (winter) was 1533mmand 1360mm, respectively, withmonthly weighted
δ18O of�6.5‰ and�5.0‰, respectively, and associatedOLR values of 220Wm�2 and 225Wm�2, respectively.
Meanwhile, in February and December (summer) 2013 total rainfall was 593mm and 575mm, respectively,
with monthly weighted δ18O of �8.0‰ and �12.2‰, respectively, and associated OLR values of 182Wm�2

and 186Wm�2, respectively. Similar patterns are also observed regionally using TRMM precipitation data.

Figure 8. (a) Periodicity of rainfall δ18O and OLR time series in 2013 using spectral analyses. (b) As in Figure 8a but for 2015.
(c) Time-longitude diagram of daily NOAA interpolated OLR filtered with a 25–100 days band-pass (Lanczos) filter and
averaged over 0–5°S for the period of 1 January to 31 December 2013. Open black circles indicate the timing of rainfall δ18O
composite depletion events that occur during the time windows. White arrows illustrate the eastward propagation of
enhanced convective activity associated with the active phases of the MJO intraseasonal cycle.
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Large amounts of heavy rainfall during winter 2013 at KK and other lowland stations are likely not generated
by deep enhanced convection from higher and colder clouds associated with low-pressure system but are
more possibly produced by shallow convection due to local wind circulation and topography setting, with
the convection being capped by the TWI layer, which is associated with high-pressure systems.

In addition, local comparisons among three stations (PORT, KK, and TPR) in 2013 that lie within a range of
~80 km (Figure 2) indicate that mean annual rainfall δ18O is not influenced by the annual precipitation
amount but likely by the altitude effect associated with temperature changes. For instances, PORT and KK
are lowland stations (altitudes of 9 and 67m asl, respectively) that had similar average annual rainfall δ18O
in 2013 (�6.8 and �8.3‰, respectively) but are very different in the total annual precipitation (~4000 and
~9600mm, respectively). On the other hand, KK and TPR (1900m asl) had similar annual precipitation
amounts in 2013 (~9600 and ~9000mm, respectively) but differ in the mean annual rainfall δ18O (�8.3 and
�12‰, respectively) which is likely due to the altitude difference (Figure S8).

Figure 9. Seasonal amount-weighted δ18O, precipitation amount, and temperature at (a) PORT, (b) TMK, (c) KK, (d) TPR, and
(e) GRS stations. (f) Seasonal regional amount-weighted δ18O, regional convective activity (OLR), and regional precipitation
(TRMM) during the two collection periods.
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5.4. Comparison of Rainfall Isotopic Composition Between ENSO-Normal and El Niño Periods

The comparison of mean monthly amount-weighted isotopic values between the ENSO-normal period
(2013/2014) and the El Niño period (2014/2015) shows that the δ18O (δD) has increased by ~1.6‰
(~11.4‰) at PORT in the El Niño period from December to September. At TPR, δ18O (δD) has also
increased by ~1.8‰ (~14.8‰) from December to September, while at GRS, δ18O (δD) has increased
by ~2‰ (~15‰) from February to August (Figure 10; δD data are not shown). In contrast, the d value
has decreased by ~1.2‰ at PORT in the El Niño period with a decrease of ~2.6‰ during austral summer

Figure 10. Comparison of monthly amount-weighted rainfall δ18O and d values between ENSO-normal period (January 2013 to February 2014) and El Niño period
(December 2014 to September 2015) at PORT (December to September), TPR (December to September), and GRS (February to August) stations.
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(December to April), whereas the d values at TPR and GRS are relatively constant with differences of 0.6‰
and �0.6‰, respectively (Figure 10).

On the other hand, meteorological data comparison between 2013 and 2015 suggests that temperatures at
lowland (PORT) and midland (TPR) stations are relatively cooler during El Niño than during the ENSO-normal
period which is likely due to the cooler SSTs in the western Pacific (Figure S9). Meanwhile, at high altitude
(GRS), temperature is cooler in summer but warmer in winter during El Niño than during the ENSO-normal
period. A warmer winter in the Papua highland is possibly due to heat circulation in the tropical troposphere
which warms the tropospheric temperatures, usually for up to 6months, after El Niño begins [Sobel et al.,
2002]. As a result, local/regional precipitation at all elevations was lower during the El Niño than during
the ENSO-normal period, with much drier conditions occurring during the winter (Figure S9). At the same
time, the convective activity over Papua was suppressed during El Niño, as shown by higher OLR values in
2015 than in 2013 (Figure S9). This is likely the main cause for the observed enrichment of isotopic ratios
in rainfall at all stations (Figure 10).

A decrease in d values during the El Niño period in the lowland station (Figure 10), particularly during
summer, may be due to cooler SSTs around Papua as the warm pool shifts to the central Pacific. This leads
to a decrease in evaporation rates and associated kinetic fractionation in the ocean and thus to decreased
d values of evaporated water vapor and precipitation [Merlivat and Jouzel, 1979].

Over the ~2 year collection period that covered the ENSO-normal and the El Niño period, the correlation
between δ18O and local precipitation is negative and insignificant at PORT (R=�0.14, p= 0.53) but significant
at TPR (R=�0.56, p= 0.005) and GRS (R=�0.53, p= 0.04). On the other hand, the δ18O values are significantly
negatively correlated with temperature at PORT (R=�0.67, p< 0.001) and TPR (R=�0.61, p= 0.002) but
insignificant at GRS (R=�0.33, p= 0.22). At regional scales, a significant and negative correlation exists
between δ18O and precipitation (R=�0.40, p= 0.05) but a stronger significant positive correlation exists
between δ18O and OLR values (R= 0.74, p< 0.001) (Figure 11). Again, this suggests that regional convection,
rather than precipitation, plays a dominant role in rainfall δ18O variation during these periods.

5.5. Moisture Origins and Transport Pathways

On seasonal timescales, moisture origins and transport paths have been shown to influence isotopic ratios in
precipitation by determining the initial stable isotopic ratios of water vapor and additional moisture evaporated
from the land surface (land surface recycling) during transport, respectively [Kurita et al., 2009; Breitenbach et al.,
2010; Crawford et al., 2013; Suwarman et al., 2013]. Initial isotopic compositions (δ18O and d values) of evapor-
ating water vapor can be affected by the SSTs and surface level relative humidity and wind speed at the site of
evaporation [Dansgaard, 1964; Clark and Fritz, 1997; Merlivat and Jouzel, 1979].

For simplicity, it is assumed that back trajectories that were conducted in section 5.1 provide information
about the moisture origin and transport paths. During January to March 2013 and December 2013 (austral
summer), moisture originating from the seas to the northwest of Papua is transported to the collection sites
by the monsoon westerlies (Figure 12a). Water vapor is moved across the Banda Sea, the Arafura Sea, and the
northern Papua tropical rainforest before reaching the collection sites. In contrast, from May to October 2013
(austral winter) the southeast trade winds transported moisture from the seas to the southeast of Papua
across the southern Papua tropical rainforest (Figure 12b). The moisture sources in April and November
2013 (transitional) are composed of a combination of both the seas to the northwest and southeast of
Papua (not shown). Air mass trajectories in 2015 show a similar result as in 2013 (not shown).

During austral winter, water vapor originates from the seas to the southeast of Papua, which have long-term
mean SSTs of 25–29°C, mean surface relative humidity of 72–82%, and mean surface wind speed of ~7m/s
(the southeast trade winds). These conditions are comparable to conditions during the summer over the seas
to the northwest of Papuawhere the initial water vapor originates, with long-termmean SSTs of 27–29°C, mean
surface relative humidity of 74–84%, and mean surface wind speed decreases from ~7m/s to ~3–5m/s as the
northeast trade winds turn into the monsoon westerlies (Figure S10). The nearly identical meteorological
conditions over the oceanic origins during both seasons in the Papua region may indicate that the isotopic
compositions of evaporating water vapor are also nearly identical. A previous study conducted in Australia
discusses the moisture sources to the south of Papua and suggests that there was no significant difference
in the rainfall δ18O when the majority of the moisture originated from oceanic sources [Crawford et al., 2013].
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Figure 11. Time series comparison of monthly amount-weighted δ18O, temperature, precipitation, and OLR values over
the two collection periods at local and regional scales.
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The additional moisture from land surface recycling during transport from oceanic sources to the precipita-
tion sites can have considerable impact on isotopic composition in precipitation [Salati et al., 1979]. The land
surface recycling has been shown to yield precipitation with higher d values over the Amazon Basin [Gat and
Matsui, 1991; Windhorst et al., 2013]. Additional recycled moisture within the air masses over the Amazon
Basin also contributes to 18O-enriched rainfall during austral winter when the southeast trade wind-related
precipitation prevails [Windhorst et al., 2013]. In our study area, the mean d values at each station are higher
than 10‰ during both the first and second collection periods (Table 2), suggesting the large contribution of
recycled moisture to precipitation. During summer, additional evaporated moisture likely originates from
terrestrial evaporation over the northern tropical rainforest, while during winter the recycled moisture
comes from evaporation over the southern tropical rainforest. To evaluate the contribution of land surface
recycling on seasonal rainfall δ18O, the seasonal MWLs for summer and winter 2013 (ENSO-normal period)
were calculated to derive the mean d values for each season. The result shows that the MWLs for summer
and winter 2013 are very close, with intercept (d) values of 14.80‰ and 14.38‰, respectively (Figure 12c).
The nearly equal d values suggest similarly significant contribution of land surface recycling in rainfall 18O
enrichment in both seasons. Consequently, land surface recycling only causes a minor seasonal effect on
rainfall δ18O in our study area (Figure 12c).

In addition, moisture convergence has been shown to affect the isotopic signature of tropical rainfall. Moore
et al. [2014] suggest that a parameter E/P (E is surface evaporation, and P is precipitation), which represents
the relative contribution of the converged vapor in precipitation, has a positive correlation with δD of preci-
pitation. However, there is no significant correlation (R=�0.04, p= 0.90) between monthly regional rainfall

Figure 12. (a) Air mass back trajectories over five previous days at 1000m agl simulated by HYSPLIT model combined with NCEP reanalysis data over the study area for
summer (December–March) 2013. (b) As in Figure 12a but for winter (May–October) 2013. (c) Regional meteoric water lines (RMWLs) for summer and winter during the
first collection period. Summer covers the period January–March 2013 and December 2013 to February 2014, while winter covers the period May–October 2013.
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δD and E/P derived from MERRA reanalysis data in the study area during 2013 (Figure S11). This result indi-
cates that moisture convergence also has no significant effect on seasonal rainfall δ18O in the region.

Another factor that may affect the rainfall isotopic composition is a postcondensational effect such as raindrop
(secondary) evaporation at the subcloud base during rainfall due to surface low humidity, which can decrease d
values [Rozanski et al., 1993] and result in 18O-enriched rainfall. However, this condition is unlikely to occur in a
humid region such as Papua. This is supported by the observed mean relative humidity (generally above 80%)
at all stations and elevations during 2013 (Figure S11). In summary, moisture origins and land surface recycling
along the transport pathways contribute to a minor seasonal effect on rainfall isotopic composition in the
region. Other factors such as moisture convergence and raindrop (secondary) evaporation during rainfall also
have no significant influences on rainfall isotopic composition on seasonal timescales.

5.6. The Condensation Temperature Controls on Rainfall δ18O Depletion Associated
With Convective Activity

Although there are no significant correlations between local/regional precipitation or surface temperature
and rainfall δ18O on seasonal timescales, there is a significant positive correlation between OLR and rainfall
δ18O, indicating that convective activity plays an important role on seasonal rainfall δ18O. Previous studies
have reported this correlation to be related to the characteristics of stratiform/convective rainfall types asso-
ciated with MCSs [Kurita et al., 2011; Kurita, 2013], but we propose to explore this relationship as the in-cloud
temperature effects. In the tropics, the lower (higher) OLR values may reflect the higher (lower) cloud top and
echo top altitudes of storm systems, with precipitation forming at cooler (warmer) temperatures in clouds
[e.g., Mechem and Oberthaler, 2013, Figure 5]. Hence, positive correlations between rainfall δ18O and OLR
values can also be interpreted with respect to the temperature effect at the mean condensation level.

Instead of rainfall amount, rain condensation mechanisms that correspond to prevailing weather patterns
and in-cloud properties when precipitation forms may have greater influence on rainfall isotopic composition.
These effects have been suggested by previous studies in Costa Rica [e.g., Rhodes et al., 2006], in Maui, Hawaii
[e.g., Scholl et al., 2007], in Puerto Rico [e.g., Scholl et al., 2009], in Ecuador [e.g.,Windhorst et al., 2013], and in
Sydney, Australia [e.g., Crawford et al., 2013]. In general, these studies concluded that more isotopically
depleted precipitation originates in low-pressure systems associated with tropical storms and large-scale
deep convection during the summer (monsoon) season. Conversely, the isotopically enriched precipitation
originates in high-pressure systems associated with trade wind showers and/or orographic rainfall during
the winter (dry) season. The seasonal weather patterns and rainfall δ18O on the southern slope of Papua
are consistent with those conditions, suggesting that the rain condensation mechanisms are important in
controlling rainfall δ18O. By considering the minor effect of moisture sources, land surface recycling along
the transport paths, moisture convergence, and raindrop (secondary) evaporation on seasonal rainfall δ18O,
the relationship between rainfall δ18O and convective activity on seasonal timescales is interpreted as a
temperature effect at the mean condensation level.

It is difficult to empirically demonstrate this temperature effect [e.g., Scholl et al., 2009] without the echo top
data from our study area. Fortunately, the mean echo top altitudes also correspond to the mean condensation
levels which can be estimated by the latent heat (LH) release in the troposphere [e.g., Thompson et al., 2000].
The latent heat in the troposphere is released mainly by the condensation process when precipitation forms
in clouds. The latent heating data sets have been retrieved by several different algorithms from TRMM satellite
measurements [Tao et al., 2006]. For simplicity, the monthly LH vertical profile derived from TRMM product
3A12 V7 is used as a proxy of mean condensation level in the troposphere. Unfortunately, the LH products
are available only over the ocean. Since our sites are close to the Arafura Sea, we use the closest gridded LH data
at 136.25°E, 5.25°S to represent our sites in the current study. The vertical profile of monthly LH release from
January 2013 to March 2015 is shown in Figure 13a. Generally, it exhibits two peaks in the troposphere, at
~0.5–2.5 km and at ~3–8 km. This is consistent with the double-peak structure of latent heating in the tropics
suggested by previous studies [Zhang et al., 2010; Liu et al., 2015]. The shallowmode of the LH peak is associated
with shallow convection systems that generate warm rain and low-level heating from shallow cumulus clouds
(echo top less than 5 km) and partially from cumulus congestus clouds (echo top between 5 and 8 km). The
deep mode of the LH peak corresponds to large, deep, organized MCSs with echo tops greater than 10 km
[Zhang et al., 2010; Liu et al., 2015]. The deep mode of LH dominated the shallow mode during the northwest
(monsoon) season in 2013 (except in March), while the dominant mode was reversed during the southeast
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season (except in July). During September 2013 the troposphere was mainly dominated by the shallowmode
of LH. In this study, we define the maximum altitude of LH release as the highest altitude with a heating rate
of more than 1.6°C/d, which represents the average maximum latent heating per rainfall rate of 1 cm/d
during the onset of the Indian monsoon and generates relatively high precipitation [Magagi and Barros, 2004].
In addition, the mean altitude of LH release is defined as the average altitude weighted by LH release below
the maximum altitude. The corresponding temperature at the mean altitude of LH release may indicate the
temperature at mean condensation level at which precipitation forms. An estimate of the atmospheric tem-
peratures associated with the altitude of LH release was calculated based on the monthly temperature lapse
rates andmean surface temperatures derived from PTFI meteorological data (Figure S12). The strong relation-
ship betweenmonthly regional δ18O and themean altitude of LH release (R=�0.79, p=0.0001; Figure 13b) and

Figure 13. (a) The vertical profile of latent heat release at 136.25°E, 5.25°S from January 2013 toMarch 2015. (b) The relationship
between monthly regional δ18O and the mean altitude of latent heat release and (c) its corresponding atmospheric
temperature. (d) The vertical profile of large-scale cloud fraction over the collection sites at 136.875°E, 4.375°S.
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its corresponding atmospheric temperatures (R=0.77, p=0.0002; Figure 13c) from January 2013 to March 2015
compares well with the relationship between regional δ18O and regional convective activity (OLR; R=0.68,
p=0.002) over the same period. This result confirms that the effect of convection on rainfall δ18O is associated
with the temperature effect at the mean condensation level on seasonal rainfall δ18O.

The results of this study are consistent with previous studies in Puerto Rico [Scholl et al., 2009] and in Hawaii
[Scholl and Coplen, 2010], which suggest that the seasonal isotopic composition of tropical rainfall is correlated
with cloud height and its corresponding (atmospheric) temperature. One common feature that exists among
these oceanic islands (Puerto Rico, Hawaii, and our study area) is the appearance of the TWI layer during the
winter season which effectively caps vertical motion from below and limits the height of cloud development.
The prominent shallow mode of LH during winter 2013 evinces the TWI layer in our study area (Figure 13a).
In this season, local convection and the interaction between strong southeast trade winds and diurnal winds
result in intense precipitationwhich is mostly nocturnal below the TWI layer (Figure 2). Since the TWI layer limits
the development of cloud heights, the generated precipitation is predominated by warm rain from shallow
cumulus clouds with a latent heating peak in the 1–3 km range [Liu et al., 2015]. This condition is supported
by a higher fraction of low and midlevel clouds from June to August 2013 in the study area (Figure 13d).

Thus, the δ18O enrichment of rain during winter 2013 was due to the predominant strong shallow convection
system that generated a greater amount of precipitation from relatively lower cloud heights and warmer
temperatures, with mean altitudes of LH release between 1.5 and 4 km with corresponding temperatures
between 5 and 18°C. In contrast, during summer 2013, a large-scale deep convection generated precipitation
from higher and colder clouds with mean altitudes of LH release between 4 and 7 km, and with correspond-
ing temperatures between�6 and 5°C, leading to the depletion of rainfall δ18O. The most enriched δ18O was
observed in September 2013 which was likely due to the formation of precipitation at lower and warmer
clouds with maximum altitude of LH release at ~1.5 km and with a corresponding temperature of ~18°C
(Figures 13b and 13c), while the low rainfall amount during this month (Figure 11, fourth panel) may have
been due to the weakest latent heat release in 2013 (Figure 13a).

Unlike the lowland stations (PORT, TMK, and KK) that receive greater rainfall during the winter than the summer,
TPR station shows little seasonality in precipitation (Figure 2). TPR (~1900m asl) is located just below the TWI
layer and is influenced by trade wind orographic showers during the winter. Therefore, the observed δ18O
upslope gradient at TPR from May to September 2013 was identical to the δ18O upslope gradients at lowland
stations (Figure 3). This may indicate that these stations have a similar gradient of mean condensation level of
rainfall during this period as they are located below the TWI layer. On the other hand, the δ18O upslope gradient
at the highland GRS station is less steep, suggesting that rainfall was generated from higher (cooler) mean
condensation levels (temperatures). This is likely because GRS is located above the TWI layer.

Scholl et al. [2009] provide information about the mean echo top altitudes and their associated atmospheric
temperatures that were categorized byweather patterns [Scholl et al., 2009, Table 3]. By applying this information,
it could be inferred that the prevailing weather patterns during winter at GRS are dominated by troughs,
thunderstorms, and easterly waves (tropical easterlies). For instance, showers with thunderstorms were often
experienced by the BPCRC team during the ice core drilling operation on the Northwall Firn during June–July
2010. Furthermore, radiosonde records from New Guinea suggest that tropical easterlies are predominant
and stronger from June to August at sea level up to at least 6000m asl [Permana, 2011]. These observations
support the conclusion that rainfall at GRS duringwinter 2013 likely resulted from higher (cooler) mean conden-
sation levels (temperatures) than at other stations below the TWI layer.

6. Conclusions

This study directly evaluates the influence of precipitation amount and convective activity as well as the influ-
ence of condensation temperature on rainfall δ18O in the southern part of the central mountain ranges of
Papua where the precipitation amount and OLR values are positively correlated on seasonal timescales, in
contrast to the typical relationship in the tropics. The influence of interannual ENSO variation is also
examined by comparing rainfall stable isotopic compositions during the ENSO-normal and the El Niño
periods in this region. Rainfall isotopic analyses indicate the nature of the altitude effect, with a mean isotopic
lapse rate for δ18O (δD) of �2.4‰/km (�18.2‰/km). Our analyses suggest that regional convective activity,
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rather than local/regional precipitation amount and local surface temperature, is a more important factor
for controlling rainfall δ18O variability on daily to interannual timescales. Air mass back trajectories were
simulated to discern the moisture sources and transport pathways. The findings also suggest that the spatio-
temporal integrative effects of convective activity on rainfall δ18O are more important than the rainout
processes along the transport paths to the collection sites. The intraseasonal δ18O variability at our sites
resembles the large-scale MJO cycle, with major δ18O depletion events associated with the active (wet) phases
of theMJO. Furthermore, seasonal rainfall δ18O is generally characterized by summer δ18O depletion andwinter
δ18O enrichment following the seasonal pattern of regional convective activity, but not precipitation. The
regional convective activity is also the primary driver of monthly rainfall δ18O variation within the ~2 year
collection period. During the ENSO-normal period in 2013, the moisture sources, transport pathways, moisture
convergence, and raindrop (secondary) evaporation appear to have had no significant seasonal effect on
rainfall δ18O. This leads to the conclusion that on seasonal timescales the convection effect is likely associated
with the temperature (at mean condensation level) effect. Mean condensation level is represented by the
altitude of latent heat release in the troposphere. Therefore, themore depleted rainfall δ18O during the summer
is associated with enhanced deep convection such that precipitation is generated at higher (cooler) mean
condensation levels (temperature). During the winter, local wind circulation is dominant, causing shallow
convection which is limited by the TWI layer and results in greater precipitation amounts from lower (warmer)
mean condensation levels (temperatures), eventually leading to more enriched rainfall δ18O. Thus, our results
present another line of evidence pointing to the role of temperature on δ18O in the tropics.

Rainfall δ18O (δD) values at different elevation stations in Papua are generally enriched by 1.6‰–2‰
(11‰–15‰), and d values are lower at lower stations during El Niño than during ENSO-normal periods.
Although these results are derived from only one ENSO cycle, they may provide empirical baseline information
for further research on ENSO-δ18O links on interannual timescales in tropical West Pacific. Finally, the analyses
of climate controls on stable isotopes in precipitation from this study will be used to support the interpreta-
tion of the δ18O-based paleoclimate reconstruction from Papua ice cores that were drilled on glaciers near
Puncak Jaya in 2010.
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