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Abstract Understanding the factors that control the variability of oxygen isotopic ratios (δ18O) of Indian
Summer Monsoon (ISM) rainfall (δ18Op) is of vital importance for the interpretation of δ18Op derived from
climate proxies (e.g., speleothem and tree ring cellulose) of this region. Here we demonstrate the importance
of moisture transport pathways on spatiotemporal variations of ISM δ18Op using a new set of daily
observations from central and northern India and previously reported data aided by simulations from an
isotope-enabled General Circulation Model. 18O-depleted rain events are characterized by a higher number
of air parcel back trajectories through the Bay of Bengal branch of moisture transport, while those through
the Arabian Sea branch are associated with 18O enriched rain events. This effect is observed on intraseasonal
to interannual timescales in the long-term observations at New Delhi as well. Thus, the shift in moisture
transport regimes must be considered when interpreting δ 18Op from climate proxies of the ISM region.

1. Introduction
The Indian Summer Monsoon (ISM), rainfall associated with the seasonal northward migration of the
Intertropical Convergence Zone during the boreal summer, is the major source of freshwater to the Indian
subcontinent. Extreme variations in ISM (droughts and ﬂoods) have a strong effect on the agriculture and
economy of the countries in this region (Gadgil & Gadgil, 2006). Hence, accurate prediction and future projection of ISM have great societal importance, yet it remains an unsolved scientiﬁc question. Paleoclimate studies can provide better insights into the natural variability of monsoons on longer timescales as well as ISM’s
response to different climate forcings (e.g., CO2 variations and insolation changes) and teleconnections (e.g.,
Berkelhammer et al., 2013; Sinha et al., 2015). The abundant availability of stable oxygen isotope proxies in
speleothems, tree rings, and ice cores offers a huge potential to investigate past ISM variability and its
mechanisms. However, understanding the processes that control rainfall isotope variability in ISM is a prerequisite to the effective utilization of such isotope proxies.
Variability in the 18O content of tropical rainfall proxies is classically interpreted as the variability of past rainfall (the amount effect; Dansgaard, 1964). The amount effect is the observed negative correlation between
the monthly rainfall and its weighted mean 18O content. Though this relation is quite robust over tropical
island stations, it shows a large scatter over continents (Kurita, 2013; Lekshmy et al., 2015). Thus, the role of
local and remote meteorological factors that control δ18O of precipitation (δ18Op) needs to be explored for
a precise interpretation of 18O-based continental monsoon proxies.
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In the limited observations over the ISM region, the amount effect shows a large spatial variation
(Breitenbach et al., 2010; Laskar et al., 2015; Lekshmy et al., 2014, 2014; Midhun & Ramesh, 2016; Yadava
et al., 2007). From the three long-term stations in India (New Delhi, Mumbai, and Kozhikode) only New
Delhi shows a signiﬁcant amount effect during ISM on the monthly timescale. On the interannual timescale,
a signiﬁcant amount effect is observed at New Delhi and Kozhikode. Among these, only New Delhi shows a
signiﬁcant amount effect during ISM on a monthly timescale. Simulations of ISM from multiple isotopeenabled General Circulation Models (GCMs) also show a noisy pattern in the simulated amount effect over
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Figure 1. Topography of the ISM region (legend on the right: shades represent
heights above mean sea level in meters) and climatological wind vectors at
850-hPa level during June to September (arrows, unit: m/s, source: NCEP).
Sampling stations represented by circles are (1) Ahmedabad, (2) Bhopal, (3) New
Delhi, (4) Kanpur, (5) Varanasi, and (6) Dhanbad. Two moisture transport
pathways (AS branch and BoB branch) are also highlighted.
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the continent but a strong, consistent amount effect over the ocean
(Midhun & Ramesh, 2016). This suggests that the controlling factors
of the rainfall-18O relation over ocean and continent are quite different.
The extent of organized convection (Kurita, 2013; Lekshmy et al., 2014)
is the major cause of high depletion in 18Op over the ocean leading to a
stronger amount effect. On the other hand, over the continent, δ18Op is
determined by two factors: (i) local processes (local convection, rain
reevaporation, etc.) and (ii) δ18O of advected vapor (Lee et al., 2012;
Lee & Fung, 2008). Hence, the strength of the amount effect will be
determined by the dominance of either of these competing factors. If
local convection dominates in δ18Op variability, it could lead to a strong
amount effect. Similarly, rain reevaporation can also enhance the
amount effect in the areas of low humidity (Lee et al., 2012; Midhun
& Ramesh, 2016). The local amount effect is likely to be weak or absent
in the areas where δ18O of advected vapor primarily governs δ18Op. In
such regions, moisture advection pathways and the processes along
the moisture pathways play a major role in δ18Op variability. Two distinct moisture advection pathways (Figure 1) are observed in the ISM
region over central and northern India, the southwesterly branch from
the Arabian Sea (the AS branch), and the easterly/southeasterly branch
from the Bay of Bengal (the BoB branch). Mixing of vapor from these
two branches plays a major role in determining the δ18Op at New
Delhi (Saikat Sengupta & Sarkar, 2006). Recently, Sinha et al. (2015)
reported a higher depletion in 18Op associated with enhanced moisture
transport from the BoB branch. Therefore, it is important to quantify the
effect of lower tropospheric circulation (and thereby moisture transport
pathways) on the ISM δ18Op variability.

Here we investigate the spatiotemporal variations of daily δ18Op and
δDp (stable hydrogen isotope ratio of precipitation) during ISM 2013 over the central and northern Indian
regions, together with the previously existing δ18Op data from this region. The main objectives are (i) to identify the role of lower tropospheric circulation on the spatial pattern of ISM δ18Op and (ii) to explore the local
and remote meteorological factors that control temporal variations in ISM δ18Op on different timescales
(intraseasonal to interannual).

2. Data and Methodology
2.1. Sampling
During the ISM season (June–September [JJAS]) 2013, daily rainwater samples (n = 216) were collected from
six stations across northern and central India (Figure 1) whenever it rained. Most of the precipitation over the
Indo-Gangetic plain originates from rainfall associated with the northwestward movement of monsoon
depressions that form over the northern BoB (characterized by the BoB branch; Sikka, 1977). Four rain sampling stations (Dhanbad, Varanasi, Kanpur, and Delhi) were established along this transect. Rainwater samples
were also collected from two stations from western and central India (Ahmedabad and Bhopal) which are
mainly inﬂuenced by the AS branch of moisture transport. Here we use the terms “AS branch” and “BoB
branch” to indicate the moisture transport pathways (Figure 1), which does not mean that the sources of
moisture are the respective oceanic regions. Moisture sources may include evapotranspiration and raindrop
reevaporation in addition to the oceanic evaporation.
2.2. Isotopic Analysis
The stable isotopic analysis was done using a continuous ﬂow Thermo Delta-V-Plus isotope ratio mass spectrometer at the Physical Research Laboratory, Ahmedabad, India. The CO2-H2O equilibration technique
(Epstein & Mayeda, 1953) using GasBench-II is adopted for δ18O measurements. Similarly, H2O-H2 equilibration in the presence of a platinum catalyst (Horita, 1988) is adopted for δD measurements. All
MIDHUN ET AL.
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measurements were carried out using an intermediate laboratory standard Narmada river water and ﬁnally
reported in Vienna Standard Mean Ocean Water scale. We participated in the fourth interlaboratory comparison exercise for δD and δ18O analysis of water samples (WICO2011), and our measurements are in good
agreement with the IAEA consensus values (Ahmad et al., 2012). The precision of our measurements (1σ)
was better than 0.1‰ for δ18O and 1‰ for δD. The error associated with the calculation of d-excess
(δD 8δ18O) was less than 1.3‰.
2.3. Back Trajectory Modeling
Ten-day back trajectories of air parcels reaching 1,000; 1,500; and 2,000 m above the sampling stations were
calculated to check the role of moisture sources and processes along parcel trajectories on δ18Op variability.
We selected the heights because of maximum moisture transport as well as moisture convergence that occur
here. We used the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; Draxler & Rolph, 2003)
model with 2.5° × 2.5° gridded data from the National Center for Environmental Prediction (NCEP)
reanalysis-1 (Kalnay et al., 1996) as the input meteorological ﬁelds. Since each of the samples represents
the daily accumulated rainfall, we initiated trajectories four times a day, resulting in a total of 12 (four times
at three heights) trajectories per each rain sample. We estimated the trajectory density at each grid point at a
resolution of 0.5 × 0.5° by counting the number of trajectories that crossed each grid point. We have interpolated 0.25° × 0.25° 3-hourly Tropical Rainfall Measuring Mission (TRMM) 3B42 (Goddard Earth Sciences Data
and Information Services Center, 2016) rainfall along the trajectory to study the role of rainfall along the trajectory on δ18Op. We used TRMM data because precipitation ﬁelds in the NCEP reanalysis are from the forecast ﬁeld, not from the analyzed ﬁeld, whereas TRMM rainfall data rely on actual satellite observations. TRMM
has some dry bias over the Western Ghat region during ISM (Mitra et al., 2013), but it is the only observational
data set available (Mitra et al., 2013) at 3-hourly resolution covering both land and ocean during the study
period. Monsoon trajectories (JJAS months) reaching the Global Networks of Isotopes in Precipitation
(GNIP) station New Delhi during the period 1961 to 2009 were also calculated to understand the role of circulation on the interannual variability of δ18Op. For this, we limited our analysis to one trajectory per rainy day
(days with rainfall >1 mm of rain, n = 1,743). Apart from the NCEP reanalysis, we have also carried out HYSPLIT
trajectory analysis using simulations from an isotope-enabled GCM (Yoshimura et al., 2008).
Rainfall events at each station were classiﬁed into three categories: (i) 18O-enriched events (events with
δ18Op > (μ + 0.5σ), where μ and σ are the mean and standard deviation of δ18Op at each station), (ii) 18O median events (events with (μ
0.5σ) < δ18Op < (μ + 0.5σ)), and (iii) 18O-depleted events (events with
δ18Op < (μ 0.5σ)). Results are consistent with the selection of criteria of μ ± σ also, but μ ± 0.5σ is used
to increase the number of events in depleted and enriched categories. We calculated the composite trajectory density for each category for further analysis. Since δ18Op and δD are highly correlated (r2 > 0.98) only
δ18Op is used in this analysis, but the conclusions are valid for δD as well.
2.4. Moisture Flux Calculation
Vertically integrated moisture ﬂux (Q) was calculated, on daily, monthly, and interannual timescales, from the
NCEP reanalysis using the following equations,
1 P
Qv ¼ ∫Pst qvdp
g

(1)

Where Qu is the zonal components of Q, g is the acceleration due to gravity, q is the speciﬁc humidity, u and v
are the zonal and meridional component of the wind, and Pt and Ps represent the 300 hPa and surface
pressure, respectively.
2.5. Model Description
An ISM simulation from IsoGSM, the isotope-enabled version of NCEP’s Global Spectral Model (Yoshimura
et al., 2008), is validated in the present study. We used the following model outputs for all atmospheric ﬁelds:
(i) with a 6-hour resolution for the year 2013 and (ii) with monthly averages for the years 1980 to 2007. The
spatial resolution of the model is 1.9° latitude × 1.8° longitude. The model is forced with observed sea surface
temperatures, while the large-scale wind ﬁelds and temperature are constrained with the observations (NCEP
reanalysis II; Kanamitsu et al., 2002) using the spectral nudging technique (Yoshimura & Kanamitsu, 2008). The
nudging technique helps in simulating a more realistic atmospheric circulation and thereby improves the ISM
MIDHUN ET AL.
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Table 1
Rainfall and Its Isotopic Characteristics at Each Station

Station name
and coordinates
Ahmedabad 23.04°N 72.49°E
Bhopal 23.25°N 77.45°E
New Delhi 28.55°N 77.19°E
Kanpur 26.51°N 80.23°E
Varanasi 25.29°N 82.99°E
Dhanbad 23.81°N 86.44°E

Number of
samples

Rainfall in 2013
a
(mm) Climatology is
given in the bracket

49
58
26
28
38
61

1,249 (624 ± 231)
960 (967 ± 200)
530 (612 ± 195)
989 (694 ± 156)
726 (761 ± 218)
656 (967 ± 172)

b

JJAS rain weighted mean
18

δ Op
(‰)

c

LMWL

Amount effect

d-excess
(‰)

Slope

Intercept

R

13.5
10.8
12.2
13
11.8
11.3

7.8 ± 0.2
7.7 ± 0.1
7.6 ± 0.1
8.0 ± 0.2
7.6 ± 0.1
7.6 ± 0.1

11.5 ± 0.7
8.2 ± 0.6
7.8 ± 1.2
11.7 ± 1.6
7.4 ± 1.2
7.2 ± 0.9

0.98
0.99
0.99
0.98
0.99
0.99

5
6
8.7
8.2
9.7
8.9

2

Slope
(‰/mm)
0.05 ± 0.01
0.05 ± 0.02
0.08 ± 0.03
0.02 ± 0.02
0.09 ± 0.03
0.07 ± 0.03

Note. JJAS = June–September.
Climatological mean and standard deviation are calculated at the nearest grid in the CRU.TS3.21 data set during 1980–2010 CE (Harris et al., 2014).
c
18
18
local meteoric water line: δDp = slope × δ Op + intercept. Amount effect: δ Op = slope × rainfall + constant.

a

b

2

R

0.23
0.07
0.19
0.05
0.15
0.07

LMWL is the

simulation (Midhun & Ramesh, 2016). Reference is made to Yoshimura et al. (2008) for further details about
IsoGSM and model setup.
2.6. IsoMAP
δ18Op observations exist over many stations across India, but their temporal coverage is not uniform. Data are
available for only a few years at most of the stations making it difﬁcult to obtain a climatological mean spatial
distribution of ISM δ18Op. To overcome this, we used a web-based geoinformation system called IsoMAP
(http://isomap.org). IsoMAP uses a hybrid method that involves regression and geostatistical interpolation.
First, a regression model is constructed to predict δ18Op from meteorological and/or geographical parameters (in this study, elevation and latitude). All observations during the ISM season available at the GNIP
database for the period 1961 to 2005 are used to construct the regression model. Then a regression model
is applied on a high-resolution data set of topography to predict δ18Op. Model residuals at each of the
GNIP stations are then spatially interpolated using a kriging method and then added to the prediction of
the regression model to obtain the climatological spatial means of δ18Op (Bowen, 2010). IsoMAP-predicted
climatologies are used to study the spatial distribution δ18Op during ISM and to check whether the 2013
observations are consistent with the climatology.
2.7. Correlation Analysis
To assess the linear relationship between δ18Op and other climate parameters, we used the Pearson correlation coefﬁcient. The signiﬁcance is calculated using the method proposed by Ebisuzaki (1997) to avoid the
effect of autocorrelation. In this method, 10,000 random variables are generated that have an identical frequency spectrum to the original time series but with different phases in each frequency. All these random
time variables (and the original time series) are then correlated with the time series of the other variables.
Then the signiﬁcance level is calculated as the probability of the correlation coefﬁcient obtained using original time series vis-a-vis the random time series. A signiﬁcant level of P < 0.05 (two-tailed) is ﬁxed to reject the
null hypothesis.

3. Results and Discussion
3.1. Rainfall and Isotopic Characteristics
ISM rainfall over India was normal in 2013 (~6% higher compared to the long-term climatology, but the standard deviation is 10%; Pai & Bhan, 2014). Table 1 shows the JJAS seasonal total rainfall (i.e., ISM) and its δ18Op
at each station. Rainfall at individual stations was either higher or lower relative to the local climatological
mean (Table 1). However, the JJAS rain-weighted δ18Op for 2013 at each station was relatively more negative
compared to both the previously reported values at its nearest GNIP station, and the climatological ISM δ18Op
predicted by IsoMAP (supporting information Table S1 and Figure 4c). This negative anomaly is possibly due
to anomalously high regional/upstream convection and the associated rainfall (Figure 4a). The short time
spans of previous GNIP observations and the errors associated with the IsoMAP estimation (1σ ranging from
1‰ to 1.5‰), however, restrict us from making any deﬁnite conclusion about the interannual variation of
MIDHUN ET AL.
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Figure 2. (a) Spatial pattern of total rainfall (shaded, source: GPCP) and the mean vertically integrated moisture ﬂux
(vectors, source: NCEP) during June–September 2013. Numbers indicate sampling stations. (b) Same as ﬁgure (a) but
from the IsoGSM simulation for ISM 2013. Refer to Figure 1 for station names. GPCP = Global Precipitation Climatology
Project; NCEP = National Center for Environmental Prediction; IsoGSM = Isotope-enabled Global Spectral Model;
ISM = Indian Summer Monsoon.

δ18Op. The slope of the local meteoric water line during 2013 at each site varied from 7.6 to 8.0, and the
intercept varied from 7.2‰ to 11.7‰, comparable to the previously reported values over this region
(Deshpande et al., 2010; Kumar et al., 2010; Sengupta & Sarkar, 2006).
3.2. Amount Effect:
A signiﬁcant amount effect on the daily timescale is observed at ﬁve stations but explains only ~7% to 23% of
the observed variance of daily δ18Op (Table 1). The most signiﬁcant amount effect is observed at Ahmedabad
(r2 = 0.23), followed by New Delhi (r2 = 0.19) and Varanasi (r2 = 0.15); all r2 values are signiﬁcant at 0.05 level or
better. The remaining three stations show a very weak or insigniﬁcant amount effect on the daily scale. We
also checked the effect of the nonnormality of daily rainfall data on the calculated amount effect by linear
regression after transforming it to a normal distribution (van Albada & Robinson, 2007). After the
transformation, the amount effect improved at all six stations and explained 10% to 32% of the δ18Op variance
(supporting information Figures SF3 and SF4).
3.3. Comparison With IsoGSM Simulations
The IsoGSM simulation of ISM 2013 is evaluated using the new data set (Figures 2–4 and Table 2). Figure 2
compares the spatial pattern of rainfall and moisture transport vectors between the nudged simulation of
IsoGSM and observations. The linear correlation coefﬁcient between
the simulated and observed spatial distribution of rainfall that is 0.81
Table 2
(pattern correlation) for the area shown in Figure 2 (daily rainfall data
Correlations of Modeled (IsoGSM) Rainfall With Measured Rainfall, and Modeled from the Global Precipitation Climatology Project (GPCP, Adler et al.,
18
18
δ Op With Observed δ Op
2003) is interpolated onto the model grid for calculating the correlation
Correlation coefﬁcient (r)
coefﬁcient). However, IsoGSM underestimates the northwestern limit
18
of
ISM rainfall, especially in the region beyond Kanpur. This is a major
Station
Rainfall
δ Op
drawback associated with most of the GCMs (e.g.,Midhun & Ramesh,
Ahmedabad
0.39*
0.68*
2016). The model captures the anomalous rainfall over the central
Bhopal
0.09
0.45*
Indian region, which is one of the major features of ISM 2013
Delhi
0.03
0.73
(Figures 2 and 4). The spatial pattern of observed and model-predicted
Kanpur
0.08
0.50*
Varanasi
0.06
0.61*
anomalies in ISM δ18Op and rainfall suggests the possible inﬂuence of
Dhanbad
0.30*
0.58*
upstream rainfall on δ18Op (mainly due to the anomalous rainfall over
central India). This aspect is further explored using HYSPLIT back trajecNote. IsoGSM = IsoGSM = Isotope-enabled Global Spectral Model.
*P < 0.05.
tory analysis and discussed in section 3.4.
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18

Figure 3. Time series of rainfall (vertical bars) and δ Op (line and scatter) at each station (a–f); magenta lines/bars represent
observations, and green lines/bars represent nudged IsoGSM simulations. Area highlighted using gray shades represent
two monsoon depressions that occurred during the period of study. IsoGSM = Isotope-enabled Global Spectral Model.

As a result of nudging, the model simulated moisture ﬂux is similar to the observations. Correlation coefﬁcients between the simulated temporal variation of daily and GPCP rainfall are weak during monsoon 2013
(supporting information Figure SF1). These correlations are mostly insigniﬁcant over the northern Indian
region. At all sampling stations, except Ahmedabad and Dhanbad, the simulated daily rainfall shows insignificant temporal correlation with the measured rain amount (Table 2). In contrast, the simulated temporal variability of δ18Op is signiﬁcantly correlated with observed δ18Op (Table 2), except at New Delhi, where the model
has a signiﬁcant dry bias (Figure 3c). That is, the model-predicted intraseasonal variation of δ18Op is closer to
the observations than the model rainfall. This may be due to the dominant control of moisture transport
pathways on δ18Op variability and is discussed in the next section.
3.4. Role of Circulation (Moisture Transport Pathways) on δ18Op Variability
3.4.1. Back Trajectory Analyses
Composites of trajectory densities for 18O-enriched, median and 18O-depleted events were calculated and
depicted in Figure 5, and the difference between 18O-enriched and 18O-depleted events is shown in
Figure 6. Rain during enriched events at Ahmedabad, Bhopal, and New Delhi is solely derived from the AS
branch. Respectively 16.6%, 28.0%, and 14.6% of total rain at these stations occurred during 18O-enriched
events. At Ahmedabad and Bhopal, 18O-depleted events (contributing 43.2% and 43.8% of total rain, respectively) are associated with the trajectories both from the AS and BoB branches, but the BoB branch slightly
dominates. About 49.2% of the total rain at New Delhi occurred during 18O-depleted events with a relatively
higher number of trajectories of the BoB branch. Median 18O events at Ahmedabad (40.2% of the total rain)
MIDHUN ET AL.
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Figure 4. (a) Observed (GPCP) and (b) simulated (IsoGSM) rainfall anomalies (mm/day) during ISM 2013. Climatology is
18
calculated for the period 1980–2007. (c) δ Op anomalies (‰) during ISM 2013; shaded contours are the IsoGSM
18
18
simulations, and circles are observations. For calculating observed δ Op anomalies, climatological ISM δ Op were
constructed using IsoMAP. Sample collection stations used in this study are highlighted in (a) (refer to Figure 1 for station
names). GPCP = Global Precipitation Climatology Project; IsoGSM = Isotope-enabled Global Spectral Model.

and Bhopal (28.2% of the total rain) are mainly characterized by moisture transport through the AS branch
with a little contribution from the BoB branch. Median events at New Delhi (36.2% of the total rain) are
solely contributed by the AS branch, but the trajectories are clustered to form a narrow path, slightly
southward of the trajectories associated with 18O enriched events. Generally, at these three stations,
anomalous trajectory densities over the AS branch are observed during 18O-enriched events, whereas the
most 18O-depleted events are characterized by more trajectories through the BoB branch (Figures 5 and 6).
At Kanpur, Varanasi, and Dhanbad 13.8%, 20.9%, and 20.2% of the total rain, respectively, occurred during the
O-enriched events. During these events at Dhanbad, trajectories originate from the Arabian Sea and mostly
advance to the station via the head Bay of Bengal, while the trajectories reaching Kanpur and Varanasi very
rarely pass through the BoB (Figure 5). During median (55.9%, 26.2%, and 41.5% of the total rain at Kanpur,
Varanasi, and Dhanbad) and 18O-depleted events at these stations (30.3%, 52.9%, and 38.3% of the total rain,
respectively), both branches are present in the trajectories. Also, at Kanpur, more AS branch (BoB branch) trajectories are observed during 18O-enriched (depleted) events (Figure 6). At Varanasi, trajectories during
depleted events pass through the northern Indian region while the enriched events are characterized by
more trajectories passing through the central Indian region. At Dhanbad, southwesterly trajectories through
the AS branch slightly dominate during 18O-enriched events.

18

Observed differences in trajectory densities during 18O-depleted and 18O-enriched events are compared with
the IsoGSM results (Figure 6). IsoGSM also produces 18O-depleted (enriched) rain events associated with the
anomalous air parcel trajectories through the BoB branch (AS branch) at four out of six stations. At Varanasi
and Dhanbad, simulated trajectory-δ18Op relations are not consistent with the observations.
Switching between the BoB and the AS branch has little inﬂuence on δ18Op variability at Dhanbad and
Varanasi. The main reason for this could be as follows: when the AS branch provides moisture to the other
four stations, it takes a shorter path from the moisture source (the ocean) and encounters relatively low
rainfall/convection enroute compared to those of the BoB branch. These conditions do not hold for the
stations Dhanbad and Varanasi (Figure 5). JJAS mean outgoing longwave radiation (OLR) during 2013
(supporting information Figure SF5) also suggests that both the AS and BoB branches pass through
the convectively active region (OLR < 210 W/m2) before they reach these stations and thus may result
in diminishing the isotopic distinction between the two branches.
3.4.2. Role of Rainfall Along the Back Trajectories
Over the tropical oceans, a negative correlation between δ18O of boundary layer vapor and upstream rainfall
has been previously reported (Kurita, 2013; Midhun et al., 2013) and the same fact is used here to check the
role of δ18O of the advected vapor on δ18Op variability. Such a relation would be a cumulative effect of advection on the remnant vapor after the rainout (Rayleigh distillation model, Gat & Gonﬁantini, 1981) as well as the
MIDHUN ET AL.
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Figure 5. (a–o) Trajectory density (in %) during O-enriched (ENR), O median (MED), and O-depleted events (DEP).
Please refer to the text for event classiﬁcation. Number of events (n) and percentage of rainfall (rain %) contributed by
each group are also shown.
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Figure 6. (a–l) Difference in the trajectory density (in %) between
density during enriched (depleted) events.

18

O-enriched and

10.1029/2017JD027427

18

O-depleted events. Positive (negative) values represent higher trajectory

rain-vapor interactions in the convective systems along the trajectory. At stations except Varanasi and
Kanpur, δ18Op is well correlated with total rainfall along the back trajectory (i.e., upstream rainfall; Figure 7a).
These relations become stronger with increasing back trajectory hours and stabilize after ~5 days. This
suggests that daily δ18Op likely reﬂects a 5-day integrated convective activity along the moisture transport
pathways. These results are consistent with IsoGSM simulations too (Figure 7b). A similar role of upwind
convection on isotopic variability over tropical Andes (Samuels-Crow et al., 2014) and Central Andes has
been previously reported (Fiorella et al., 2015). Thus, the strong inﬂuence of upstream rainfall can be a
possible reason for the lack or weak local amount effect over the region (Lee et al., 2012; Midhun &
Ramesh, 2016).
To understand the processes of those related rainfall along the trajectory with δ18Op inside the model
(IsoGSM), we plotted the relationship between column-integrated water content (precipitable water) and
its isotopic composition along the 10-day back trajectories. Three most 18O-enriched events and three most
18
O-depleted events at each station are selected for this analysis (Figure 8). A general negative relationship
between precipitable water and its δ18O is observed during 18O-depleted events at all stations except New
Delhi. This relationship is opposite to the Rayleigh distillation prediction, according to which the rainout
along the trajectories decreases precipitable water and δ18O of the remnant vapor. A positive relation
between precipitable water δ18O and OLR is also observed along the trajectory during 18O-depleted events.
This means that strong upstream convection reduces the 18O content of the precipitable water, and the
strong recycling and moisture convergence (Moore et al., 2014; Risi et al., 2008; Wei et al., 2018) in such systems increases the precipitable water content along the trajectory. This creates the counterintuitive negative
relationship between precipitable water and its δ18O along the trajectory during depleted events (Wei et al.,
2018). This mechanism breaks down during 18O-enriched events, implying that intensity of convection plays
a signiﬁcant role in determining the δ18O of advected vapor.
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18

Figure 7. (a) Relation between δ Op and the average rain (TRMM) along the back trajectory with varying back trajectory
hours. The “+” symbol represents correlations that are signiﬁcant at P < 0.05 level. (b) Same as (a) but for IsoGSM
simulations. TRMM = Tropical Rainfall Measuring Mission; IsoGSM = Isotope-enabled Global Spectral Model.

3.4.3. Moisture Flux Analysis
Correlation analysis between δ18Op and the meridional component of vertically integrated moisture ﬂux (Qv)
helps to understand the role of moisture transport pathways on δ18Op. When the AS branch dominates, Qv
would be positive over the areas west to the stations and δ18Op is expected to be higher. Similarly,
when the BoB branch dominates, Qv would be positive over areas east of the stations and δ18Op would be
more negative. Hence, we anticipate a dipole pattern in the Qv-δ18Op correlations with positive correlations

18

Figure 8. Relationship of precipitable water δ O with precipitable water content (PWat, ﬁrst and third columns) and OLR (second and fourth columns) along the
18
18
trajectory for three most O-depleted events and O-enriched events at each sampling station as simulated by IsoGSM. Three symbols (circle, triangle, and
square) represent three different events, and the color indicates back trajectory hours. Each panel corresponds to each station. OLR = outgoing longwave radiation;
IsoGSM = isotope-enabled GCM.
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18

Figure 9. Correlation between δ Op and meridional moisture transport vectors (Qv). (a–c) Correlations between observed
18
δ Op and Qv (NCEP) at stations Ahmedabad, Bhopal, and New Delhi during ISM 2013. (d–f) Same as (a–c) but for the
18
IsoGSM simulations. (g and h) Observed δ Op-Qv correlations on monthly and interannual timescales during ISM at New
Delhi. (i and j) Same as (g and h) but for IsoGSM simulations. Black dots represent signiﬁcant correlations at P < 0.05 level.
The ﬁlled triangle represents the location of sampling stations. NCEP = National Center for Environmental Prediction;
ISM = Indian Summer Monsoon; IsoGSM = Isotope-enabled Global Spectral Model.

over the area west to the stations and negative correlation over the areas east to the station. This pattern
is observed in our correlation analysis for Ahmedabad, Bhopal, and New Delhi (Figure 9). When it
comes to IsoGSM simulations, this relationship between δ18Op and Qv is well captured for Ahmedabad and
Bhopal (Figure 9) but not over New Delhi. Again, the model’s failure is likely due to the dry bias in the modeled
ISM rainfall over New Delhi (only 11 of the 26 rainy days are simulated during ISM 2013 at New Delhi, Figure 3c).
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Figure 10. (a) Mean JJAS trajectory density (in percent) for GNIP station New Delhi. (b) Difference in ISM trajectory densities
between composites of enriched and depleted years. (c) Empirical Orthogonal Function (EOF1) of JJAS mean of ISM
18
trajectories. (d) Time series of JJAS mean δ Op (red) and PC1 (blue) of JJAS mean ISM trajectories at New Delhi. Correlation
18
(r) between mean δ Op and PC1 is 0.58 (P < 0.05). JJAS = June–September; ISM = Indian Summer Monsoon.

Validity of δ18Op and Qv relation over New Delhi on monthly (individual months of JJAS) and interannual
timescales (JJAS means) is also veriﬁed using long-term GNIP data set and found to be signiﬁcant
(Figures 9g and 9h). Again, it should be noted that IsoGSM fails to capture this relation over New Delhi on
monthly and interannual timescales (Figures 9i and 9j).
3.4.4. Interannual Variability of δ18Op at New Delhi
The effect of moisture transport pathways on δ18Op is clearly demonstrated in the previous sections (3.4.1
and 3.4.2). Additionally, a δ18Op-Qv relationship is also observed over New Delhi on the interannual timescale
(Figures 9g and 9h). To quantify the role of changing moisture transport pathway on interannual variability of
ISM δ18Op at New Delhi, we extended the back trajectory analysis to the period 1961 to 2009. The climatological mean trajectory density is depicted in Figure 9a. Differences between the composite trajectory densities
for years with 18O-depleted and 18O-enriched rain are shown in Figure 9b. This pattern is very similar to the
one observed during 2013 (Figure 6i) on an intraseasonal timescale, suggesting the strong inﬂuence of circulation also on interannual variations of ISM δ18Op over New Delhi. To check the leading mode of variability of
back trajectory, we performed empirical orthogonal function analysis on trajectory density anomalies.
Interestingly, the leading mode (ﬁrst Empirical Orthogonal Function, EOF-1, explained variance is ~13%,
Figure 10c) is very similar to the trajectory density anomaly pattern shown in Figure 9b. Approximately
34% of the interannual variability of ISM δ18Op at New Delhi is explained by the ﬁrst Principal Component
(PC1) of trajectory densities (Figure 10d), whereas the local amount effect explains only ~16%. This analysis
suggests that the dual moisture source has a more signiﬁcant role in modulating monsoon δ18Op on daily
to interannual timescales over this region. Sinha et al. (2015) suggested that the enhanced moisture transport
from the BoB branch co-occurs with wet months/years of monsoon and thus creates an amount effect at New
Delhi. However, in our analysis JJAS mean rainfall does not correlate with PC1 of trajectory densities suggesting that local rainfall amount and variations in moisture transport pathways independently drive the δ18Op
variability at New Delhi. A multilinear regression of δ18Op with PC1 and rainfall is able to explain 47% of
the δ18Op variability at New Delhi on the interannual timescale (Table 3).
3.5. Spatial Pattern of δ18Op and the Continental Effect
Previously reported ISM δ18Op values, archived at GNIP, are interpolated using IsoMAP (Figure 11c). The spatial distribution of ISM δ18Op during 2013 is in good agreement with the climatological IsoMAP estimates.
Figure 11d depicts an independent estimate of climatological ISM δ18Op from three IsoGSMs that are
MIDHUN ET AL.
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Table 3
18
Linear and Multilinear Regression of JJAS Mean δ Op With PC1 of JJAS Mean Trajectory Densities and JJAS Mean Rainfall at
GNIP Station New Delhi
Regression
18

δ Op = ( 5.93 ± 0.34) + (0.021 ± 0.005) × PC1
18
δ Op = ( 3 ± 1) + ( 0.004 ± 0.001) × rainfall
18
δ Op = ( 3 ± 1) + ( 0.004 ± 0.001) × rainfall + (0.021 ± 0.004) × PC1

2

r

0.34
0.16
0.47

Note. JJAS = June–September.

nudged with reanalysis wind ﬁelds (SWING2 models, Midhun & Ramesh, 2016). Both the observations and
SWING2 simulations show a strong inﬂuence of large-scale low-level winds (Figure 11a) on the spatial
pattern of ISM δ18Op: the progressive depletion of δ18Op along the low-level south westerlies (also called
low-level jet) from the Arabian Sea region to northeastern parts of India can be qualitatively explained using
the classical Rayleigh model. Interestingly, no isotope minima corresponding to the rainfall maxima (Western
Ghats and Myanmar coast, Figure 11b) are observed in the ISM region, implying a weak or insigniﬁcant role of
the local amount effect on the spatial distribution of ISM δ18Op.

Figure 11. (a) Climatological JJAS mean wind at the 850-hPa level (NCEP, unit: meter per second). (b) Climatological mean
18
ISM rainfall (GPCP, unit: millimeter per day). (c) Observed climatological mean ISM δ Op (ﬁlled circles) and as predicted by
IsoMAP (shaded). (d) GCM simulated (multimodel mean from SWING2 models, Midhun & Ramesh, 2016) climatological
18
mean ISM δ Op. Locations of Kolkata (1) and Allahabad (2) are indicated by numbers in (c). JJAS = June–September;
NCEP = National Center for Environmental Prediction; ISM = Indian Summer Monsoon; GPCP = Global Precipitation
Climatology Project; GCM = General Circulation Model.
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Previous studies hypothesized a possibility of the continental effect
along the Indo-Gangetic plain (from the head bay of Bengal to New
Delhi) as a result of the propagation of monsoon storms formed over
the BoB (Krishnamurthy & Bhattacharya, 1991; Sengupta & Sarkar,
2006). Krishnamurthy and Bhattacharya (1991) suggested a continental
effect (depletion by ~2‰ for 1,300 km) in the ISM rainfall over this plain
by analyzing δ18O of ground waters. But this is neither observed in
GNIP δ18Op (Figure 11c) nor in our observations along this sector.
GNIP observations show depletion in δ18Op at Allahabad (a GNIP station, ~120 km from Varanasi) by 2‰ compared to that at Kolkata (a
coastal station near the head bay of Bengal). A similar δ18Op depletion
of 0.8‰ is observed at Varanasi compared to Dhanbad in our observations. But no further δ18Op depletion toward New Delhi is observed
both in GNIP and in our observations. Sengupta and Sarkar (2006) suggested that the δ18Op enrichment along the Allahabad-Delhi sector is
possibly due to the contributions from the δ18O-enriched vapor by evapotranspiration as well as from the AS branch of moisture transport.
Our study conﬁrms the role of the AS branch of moisture transport at
New Delhi and Kanpur modulating the spatial distribution of δ18Op
along the Indo-Gangetic plain.
3.6. Depleting Trend in δ18Op During the ISM Season

18

Figure 12. (a) Box and whisker plot showing the distribution of monthly δ Op
observations at GNIP station New Delhi. Gray circles show the individual observations. (b–e) Climatological average deviations in trajectory densities from JJAS
mean trajectories during June, July, August, and September.
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All except Ahmedabad and New Delhi show a signiﬁcant temporal
decreasing trend in δ18Op during the ISM season (supporting
information Figure SF2). This trend is not statistically signiﬁcant at
New Delhi due to a continuous 3-day 18O-depleted rainfall event during the initial period of ISM season 2013. Long-term observations at
New Delhi, however, do show a statistically signiﬁcant trend in δ18Op
during the ISM season (Figure 12). Similar depletion trends of δ18Op,
as the ISM season advances, were reported earlier as well
(Breitenbach et al., 2010; Sengupta & Sarkar, 2006; Srivastava et al.,
2014). Sengupta and Sarkar (2006) proposed that a similar trend in
Kolkata could be due to the shift in the origin of the monsoon depression from northern to southern (below 15°N) BoB, resulting in a longer
condensation history of the air parcel and more 18O-depleted rain over
Kolkata. Later Breitenbach et al. (2010) attributed this depletion to the
formation of a freshwater plume in the head Bay of Bengal by 18Odepleted discharge from the Ganga-Brahmaputra river system. The
estimated reduction in δ18O of surface water at the head Bay of
Bengal can be up to 4.5‰; however, the average of observed δ18O
of surface water over the BoB during the end of the season is
~ 0.4‰ (Achyuthan et al., 2013; Sengupta et al., 2013; Singh et al.,
2010). We also estimated the possible value of δ18O of surface water
at the head Bay of Bengal from climatological salinity (S) data using
the reported δ18O-S relations (Sengupta et al., 2013; Singh et al.,
2014) and the estimated δ18O of surface water varied from 0.2‰ to
0.8‰ (for September). Thus, the evaporation from this freshwater
plume cannot contribute to the observed trend in δ18Op (Lekshmy
et al., 2015). We observe that over the inland station New Delhi, this
trend (Figure 11) co-occurs with the switching of moisture transport
pathway from the AS branch to the BoB branch as the ISM season
advances. But the cause for similar trends observed over the stations
closer to the head Bay of Bengal is not clear yet.
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4. Conclusions
A new data set of ISM δ18Op and δDp from six stations across northern and central India during the year 2013
is presented. The local and remote factors that control ISM δ18Op are further investigated along with the
nudged simulations from an IsoGSM and previously reported observations.
ISM δ18Op at all the stations for 2013 is found to be relatively lower compared to their climatological means in
the observations (GNIP and IsoMAP). A local amount effect is observed on daily timescales in the ISM rainfall
at ﬁve out of six stations during 2013, but it explains only 7% to 23% of total δ18Op variance. The observed
strong correlation between average rainfall along the air parcel back trajectory and δ18Op highlights the role
of upstream convective activities on ISM δ18Op. Further analysis using HYSPLIT and moisture ﬂux calculations
revealed the role of moisture transport pathways on δ18Op variability at Ahmedabad, Bhopal, and New Delhi:
anomalous moisture transport along the AS branch (BoB branch) results in relatively 18O-enriched (depleted)
rainfall at these stations. We also found that the same mechanism operates on an interannual timescale at
New Delhi, and it explains a signiﬁcant portion (~34%) of interannual variability of ISM δ18Op.
Similar to the observations, IsoGSM-simulated ISM δ18Op at most of the stations are also lower compared to
its climatology. IsoGSM captures the overall spatial distribution of ISM rainfall during 2013, but it fails to
capture the northwestern limit of rainfall as well as the intraseasonal variability of rainfall over the sampling
stations. However, the simulated temporal variability of lSM δ18Op is consistent with observations, possibly
due to the control of large-scale circulation on simulated δ18Op values. Back trajectory analysis using
IsoGSM also highlights the importance of variability of moisture transport pathways on ISM δ18Op.
Finally, we hypothesize that the effect of circulation on ISM δ18Op variability is due to (1) switching of moisture transport pathways between the AS and BoB branches and (2) the variability in convective history along
both moisture transport pathways. The atmosphere above the BoB is more convectively active compared to
the AS during ISM (Krishnamurthy & Ajayamohan, 2010). It is well known that organized convection leads to a
higher depletion in 18O of both the rainfall and boundary layer vapor (Kurita, 2013; Lekshmy et al., 2014).
Therefore, an air parcel that travels through the BoB and surrounding convectively active region is more likely
to have relatively depleted 18O values which will be reﬂected in the subsequent precipitation. It should also
be noted that the BoB branch of trajectories takes a longer path over the rainfall region of ISM (Figures 2 and
4) which in turn causes a higher depletion in 18O. Apart from these, the AS branch can also cause relatively
more negative δ18Op if it encounters anomalously high convective activity along its path during that particular rainfall spell, especially over the areas around Dhanbad and Varanasi. Our overall analyses suggest strong
inﬂuence of upstream process on δ18Op variability in the study area, which is responsible for the weak
amount effect.
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Over central and northern India, the BoB branch of moisture transport is often associated with inland movement of the monsoon depression from the BoB, one of the key indicators of ISM intensity, which will be
recorded in δ18Op. Proxies from areas adjoining Ahmedabad, Bhopal, and Varanasi would primarily reﬂect
the intrusion of these westward/northwestward moving monsoon depressions in their δ18O or δD. A recent
study (Sarkar et al., 2015), using multiproxy records in Lonar lake from central India, interpreted low leaf wax
δD values as a switching of the AS branch to the BoB branch during the mid-Holocene. Such interpretations
not only reconstruct the past hydroclimate but also help constrain paleo-atmospheric circulation simulated
by climate models.
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