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Abstract Sumatra Squalls, organized bands of thunderstorms, are the dominant mesoscale convective
systems during the intermonsoon and southwest monsoon seasons in Singapore. To understand how they
affect precipitation isotopes, we monitored the δ value of precipitation daily and continuously (every second
and integrated over 30 s) during all squalls in 2015. We found that precipitation δ18O values mainly exhibit a
“V”-shape pattern and less commonly a “W”-shape pattern. Variation in δ18O values during a single event is
about 1 to 6‰ with the lowest values mostly observed in the stratiform zone, which agrees with previous
observations and modeling simulations. Reevaporation can significantly affect δ values, especially in the last
stage of the stratiform zone. Daily precipitation is characterized by periodic negative shifts in δ value, largely
associated with the squalls rather thanmoisture source change. The shifts can bemore than 10‰, larger than
intraevent variation. Initial δ18O values of events are highly variable, and those with the lowest values also
have the lowest initial values. Therefore, past convective activities in the upwind area can significantly affect
the δ18O, and convection at the sampling site has limited contribution to isotopic variability. A significant
correlation between precipitation δ18O value and regional outgoing longwave radiation and rainfall in the
Asian monsoon region and western Pacific suggests that regional organized convection probably drives
stable isotopic compositions of precipitation. A drop in the frequency of the squalls in 2015 is related to weak
organized convection in the region caused by El Niño.

1. Introduction

Oxygen and hydrogen isotopes of water are widely used as natural tracers of hydrological processes and past
climate because light and heavy isotopes in water molecules are fractionated with variations in physical con-
ditions during phase changes. A positive correlation between stable isotopes of precipitation and
temperature, that is, the temperature effect, has long been used to interpret paleoclimate archives at
high latitudes (Bowen, 2008; Dansgaard et al., 1993; Jouzel, 2003). At low latitudes in tropical regions,
there is no consensus about the drivers of stable isotopes in precipitation (Bony et al., 2008; Kurita
et al., 2009; Risi, Bony, & Vimeux, 2008). A negative correlation between rain amount and precipitation
stable isotope compositions has been observed but only at monthly or long-term scales (Dansgaard, 1964;
Kurita et al., 2009; Rozanski et al., 1993). Moreover, the amount affect is not universal, varying across the
tropics (e.g., Aggarwal et al., 2004). Large variations in the stable isotope compositions of daily precipitation,
up to more than 20 ‰, have been observed in the tropics, resulting from regional organized convection
(He et al., 2014, 2015; Moerman et al., 2013; Permana et al., 2016; Sánchez-Murillo et al., 2016). In the tropics,
most precipitation apparently arises from convective clouds (Houze, 1997). Tropical convective systems
range from isolated to well-organized convective systems and from shallow to deep convective systems
(Houze, 2004; Masunaga et al., 2005; Masunaga & Kummerow, 2006), and they are expected to have different
degree of influence on stable isotopic composition of precipitation. Modeling studies suggest that cloud
dynamics and physical processes associated with convection, including reevaporation, diffusive exchanges,
and the recycling of depleted vapor from convective downdraft at the boundary layer, are the likely domi-
nant drivers of stable isotope composition of precipitation (Bony et al., 2008; Kurita, 2013; Lee & Fung,
2008; Risi et al., 2010; Risi, Bony, & Vimeux, 2008; Tremoy et al., 2014). Several recent studies have shown that
high temporal analysis of stable isotopes of precipitation during events reveal the relationship between the
local and microphysical processes and the evolution in stable isotopic composition of precipitation (e.g.,
Barras & Simmonds, 2009; Muller et al., 2015; Rao et al., 2008; Risi et al., 2010). Advances in analytical
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technology, such as the invention of diffusion sampler (DS) (Munksgaard et al., 2012, 2011) and standard
delivery module (Bonne et al., 2014; Tremoy et al., 2014), make it possible to continuously monitor the stable
isotopic compositions of precipitation and vapor at high temporal resolution and allow us to observe the real-
time evolution of stable isotopes of both precipitation and vapor.

Sumatra Squalls, narrow bands of thunderstorms, are the dominant organized convective systems in
Singapore and the surrounding area during the intermonsoon (April–May and October–November) and
southwest (SW) monsoon seasons (June–September, JJAS) with average frequencies of six to eight occur-
rences per month (Lo & Orton, 2016). The squalls generally form in Sumatra or along the Malacca Straits
and move eastward over the Malay Peninsula and Singapore normally before dawn or in the early morn-
ing between April and November each year. They are usually hundreds of kilometers in length lasting
several hours with gusty winds and heavy rains, impacting large areas in the region, including Sumatra,
the Malay Peninsula, and Singapore (Yi & Lim, 2007). Understanding how convection during the squalls
affects stable isotopes of precipitation will help us understand the drivers of variations in precipitation
stable isotopes in the study area, ultimately improving interpretation of paleoclimate records in
tropical regions.

In this study, we monitored all the Sumatra Squalls that made landfall in Singapore between April and
October in 2015. Stable isotopic composition of precipitation was continuously analyzed during these
squalls using a DS. Daily precipitation samples collected in 2014 and 2015 were also analyzed for stable
isotope compositions, but in this study we only focused on the samples from the time periods related
to Sumatra Squalls, and discussion of stable isotopes of daily precipitation over longer periods will be
included in future studies. We utilized these data collected in this study to investigate the evolution
of the stable isotopes in precipitation during the squalls, to understand how intraevent-scale isotopic
variation is associated with convective cloud dynamics and physical processes during the squalls, and to
evaluate the contribution of the squalls to the variation in stable isotopes of daily precipitation. One of
the strongest El Niño events in recorded history evolved in 2015, affording the opportunity to examine
El Niño impacts on the squalls and the stable isotopes of related precipitation. Our knowledge of the
physical processes and their impact on stable isotopes during tropical convection is largely obtained
from modeling studies (Bony et al., 2008; Kurita, 2013; Lee & Fung, 2008; Risi, Bony, & Vimeux, 2008;
Risi et al., 2010; Tremoy et al., 2014). The high temporal resolution data collected in this study can also
provide some insight into cloud dynamics during tropical convection and help to improve the related
isotope-enabled models.

2. Data and Methods
2.1. Site Description

Our rain station was installed outside the Geochemistry Laboratories of the Asian School of the Environment
(ASE) (1.35°N, 103.68°E, altitude 40 m above sea level) at Nanyang Technological University at the western
edge of Singapore. This site is in the closest proximity to Sumatra and the Malacca Strait (Figure 1).
Located just north of the equator, Singapore has a typical tropical climate with abundant rainfall, high and
uniform temperature, and high humidity all year round. Its climate is mainly governed by the northeast
(NE) and SW monsoons. The NE monsoon is accompanied by more frequent rain, particularly from
December to January. The SWmonsoon produces a marginally dryer climate from May to September, during
which the climate is characterized by early-morning storms, normally organized into long lines extending for
hundreds of kilometers, known as Sumatra squalls. The Squalls move towards Singapore from the west and
eventually dissipate over the South China Sea (SCS).

2.2. Stable Isotope Analysis of Precipitation

A DS coupled to a Picarro L2130-i, an infrared spectroscopy instrument based on cavity ring-down spectro-
scopy (CRDS), was used to continuously analyze real-time stable isotopic composition of precipitation
(Munksgaard et al., 2011). The system records a measurement every second, but we report 30 s integrated
data. It consists of four major parts: a rain collection panel, a floating switch, pump, and a DS coupled to CRDS
(Figure S1 in the supporting information). The rain collection panel was installed on the side of the ASE build-
ing with plastic tubing connected to the instrument in the laboratory. The system continuously analyzes
reference water in a 40 L carboy when there is no rain. When it rains, rainwater collected by the panel will
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trigger a float switch through a valve control to allow the system to analyze rainwater. The inner chamber of
DS has a semipermeable expended polytetrafluoroethylene tubing to allow continuous evaporation of water
samples into the chamber, and the vapor will then be introduced into CRDS for isotope analysis. We use three
in-house calibration standards with δ18O and δ2H values ranging from 0 to �20‰ and 0 to �144‰,
respectively, to calibrate the data collected from DS-CRDS system. Precision for our DS-CRDS is 0.2‰ or
better for δ18O and 0.4‰ for δ2H based on the analysis of quality assurance (QA)/quality control (QC)
sample three times each week over several months.

A PALMEX collector (Gröning et al., 2012) was installed in an open space on the roof of the ASE building to
collect daily precipitation. A Picarro water analyzer L2140-i was used to analyze stable isotope composition
of daily rain samples. We followed the procedure developed by Van Geldern and Barth (2012) for postrun
corrections, including memory correction, drift correction, and calibration. Long-term precision of the analy-
sis is 0.04‰ for δ18O and 0.2‰ for δ2H based on our in-house QA/QC water standards analyzed over years.

2.3. Meteorological Data

Air temperature, relative humidity (RH), and rain intensity on-site were monitored using a HOBO Data
Logging Rain Gauge (www.onsetcomp.com). The gauge is a battery-powered rainfall data collection and
recording system, which includes a HOBO Pendant Event Data Logger (HOBO microstation H21-002) with a
rain gauge smart sensor S-RGB-M002 and a 12 bit temperature and RH sensor (S-THB-M002). The sensors
were set to collect data at 1 min intervals.

Radar images were obtained from the National Environment Agency Singapore taken from a ground based
C-band Doppler radar centered at 1.35°N and 103.97°E. The radar can detect the presence of rain up to
240 km away from the center by measuring the reflectivity and provide a visible output (radar images) every
5 min. Mean sea level pressure and horizontal winds at 850 hPa between 1981 and 2011 used in this study for
analysis of the squalls are the National Centers for Environmental Prediction Climate Forecast System
Reanalysis 6-hourly products with horizontal resolution of 0.5° × 0.5°. The data were downloaded from the
Research Data Archive managed by the National Center for Atmospheric Research in Boulder, Colorado,
USA (rda.ucar.edu). Six hour average interpolated outgoing longwave radiation (OLR) data were also from
National Centers for Environmental Prediction Climate Forecast System Reanalysis and downloaded from
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Figure 1. Location map of Singapore with the sampling site (1.35°N, 103.68°E, altitude of 40 m above sea level). “x” represents the sampling site.
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the same site. OLR has been used as a proxy of deep tropical convection, and there is a negative correlation
between OLR and convection (Gao et al., 2013; Lekshmy et al., 2014; Vimeux et al., 2011).

Climate Prediction Center Oceanic Niño Index (ONI) is the 3 month running mean sea surface temperature
departures in the Niño 3.4 region (5°N–5°S and 120°–170°W). ONI is one measure of the El Niño–Southern
Oscillation (ENSO) (www.cpc.ncep.noaa.gov). Pacific warm and cold periods are identified based on a
threshold of ±0.5°C for ONI. Climate Prediction Center Madden-Julian Oscillation (MJO) Index 2 is the index
at 100°E, closet to our study site. The data were downloaded from the same website as ONI above. MJO
indices are based on extended empirical orthogonal function analysis of pentad 200 hPa velocity potential
(CHI2000) anomalies equatorward of 30°N during ENSO neutral and weak ENSO winters (November–April)
in 1979–2000. The Hybrid Single-Particle Lagrangian Integrated Trajectory model was used for back trajectory
calculations (ready.arl.noaa.gov/HYSPLIT.php). The 4 day back trajectory analysis was performed at three
levels above the ground (850 hPa, 650 hPa, and 550 hPa), and trajectories were initiated every 6 h. Cluster
analysis was applied to the trajectories of the air masses each month at the level of 850 hPa using the tool
provided in the Hybrid Single-Particle Lagrangian Integrated Trajectory model (Cai et al., 2017) to examine
the seasonal and monthly variability of the dominant trajectory paths through time.

3. Sumatra Squalls

Radar images were used to identify the squalls, to track their movement, and to distinguish between convec-
tion and stratiform zones. As narrow bands of organized storms, Sumatra Squalls propagate eastward in a line
(Lo & Orton, 2016) and thus can be easily recognized through the radar images (Figure 2). Distinguishing
between convection cells and the stratiform zone of the squalls is based on the method proposed by
Houze (1997). The radar reflectivity pattern associated with the active convection cells in plain view is a field
of localized reflectivity maxima and relatively small in area. In contrast, the adjective stratiform region is
widespread with horizontally homogeneous radar echo. Figure 3 is the schematic cross section of a squall
system with major components and air flows.

In total, 17 Sumatra Squalls made landfall in Singapore between April and October in 2015 (Table 1). The
water isotopes of a few squalls, including those on 14 April, 1 and 14 July, and 16 September, were not
recorded because of instrument failure. The majority of the squalls started to form in the late afternoon or
evening in Sumatra or the Malacca Straits then propagated eastward and made landfall in Singapore mainly
on the second day before dawn or in the early morning but rarely in the afternoon (Lo & Orton, 2016) (Table 1).
The squalls had dissipated into the SCS by the afternoon. The life cycle of a squall, therefore, was about 20 h on
average or longer. Detailed evolution of a typical squall is demonstrated in Figure S2 in the
supporting information.

The squall center migrates over time from the early intermonsoon (April and May) to SW monsoon (JJAS).
During April and May, they tend to be centered in the middle of Sumatra, closer to Singapore, for example,
the 3 May squall (Figure S3 in the supporting information). During the SW monsoon, however, the squalls
mostly form in the northern part of the region (Figure S2). The shift of the central location of the squalls
can be attributed to the change in the directions of prevalent winds. Between April and May, winds are weak
and variable but southwesterly or westerly winds are very common though not very strong (Figure 4a).
During the SW monsoon (JJAS, Figure 4b), both southeasterly and southwesterly winds are common but
the southeasterly winds are becoming stronger and thus push the central location of the squalls further
north. During the NE monsoon (December–March, Figure 4d), the average wind direction is northerly to
northeasterly and thus the squalls rarely occur during this time period.

4. Results
4.1. Stable Isotopes of Precipitation During Individual Events of Sumatra Squalls

Initial and mean δ values of rain events, and absolute changes in δ values during all the squalls are summar-
ized in Table 1. In general, there is a significant change in δ18O value of precipitation during the majority of
the squalls, and the amplitude can exceed 5‰ in a single event. Initial δ18O values of the events also vary
greatly from �0.66 to �14.41‰, larger than intraevent variation. According to the patterns of variation in
precipitation δ18O, we can group the squalls into three classes.
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In the first class, δ18O values change in a V pattern (Figure 5). The value is generally high at the begin-
ning, decreases significantly during the rain events, and gradually increases again toward to the end of
the events. The lowest δ18O value is normally observed at the time when the stratiform zone of the
squalls moved above the station, sometimes close to the transition zone between convection and strati-
form zones. The first event on 16 June 2015 is an exception because the lowest δ18O value occurred in
the convection portion. Surface temperature drops slightly (about 1 to 3°C) with the decrease in δ18O
value in the early stage, corresponding to the arrival of convective systems due to propagation of the
cold pool initiated by the evaporation of falling precipitation in unsaturated downdrafts (Tremoy et al.,
2014). Such small change in temperature will not significantly affect the δ18O value of precipitation.
Like air temperature, the RH also changes during events. In general, RH is slightly low at the beginning
and the end and higher during the middle of the event. RH and air temperature data obtained from
our rain gauge only reflect the conditions at the sampling site, and they do not completely represent
the atmospheric conditions below the cloud base. There are some minor differences in the patterns of
variation in δ value among the squalls in the first class. For a typical V pattern, its final δ18O value is close
to the initial value (Figure 5a). Very often at the end of the events, the δ18O value stays constant with
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Figure 2. Radar reflectivity images of typical Sumatra Squalls over the sampling site at Nanyang Technological University: (a) 0042 LT 3 May 2015, (b) 0702 LT 4 July
2015, (c) 0611 LT 3 August 2015, and (d) 0247 LT 12 June 2014. Red arrow indicates the propagation direction of the squalls. Convection zone is the region with a
strong horizontal color gradient, and stratiform zone is generally homogeneous in color.

10.1002/2017JD027829Journal of Geophysical Research: Atmospheres

HE ET AL. 3816



variation being below 0.5 ‰ for several hours (Figure 5c), suggesting that the processes controlling stable
isotopes of precipitation were in steady state or the height at which the rain formed was constant (Muller
et al., 2015). The final δ18O value could be higher than the initial (Figure 5d).

In the less common second class, the δ18O value of precipitation varied in a W-shape or a two V-shape
pattern (Figure 6). Both δ18O value and rain amount peaks in this class fluctuated more, and the
increase-decrease cycle occurred more than once during a single event. As an organized convection
system, the convection zone of a squall normally contains multiple convection cells. The W-shape pat-
tern was due to two or more convection cells passing over the sampling site. The lowest δ18O value

Figure 3. Schematic cross section of a squall system with major components and airflows.

Table 1
Major Features of the Sumatra Squalls in 2015

Month Date Rain event Isotope pattern Start End
Duration

(min)
Rain amount

(mm)

δ18Ο value (‰,VSMOW)

Initial Highest Lowest δ difference Average

April 19 1 V 05:05:00 06:25:00 80 31.2 �5.54 �5.54 �9.62 4.08 �8.09
May 3 1 W 00:47:00 05:00:00 253 86 �8.15 �8.15 �11.36 3.21 �9.84

23 1 Othera 09:18:00 12:15:00 177 5 �5.17 �5.17 �7.04 1.87 �6.31
June 12 1 V 09:45:00 11:10:00 85 43 �8.74 �8.43 �11.37 2.94 �10.04

2b 13:06:00 14:27:00 81 2.6 �9.52 �8.01 �9.92 0.40 �9.20
14 1 V 08:18:00 11:00:00 162 2.8 �14.41 �13.58 �16.83 3.25 �15.76
16 1 V 03:05:00 04:20:00 75 7.2 �6.81 �6.09 �7.15 1.06 �6.39

2 Othera 07:50:00 07:14:00 9 0.2 �5.55 �5.87 �6.06 0.18 �5.97
July 4 1 V 07:11:00 08:55:00 104 20.4 �4.33 �4.14 �7.92 3.78 �5.89
August 3 1 V 06:11:00 07:49:00 68 57.8 �4.89 �4.89 �7.26 2.36 �6.56

2 Othera 09:11:00 11:15:00 59 1.2 �6.19 �6.11 �7.10 0.99 �6.51
4 1 V 05:36:00 09:29:00 233 26 �7.12 �7.12 �12.15 5.03 �11.04
6 1 Othera 13:28:00 13:53:00 26 2.2 �3.91 �3.06 �3.98 0.92 �3.46

2 V 14:21:00 15:22:00 61 26.2 �8.05 �6.97 �8.74 1.77 �7.83
21 1 Othera 05:32:00 05:55:00 23 0.4 �0.66 �0.66 �1.66 1.00 �0.92

2 V 09:40:00 10:28:00 48 1.8 �2.20 �2.20 �3.45 1.24 �2.68
September 15 1 W 12:32:00 14:50:00 138 19 �3.32 �3.32 �8.41 5.09 �5.79

Note. VSMOW = Vienna Standard Mean Ocean Water.
aOnly partial stratiform precipitation of the events. bNot related to the squall.
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in a single event could occur in both the convection zone (Figure 6a) and the stratiform portion
(Figure 6b) of the squalls.

In addition to the V and W shape, precipitation δ18O value of the events from other squalls varies in different
ways, and they are less easily classified. However, they share some characteristics establishing a third class. In
this class, the very common pattern observed is that δ18O value gradually increased throughout the event
(Figure 7a). Another pattern is that δ18O value of the precipitation did not change more than 0.5‰
(Figure 7b). Detailed examination of radar images revealed that these events are simply the stratiform part
of the squalls, reflecting partial V or W pattern.

We also performed correlation analysis of δ18O and d-excess with temperature and RH during the squalls
(Table S1 in the supporting information). In general, there is a strong positive correlation between tempera-
ture and δ18O (r = 0.40 to 0.92, p< 0.001) during the majority of events except for a few events with minimal
variation in temperature, for example, the 3 May event. The lowest δ18O value is generally observed at the
lowest temperature during events. In contrast, there is no systematic correlation between δ18O and RH
and between d-excess and both temperature and RH. The correlation ranges from no correlation to positive
or negative correlation from event to event. Such spurious relationships of δ18O and d-excess with both tem-
perature and RH likely suggest that stable isotopes of precipitation at the intraevent level are not controlled
by the ambient environmental conditions on the ground. It is also possible that temperature and RH recorded
by our rain gauge at the sampling site does not fully represent the actual atmospheric conditions below the
clouds during events, especially RH.

Figure 4. Mean sea level pressure (shading, units of hPa) and horizontal winds at 850 hPa (vectors, units of ms�1) over 30 years between 1981 and 2010
from National Centers for Environmental Prediction reanalysis: (a) April and May, (b) June–September, (c) October and November, and (d) December–March. “x”
represents the sampling site.

10.1002/2017JD027829Journal of Geophysical Research: Atmospheres

HE ET AL. 3818



Figure 5. V-shape pattern of δ18O values of the events (Class A) with time series of d-excess, air temperature, and relative humidity (RH) at the sampling site: (a) 4 July
2015, (b) 3 August 2015, (c) 4 August 2015, and (d) the first event of 16 June 2015. Vertical blue line divides convection zone and stratiform zone of the squalls.
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Figure 6. W-shape pattern of δ18O values of the events (Class B) with time series of d-excess, air temperature and relative humidity (RH) at the sampling site: (a) 3 May
2015 and (b) 15 September 2015. Vertical blue line divides convection zone and stratiform zone of the squalls.

Figure 7. Other shape pattern of δ18O values of the events (Class C) with time series of d-excess, air temperature, and relative humidity (RH) at the sampling site:
(a) 23 May 2015 and (b) the second event of 16 June 2015.
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4.2. Stable Isotopes of Daily Precipitation

Figure 8a shows the time series of the δ18O value of daily precipitation collected between March and October
in 2015, an El Niño year. In comparison with a normal year, the δ18O value of daily precipitation collected dur-
ing the same time period in 2014 is also presented (Figure 8b). We included the MJO and ENSO indices in
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these figures to evaluate the relationship of the δ value of daily precipitation with MJO and ENSO. δ18O values
of daily precipitation are characterized by periodic shifts to more negative values, for example, to �15.31‰
on 14 June 2015. The amplitude of shift in δ18O values of daily precipitation is larger than that of intraevent
variation. Detailed examination indicates that these negative shifts are largely related to the squalls.

5. Discussion
5.1. Processes Controlling δ Value of Precipitation During the Sumatra Squalls

The simple explanation for the observed variation patterns of precipitation δ value is that condensation
processes are the dominant factor controlling the evolution of δ values of precipitation during the squalls.
Preferable removal of heavy isotopes during condensation causes the δ values of the remaining vapor to
continuously decrease (Dansgaard, 1964; Gonfiantini et al., 2001; Vuille et al., 2003). Thus, the maximum
depletion would be expected to occur at the maximum rain intensity. For the majority of the squalls, the low-
est δ value was observed in the stratiform zone not at the maximum rain intensity, which normally occurs in
the early convection zone (Figures 5 and 6). Our observations are in good agreement with the observation of
mesoscale convective systems (MCSs) in the tropical regions by Risi et al. (2010) and Kurita et al. (2011). Most
negative δ values observed during tropical convection have been attributed to mesoscale subsidence of iso-
topically depleted air in unsaturated downdraft of the stratiform region (Bony et al., 2008; Kurita, 2013; Risi
et al., 2010).

In the tropics, stratiform and convective precipitation occur together within the same complex of convection
systems with the stratiform covering great areas and accounting for a large portion of the tropical rainfall, up
to 70–80% (Houze, 1997, 2004; Schumacher & Houze, 2003) (Figure 2). The cloud base of the stratiform zone
occurs in the middle troposphere under the region of ascent because of the combined effect of layer lifting
and the accumulation of older, weakening and expanding buoyant element aloft (Houze, 2004). Below the
cloud base occurs a region of net descent, the mesoscale subsidence (Figure 3), which is caused by the
cooling of midtropospheric environmental air by melting and evaporation of precipitation falling out of
the cloud aloft. The mesoscale subsidence takes isotopically depleted vapor into the subcloud layer, which
is reused or recycled for precipitation in convection (Kurita, 2013; Risi, Bony, & Vimeux, 2008; Risi et al.,
2010). This also can explain that the lowest temperatures normally accompany the lowest δ value during
most events because the cold air brought down cools the ambient environment. In one simulation of the
evolution of stable isotopes in the squall line by Risi et al. (2010), an increase of the maximum altitude
reached by low-level air parcel (equivalent to the minimum temperature encountered) from 0 km at the
beginning of the line to 2.5 km in the stratiform zone leads to a strong decrease in δ18O value of vapor (from
�15 to�22‰) and precipitation (from�4 to�12‰). In the more intense convection with stronger convec-
tive downdrafts vapor injected into the subcloud layer through mesoscale subsidence would be more isoto-
pically depleted. The condensation height is probably another cause for generally lower δ values of
precipitation in the stratiform zone. Themesoscale updraught in the stratiform region is approximately above
the 0°C isotherm (Houze, 1997), and thus, the condensate in the stratiform zone is expected to form at higher
altitude than in the convective zone.

If the mesoscale subsidence were the dominant factor for variation in δ18O values observed in the
stratiform in the squalls, we would expect the values to stay very low relative to the convective rains
throughout the events. In many cases, however, δ18O values gradually increase with time after the mini-
mum value is reached in the stratiform zone and can be higher than the initial convective rainfall at
the end of events (Figures 5 and 6). Reevaporation and isotopic equilibrium of rain with ambient vapor
under the cloud base likely play an important role to modify the δ18O value, especially near the end of
these events.

In the stratiform zone for the most events, d-excess values of the precipitation exhibit a corresponding
decrease with an increase in δ18O values toward the end of events. There is an inverse relationship existing
between δ18O values and d-excess (r = �0. 6 to �1, p < 0.001), specifically in the last stage of the stratiform
zone (Table S2 in the supporting information). The δ18O and δ2H values of the precipitation in the stratiform
zones normally define an evaporation line with a different slope relative to the local meteoric water line
(LMWL) in Singapore (Figure 9). In the convection zone, however, the inverse relationship between δ18O
values and d-excess is much weaker (r = 0 to �0.3, p < 0.01) with a few having higher but much less
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significant correlation (Table S2). During some events, d-excess varies in the same way as δ18O values, and
thus, there is a positive correlation between them (r = +0.6 and 0.05, p < 0.001 and = 0.1, respectively), for
example, the events on 19 April and 4 July. δ18O and δ2H values of the precipitation in the convection
zone normally plot closely along the LMWL instead of along an evaporation line, suggesting insignificant
reevaporation of raindrops in the convection zones. During the event on 4 August, reevaporation was very
weak for the first 2 h of the stratiform zone, and there is no correlation between δ18O values and d-excess,
but in the last hour, significant reevaporation was observed as indicated by a stronger correlation between
δ18O values and d-excess (r = �0.6, P < 0.001). Therefore, the δ18O and δ2H values of the precipitation
during the first 2 h plot closely to the LMWL, and in the last hour, they plot along an evaporation line
(Figure 9c). Rain reevaporation could be minimal throughout the whole event as in 3 May, when the δ18O
and δ2H values of the precipitation in both convection and stratiform zones plot along the LMWL (Figure 9d).
There is no correlation existing between the δ value and d-excess of the precipitation in this event.

Physically, reevaporation is important when RH is low, and diffusive exchanges enable the raindrops to ree-
quilibrate with the vapor when RH is high (Bony et al., 2008; Lee & Fung, 2008; Tremoy et al., 2014). Raindrop
size and rain rate or intensity also affect the reevaporation (Lee & Fung, 2008). In the convection zone, the rain
intensity was high and the maximum intensity was generally observed in this zone (Figure 3), and the rain-
drop size was large on average (Lee & Fung, 2008; Rao et al., 2008). Therefore, the reevaporation of raindrops
was in general weaker in the convection zone. Within the stratiform, rain intensity dropped, RH decreased,
and raindrop size was also relatively small, especially in the later period of events. In MCSs like Sumatra
Squalls, there exists a middle-level rear-front inflow that feeds the mesoscale downdraft (Figure 3). It is
believed that evaporation, melting, and sublimation in the stratiform region all contribute substantially to
the evolution and strength of the rear-front inflow (Houze, 2004). This airflow is characterized by dry condi-
tions and gradually becomes wet due to reevaporation of raindrops under the stratiform cloud deck.
Therefore, the middle-level inflow at the left edge is completely dry and thus heavy reevaporation may
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occur at this region, resulting in heavy oxygen isotope enrichment, normally at the late stage of the stratiform
zone. Different degrees of rain reevaporation observed during the events are very likely related to various RH
conditions in the subcloud environment. Throughout the whole event on 3 May, minimal reevaporation of
raindrops can probably be attributed to high RH. High-resolution, vertical profiles of humidity are needed
to evaluate the effects of reevaporation and moisture isotope exchange in the subcloud layer.

No significant variation in δ18O values (<0.5‰) is observed in the stratiform zone of the event on 16 June,
although there is a slight increase near the end (Figure 5d). In contrast, there is a gradual increase in d-excess
throughout the stratiform zone, and there is no correlation existing at all between d-excess and δ18O values.
This observation can be attributed to either an unknown process that might have caused the increase in
d-excess without significant change in δ18O values or the replenishment of moisture from the ambient
environment. Fresh moisture might have similar stable isotopic values with vapor but with different d-excess.
Lee and Fung (2008), Yoshimura et al. (2010), and Tremoy et al. (2014) have recognized the influence of
moisture refreshment on the stable isotopes of precipitation.

The squalls on 3 May (Figure 6a) and 16 June (Figure 5d) are unique in that the evolution of their δ values are
different from the others although they present the similar variation pattern. These two squalls have some
features in common: (1) rainfall largely occurred in the convection zone. For example, 90% of the rainfall from
the 16 June event occurred in the first 10 min in the convection zone, while the rain intensity in the stratiform
zone was extremely low; (2) the lowest δ values were observed in the convection zone; (3) in general, the
stratiform has higher and constant δ values than the convection zone. It seems that extremely intensive rain
at the very early stage of these events significantly depleted the δ18O value of vapor, thus leading to the very
negative δ18O value of precipitation in the convection core.

5.2. Contribution to the Variation in δ18O Values of Daily Precipitation

Moisture sources have been considered a major cause for the change in δ18O value of precipitation in many
locations, specifically in high-latitude regions (e.g., Theakstone, 2011; Vreča et al., 2007). To investigate the
moisture sources of precipitation, we performed backward trajectory analysis for the time period when the
squalls are prevalent (Figure S4 in the supporting information) and cluster analysis of trajectories in each
month (Figure S5 in the supporting information). The analysis indicates that the Java Sea and the Indian
Ocean are the two major moisture sources of precipitation in our study area, and the minor contribution
comes from the local SCS and the Malacca Strait, mostly during the early intermonsoon time. Relative to
2014, the moisture source from the Java Sea became more dominant over the Indian Ocean in 2015 due
to the weak SW monsoon during El Niño. The results of back trajectory analysis are in agreement with atmo-
spheric reanalysis of horizontal winds in the study area (Figure 4). However, change in moisture sources can
only introduce minimal variation to δ18O values of precipitation because there is no significant difference in
ocean water isotopes and ambient conditions in these source regions, including surface temperature and RH
(Benetti et al., 2014; LeGrande & Schmidt, 2006; Majoube, 1971). It is the physical processes in clouds that
modify vapor isotopes.

We believe that these periodic shifts to more negative values in daily precipitation during the study period
are largely associated with Sumatra Squalls. The amplitude of such negative shifts can be more than 10‰.
In individual events, the absolute change in δ18O values varies from about 1‰ to more than 5‰ during
the squalls (Table 1), showing the different influence of individual squalls on the δ18O value of precipita-
tion likely due to their different dynamic conditions, including different speeds of convective uplift,
amount condensation, and other physical processes in convection clouds. The squalls related to the events
with minor variation in δ18O values are dynamically weak in general, either small in scale or only portions
made landfall at the sampling site. The intraevent variation in δ18O values at the sampling site cannot fully
explain the negative shifts in δ18O values of daily precipitation, especially those shifts of more than 10‰.

Our DS recorded variable initial δ18O values of individual rain events during the squalls, from �0.66‰ to
�14.41‰ (Table 1). Highly variable initial δ values also suggest variable δ values of the initial vapor or air
masses because the initial δ values of individual events should largely reflect the initial air mass or vapor from
which precipitation originated (Conroy et al., 2016; Lee & Fung, 2008; Risi et al., 2010). In general, those events
with very low δ values also have low initial values. For example, the event with the lowest δ18O value
(�16.83‰) observed during the squall on 14 June also has the lowest initial δ18O value (�14.41‰), and
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thus, the moisture or vapor in the clouds already had very low isotope values prior to our sampling site.
Therefore, the δ value in the initial vapor of these rain events should largely represent the past convective
activities in the squalls prior to the site. Zwart et al. (2016) investigated the stable isotopes of precipitation
during the Australian monsoon and found a strong relationship between isotopic variation and the
integrated rainfall amount of air masses prior to arriving at the measurement locations. Most recently,
backward trajectory analysis of moisture sources of precipitation in the Asian summer monsoon region
suggests upwind convection rather than moisture source is the cause of interannual variability in δ18O of
Asian summer monsoon precipitation (Cai et al., 2017). Control of the integrated or accumulative
convection activity over precipitation δ18O value has also been inferred in several other studies (Cai et al.,
2017; Gao et al., 2013; Kurita, 2013; Moerman et al., 2013; Risi, Bony, Vimeux, Descroix, et al., 2008; Vimeux
et al., 2011). These studies have noted that isotopic values of surface moisture reflect the past several days’
history of convective activity from the upwind region. We can reasonably conclude that the stable isotope
compositions of daily precipitation represent current convection and largely past convection activities in
the squalls prior to on-site events.

Figure 10. Correlation map of δ18O value of daily precipitation with (a) gridded outgoing longwave radiation and (c) rainfalls, and monthly mean δ18O value of
precipitation with (b) gridded outgoing longwave radiation and (d) rainfalls in the study area. “x” represents the Nanyang Technological University sampling site.
Red contour lines indicate the area of 90% confidence level.
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Regional regression map shows a strong correlation between δ18O values of daily precipitation and OLR in
the region, including the Bay of Bengal, the Indonesian archipelago, the Malay Peninsula, the SCS, and the
western Pacific (Figure 10a). The correlation is stronger with monthly δ18O values of precipitation
(Figure 10b). The similar but inverse relationship is observed between the regional rainfall and δ18O values
of precipitation (Figures 10c and 10d) although the δ18O value of daily precipitation has no correlation with
the rain amount at the sampling site (He et al., 2015). Such correlations simply imply that the δ18O value of
daily precipitation in the study area is closely related to the regional organized convections in the whole
region. Stronger regional organized convection leads to more negative δ18O values of precipitation with
higher rainfall and vice versa. A correlation between the Asian monsoon and the formation of Sumatra
Squalls is apparent. Unlike the regional organized convection, that is, Sumatra Squalls, local convection has
limited impact on the δ18O value of daily precipitation, as reflected by the much smaller variation in both
initial δ18O value and intraevent variation of related rain events (Table S3 in the supporting information).
Therefore, regional organized convective system like Sumatra Squalls are likely one major driver of variation
in δ18O value of daily precipitation during the intermonsoon and SW monsoon in the region.

The frequency of Sumatra Squalls in 2015 is much lower than in 2014 (Table S4 in the supporting informa-
tion). Fifty squalls made landfall in Singapore between April and October in 2014, an average number of
the squalls observed in a normal year (Lo & Orton, 2016), but only 17 squalls passed the sampling site during
the same time period in 2015. Correspondingly, the frequency of negative shifts in the δ18O value of daily pre-
cipitation is also lower in 2015 than in 2014 (Figure 8). As a result, the δ18O value (weighted average) of pre-
cipitation during the SWmonsoon and intermonsoon periods in 2014 is generally lower (>1‰) than in 2015.
The lower frequency of the squalls in 2015 can be attributed to El Niño. The ONI shows that the tropical pacific
warm period started before 2015 (Figure 8b), and ONI reached above 2 during the 2015–16 NE monsoon.
Previously, during El Niño years, the frequency of squalls declined; for example, only 11 squalls were recorded
in the 1997–1998 El Niño year (J. C. F. Lo, personal communication, at Center for Climate Research Singapore,
2017). During an El Niño event, convection over the western Pacific warm pool and the Asian monsoon
region is suppressed, resulting in a weakened monsoon and frequent droughts in the maritime continent
(Chakraborty & Krishnamurti, 2003; Kane, 1997; Li & Ting, 2015). A Hovmöller diagram (Figure S6 in the sup-
porting information) of OLR demonstrates that deep convection clouds over Singapore became much less
frequent during the SW monsoon and intermonsoon seasons in 2015 relative to 2014, indicating drier con-
ditions during the 2015 El Niño event.

TheMadden-Julian Oscillation (MJO) is the dominant component of the intraseasonal variability in the tropics
and propagates eastward around the global tropics with a cycle on the order of 30–60 days (Madden & Julian,
1972; Tang & Yu, 2008). One would expect that the MJO might trigger the formation or enhance the
occurrence of the Sumatra Squalls in the study area. However, there is no correlation between the frequency
of the squalls and the MJO activities in the study area (Figure 8). In 2014, the frequency of the squalls during
the enhanced convection phase of the MJO is similar to that during the suppressed convection phase of the
MJO. The highest number of the squalls was observed in July 2014 when the area was in the suppressed
convection phase of the MJO. MJO might increase the intensity of the squalls but our data shows no
such correlation.

6. Perspectives

The mesoscale subsidence of isotopically depleted air and reevaporation of falling rain below the cloud base
are currently considered the two major processes that control the δ18O value of precipitation during convec-
tion. However, they cannot completely explain the isotope patterns of rain events observed in this study,
specifically the change in δ18O value in the late event stage without decrease in d-excess. Other processes,
such as the entrainment of fresh ambient air, have been proposed to explain this phenomenon.
Simultaneous measurements of isotopic compositions in vapor and precipitation would provide invaluable
information to evaluate the role of reevaporation and exchange of rain with the environment below the
cloud base.

Although Sumatra Squalls are the most common weather phenomena occurring in the region during the
SW monsoon and intermonsoon seasons, there are limited studies to investigate the squalls (Yi & Lim,
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2007; Lo & Orton, 2016). The frequency of the Sumatra Squalls significantly dropped in 2015, an El Niño
year. This suggests that ENSO may have an impact on the factors or processes that control the
formation of the squalls. Understanding how the squalls form will help us to understand the
relationship between the squalls and ENSO. Reanalysis of atmospheric conditions in the region, such as
moisture and wind changes in 2015 in comparison with non–El Niño years, might provide some
insights into the formation of the squall lines.

7. Conclusions

Continuous monitoring of stable isotopic composition of precipitation using DS-CRDS provides insights into
the evolution of the stable isotopes of precipitation during Sumatra Squalls. In general, δ value of precipita-
tion tends to be higher at the beginning and the end of the rain events with the lowest values in the middle,
displaying most commonly a V shape and sometimes a W shape. Other isotopic trends observed are
associated most commonly with the last stage of squalls. The amplitude of variation in δ18O value of precipi-
tations during single events is on the order of 1 to 6‰.

In most cases, the lowest δ18O value is observed in the stratiform zone not during maximum rain intensity
in the convection zone. This observation is in agreement with previous observations of the tropical MCSs.
The mesoscale subsidence brings isotopically depleted vapor into the subcloud layer, which is reused or
recycled for precipitation in convection. Our data also indicate that reevaporation of raindrops can
significantly affect the stable isotopes of precipitation. In general, rain reevaporation is much stronger,
especially in the last stage of the stratiform zone than in the convection zone, as indicated by the strong
correlation between δ18O value and d-excess in the stratiform zone relative to the convection zone. The δ
values of precipitation from the convection zone mostly plot along the Singapore LMWL, while those
from stratiform zone, especially near the end of an event, plot along an evaporation line with a different
slope from the LMWL. Therefore, reevaporation in convection is insignificant relative to the stratiform
zone during events. The RH under the cloud base likely controls the varied degree of reevaporation
during rain events. High-resolution vertical profiles of RH and vapor isotopes can help to evaluate
reevaporation processes.

Our current data and understanding of the physical processes that control the evolution of stable isotope of
precipitation during tropical convection, however, cannot fully explain the evolution of stable isotopes of
precipitation in some events. For example, there is no correlation between δ18O value and d-excess or there
is a positive correlation between d-excess with variation in the δ18O value in the stratiform zone of some
events. This suggests that other unknown processes or the process such as the refreshment of moisture likely
have some control on the δ value of the precipitation during some events.

The δ values of daily precipitation collected during the SW monsoon and intermonsoon seasons in the study
area fluctuate significantly with periodic shifts to more negative values. Analysis of moisture source and
theoretical consideration indicate that moisture source change likely has minimal contribution to such
isotopic variability in daily precipitation during study period. These negative shifts are associated with large
regional convection systems such as Sumatra Squalls. The amplitude of the negative shift in δ18O values of
daily precipitation, however, cannot be explained by intraevent variation. Initial δ18O values of precipitation
in individual events during squalls are highly variable and in addition, those events with very low isotopic
values also have very low initial values, implying that convective activities in the upwind region of squalls
prior to the sampling site have more influence on the δ18O values of precipitation. Our observation confirms
previous hypotheses that integrated convection activities significantly affect the variability of δ18O values of
tropical precipitation. Local convection is isolated, and related rain events have much less variability in initial
δ18O values and intraevent variation. Local convection, therefore, has much less impact on the δ18O values of
the daily precipitation than regional organized convection. The significant correlation of δ18O values of daily
precipitation at the sampling site with regional OLR and rainfall also suggests that regional organized convec-
tion is a possible major driver for δ18O values of daily precipitation during intermonsoon and SE monsoon
seasons in the region.

There are only 17 squalls that made landfall in Singapore in 2015 compared to 50 observed in the study area
in 2014. The drop in the frequency of the squalls can be attributed to El Niño, the warm ENSO event in 2015.
During an El Niño event, regional convection shifts from the western Pacific to the central and eastern Pacific,
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and convection in the western Pacific and Asian monsoon region is depressed. Therefore, ENSO is probably a
control of interannual variation in δ18O value of the precipitation in the study area. However, the current
study only spans one El Niño event in 2015 without La Niña events. The impact of ENSO on the squalls
and the mean annual stable isotope compositions of precipitation needs further investigation of the
long-term precipitation in the region, which will be addressed in our future studies. The occurrence of the
squalls shows no correlation with MJO in the region, suggesting that MJO probably has minimal influence
over their formation.
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