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[1] In this study, isotopic compositions of monthly (Global Network of Isotopes in
Precipitation), event, and intraevent rain samples are used to examine the relationship between
precipitation deuterium excess, the type of synoptic weather systems, and associated moisture
directions in a coastal area of South Australia. The results indicate that both synoptic weather
systems and associated atmospheric moisture sources influence deuterium excess values in
precipitation. Rain events caused by frontal systems tend to have moisture sources from the
Indian Ocean to the south of Australia. They usually have deuterium excess values of 15% to
25%, depending on the moisture source direction. Rain events caused by synoptic low-
pressure and trough systems tend to have inland moisture sources, and have a deuterium
excess of 10% to 15%. In addition to weather systems and associated moisture sources,
subcloud processes alter the deuterium excess in the resulting precipitation, which is an effect
that is more significant during summer when it is warm and dry. Together, these factors
contribute to the seasonal variability of deuterium excess in the study area. Deuterium excess
of winter frontal precipitation, resulting from minimal subcloud evaporation, is useful to infer
the moisture source direction. In other seasons, deuterium excess in precipitation is more
likely altered by subcloud evaporation. Nevertheless, intraevent samples in the middle of a
frontal event that has experienced minimal subcloud evaporation are useful to estimate cloud
deuterium excess. The results also suggest that an abrupt change in dominant precipitation
weather patterns occurs between January and February, characterized by a sudden decrease in
d18O and deuterium excess.
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1. Introduction

[2] The stable hydrogen and oxygen isotopic composition
(d2H and d18O) of water provides valuable information to trace
hydrological processes on land [Allison and Barnes, 1983;Gat
and Alrey, 2006; Blasch and Bryson, 2007; Frot et al., 2007],
in the atmosphere [Worden et al., 2007; Bony et al., 2008; Risi
et al., 2008a;Barras and Simmonds, 2009; Frankenberg et al.,

2009; Yoshimura et al., 2010], and between land and the
atmosphere [Gat, 1996; Yakir and Sternberg, 2000] at regional
and global scales [Salati et al., 1979; Gat and Matsui, 1991;
Yoshimura et al., 2004; Risi et al., 2010c] and at a local
scale [Moreira et al., 1997; Yepez et al., 2003; Williams
et al., 2004; Wang et al., 2010]. The isotopic composition of
the paleoprecipitation stored in authigenic materials is useful
to infer paleoclimate and other past environmental conditions
[Dangela and Longinelli, 1990; Rozanski et al., 1997; Thompson
et al., 2000; Jouzel, 2003; McCarroll and Loader, 2004;
McDermott, 2004; Blisniuk and Stern, 2005; Wang et al.,
2006]. A quantitative understanding of the controls on precip-
itation isotope composition and its variations is required for
isotopic applications in these areas.
[3] Variations in d2H and d18O values of precipitation water

result from both equilibrium and kinetic fractionations
depending on many factors and processes. These processes
include conditions of moisture source areas, moisture transport
trajectories, precipitation histories, weather systems leading to
precipitation, and subcloud processes. Thus, the isotopic
composition is highly variable when it is measured in precipi-
tation over a short term (e.g., monthly, or even daily and event-
based) [Yoshimura et al., 2010; Vodila et al., 2011]. When
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these temporal variations are resolved, they will become
useful to better understand the atmospheric processes during
precipitation events that may otherwise be unobservable
[Yoshimura et al., 2010]. Thus, isotope-incorporated atmo-
spheric general circulation models and regional climate
models have been developed to include isotope information
in the system [Joussaume et al., 1984; Jouzel et al., 1997;
Hoffmann et al., 1998; Noone and Simmonds, 2002]. The
second-order isotopic variable, deuterium excess (details to
be given later), is thought to be highly sensitive to the physical
processes that generate strong kinetic effects, such as conden-
sation at supersaturation and evaporation, providing an
additional constraint to examine the capacity of model
representation of these processes. However, some isotope-
incorporated atmospheric models are reported to have difficul-
ties in capturing observed deuterium excess [Werner et al.,
2001; Mathieu et al., 2002; Lee et al., 2007; Risi et al.,
2010a], which suggests that our understanding of the pro-
cesses controlling deuterium excess and their representation
in general circulation models needs to be improved.
[4] The Global Network of Isotopes in Precipitation

(GNIP) joint program between the International Atomic
Energy Agency and the World Meteorological Organisation,
and other regional monitoring networks, have greatly
improved our knowledge of the precipitation isotopic com-
position and its relationship with environmental variables
(or isotope transfer functions, ITFs) [Dansgaard, 1964].
The ITFs derived from measurements, primarily relating iso-
topic compositions of precipitation to air temperature and
precipitation amounts [Dansgaard, 1964; Rozanski et al.,
1992], have been used to study paleoclimate and climate
(in particular, air temperature) changes from precipitation
and other terrestrial isotope archives (ice cores, speleothems,
groundwater, tree rings, bone, and tooth, etc.) [Rozanski
et al., 1997; Jouzel, 2003; McCarroll and Loader, 2004;
McDermott, 2004; Skrzypek et al., 2011]. These ITFs are
generally based on relatively long temporal records or
spatially distributed observations [Kohn and Welker, 2005],
and have been used to examine a possible change of mean
conditions. However, these ITFs tend to be site-specific
[Jones et al., 2009], and may vary with a temporal change
of the climate system [Krinner et al., 1997; Sime et al.,
2009; Field, 2010; Masson-Delmotte et al., 2011]. The
precipitation ITFs, such as the temperature effect, may
vary if the moisture sources for precipitation are different
[Masson-Delmotte et al., 2008; Ersek et al., 2010; Vachon
et al., 2010]. Meanwhile, changes in the occurrence of
large-scale weather patterns in the past can be revealed from
precipitation isotopic composition if it is distinctive between
precipitation events resulting from different circulation
patterns that often involve different moisture sources. Thus,
it is necessary to separate the effects of moisture sources from
other environmental variables on precipitation isotopic com-
positions. Deuterium excess has been shown to be useful for
such analyses [Masson-Delmotte et al., 2008].
[5] Precipitation isotopic composition, resulting from

complex atmospheric processes, provides the necessary
inputs to trace subsequent terrestrial hydrological processes.
However, long-term records of precipitation isotopic com-
position are only available from the sparse GNIP network
in most areas. This network is insufficient to resolve the
spatial variability of precipitation isotopic composition at

the catchment scale [Guan et al., 2009], which is needed
to investigate hydrological processes at this small spatial
scale. Some efforts have been made to geostatistically
interpolate the GNIP observations to spatially continuous pre-
cipitation isotopic composition maps [Bowen and Wilkinson,
2002; Bowen and Revenaugh, 2003], in which some
geographic patterns of precipitation isotopic composition are
incorporated. These geographic patterns lump the isotopic
effects of various processes. They often only apply when
the precipitation isotopic composition is averaged over a long
period and for a relatively coarse spatial resolution. Such
statistical methods have difficulty in representing dynamic
and fine-resolution variabilities. A large portion of this
small-scale spatial variability in precipitation isotopes is
associated with the subcloud processes (moisture exchange
and raindrop re-evaporation) [Liotta et al., 2006; Guan et al.,
2009]. If the effects of these subcloud processes on precipita-
tion isotopic composition can be quantified, it is possible to
spatially extrapolate the precipitation isotope composition at
one GNIP site to the surrounding area. Thus, from the aspect
of using water isotopes in investigating terrestrial hydrological
processes, there is also a need to separate the effects of various
processes that influence precipitation isotopic composition.
[6] The secondary isotopic variable, deuterium excess, has

been demonstrated to be useful in inferring moisture sources
and subcloud processes [Masson-Delmotte et al., 2005;
Liotta et al., 2006; Zhang et al., 2010; Lai and Ehleringer,
2011]. In comparison to individual isotopic composition,
deuterium excess (d), defined in equation (1) [Dansgaard,
1964], is less variable, by cancelling out the covariation of
oxygen and hydrogen isotopic compositions during the
equilibrium fractionation.

d ¼ d2H � 8�d18O (1)

[7] The in-cloud Rayleigh process tends to slightly increase
deuterium excess of the condensate from that of the cloud va-
por, and the difference gradually decreases with an increase of
rainout fraction (Figures 1a and 1b). The rainout process does
not result in a large variation of precipitation deuterium excess
if the equilibrium temperature is constant (Figure 1a), but tem-
perature variation during the equilibrium fractionation can
lead to some change in d-excess of the resultant precipitation
[Pfahl and Wernli, 2008]. For example, a variation of 5�C in
equilibrium condensation temperature can lead to a change
of deuterium excess of 2% (Figure 1b). This situation more li-
kely happens in a convective event in which condensationmay
occur over a large vertical distance. Deuterium excess is more
sensitive to kinetic fractionation processes [Masson-Delmotte
et al., 2008]. These processes occur at the moisture source
areas (e.g., ocean evaporation), in the cloud (e.g., condensa-
tion in supersaturation conditions), and in the subcloud layer
(e.g., re-evaporation, moisture exchange with ambient air).
Examination of deuterium excess in precipitation will help in
understanding these processes. However, in comparison to
d2H and d18O, deuterium excess is much more rarely studied.
[8] The global average d-excess in precipitation is 10%

[Craig, 1961], which is attributed to evaporation from an
average ocean surface with a sea surface temperature
(SST) of 25�C, and a relative humidity (RH) of 80%
[Merlivat and Jouzel, 1979]. The vapor d-excess at the
ocean surface is negatively correlated with RH and slightly
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positively correlated with SST [Pfahl and Wernli, 2008;
Uemura et al., 2008]. Thus, the spatial variability of sea
surface condition–dependent d-excess provides a signature
map, potentially useful to match the moisture sources for
precipitation [Yamanaka et al., 2002; Pang et al., 2005].
[9] The precipitation d-excess is also dependent on other

processes, in particular, the subcloud evaporation and
moisture diffusive exchange. Subcloud evaporation (i.e.,
re-evaporation of the falling raindrops) and moisture
exchange with the ambient air in the subcloud layer are
common processes altering rain isotopic composition
[Liebminger et al., 2006; Peng et al., 2007; Guan et al.,
2009; Yoshimura et al., 2010]. The isotope composition of
residual raindrops resulting from subcloud processes can
be estimated by Stewart’s equation [Stewart, 1975], which
was used for describing the relationship between d-excess
and loss of mass from raindrops falling through the
subcloud layer of different properties (Figures 1c and 1d).
Subcloud evaporation and moisture exchange tends to de-
crease d-excess in the residual rainwater. In situations in
which deuterium excess in the subcloud layer is larger than
that of raindrops, moisture exchange may lead to an increase
of deuterium excess in the resultant precipitation. The
subcloud evaporation effect increases with the evaporation
fraction. Evaporation of 5% at a RH of 85% in the subcloud
layer (or 70% at the ground level in Figure 1c, in which an

effective RH is assumed to be an average of those at the
ground level and at the cloud base) may decrease deuterium
excess from an initial 20% to approximately 15% in
precipitation water. A larger evaporation fraction further
decreases d-excess of the resultant rainfall. Moisture ex-
change with the ambient vapor tends to reduce evaporation
effects on the d-excess of the residual raindrops, with the
magnitude depending on the ambient vapor isotope compo-
sition and RH in the subcloud layer (Figures 1c and 1d). For
a subcloud layer with a larger RH (e.g., 95%), isotope
exchange becomes more important. The deuterium excess
of the resultant precipitation is dependent on the isotopic
composition of the ambient vapor in the subcloud layer.
As a result from the subcloud processes, d-excess of the
raindrops may be altered during precipitation. In addition,
moisture recycling and mixing during precipitation alter
the isotopic signatures of vapor in both the cloud and
subcloud layers, in particular during a convective event
[Bony et al., 2008], complicating the pattern of isotope com-
position and deuterium excess in the resultant precipitation.
[10] In Australia, data from six GNIP sites show that

deuterium excess is greater than the global average value
(10%) [Liu et al., 2010]. The d-excess is larger in austral
winter (June–August) than in summer (December–February).
The seasonal variation of precipitation d-excess at the Ade-
laide GNIP site is shown in Figure 2b. This seasonal variation

Figure 1. Precipitation deuterium excess resulting from in-cloud Rayleigh process as a function of
rainout fraction (a) and cloud-base temperature (b), and from subcloud evaporation and moisture exchange
as a function of raindrop evaporation fraction for an ambient subcloud air with an average RH of 85% (c)
and 95% (d), for four selected d-excess values for subcloud vapor. For Figures 1a and 1b, it is assumed
that the cloud vapor has a deuterium excess of 20%, and a d18O of �15%. For Figures 1c and 1d, it is
assumed that precipitation at the cloud base (1000 m above ground) has a deuterium excess of 20%
(the equilibrium cloud vapor deuterium excess is calculated as 17.6%), and a d18O of�5%. The effective
RH and temperature are assumed to be an average temperature and RH between ground surface (T= 15�C,
RH=70% or 90%) and cloud base (RH=100%, temperature calculated from a lapse rate of �6.5�C/km).
The results are calculated by the authors from the Stewart model [Stewart, 1975], with diffusion parameter
values adopted from [Cappa et al., 2003].
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has been attributed to a high RH in the moisture source ocean
surface for summer precipitation [Liu et al., 2010]. However,
other factors, as discussed previously, may contribute to
this seasonal pattern. For example, it is likely that the low
d-excess in summer rain is a result of subcloud processes
due to a warm and dry climate, or because the moisture
source area is different from the winter precipitation and
has a low d-excess. Thus, a gradual change in climatic
average of monthly moisture sources, source area condi-
tions, or subcloud processes, can all potentially result in a
gradual change of seasonal precipitation isotopic composi-
tion (e.g., the gray curve in Figure 2a). However, an abrupt
change in precipitation isotopic composition for January
and February at the Adelaide GNIP site (Figure 2a)
suggests that there are some factors other than a gradual
seasonal change controlling precipitation isotopic composi-
tion. A recent study on the spatial patterns of long-term av-
erage monthly precipitation in Adelaide and the surrounding
area shows that February rainfall is much less dependent on
orographic variables than other months [Guan et al., 2009].
This may be related to the different dominant synoptic
weather systems in this month compared with the rest of
the year. This difference in synoptic weather systems may
abruptly change the moisture source and/or in-cloud and

subcloud processes, leading to both low d-excess and d18O
values, such as those in January and February at the Adelaide
GNIP site (Figure 2). Examination of event isotope data is
helpful to understand the isotopic effects of these processes
[Celle-Jeanton et al., 2004; Barras and Simmonds, 2009;
Yoshimura et al., 2010].
[11] The objectives of this study are to examine (1) event

precipitation deuterium excess in a coastal area of South
Australia, (2) whether precipitation deuterium excess varies
systematically and predictably with synoptic weather sys-
tems and associated moisture source directions, (3) the pri-
mary factors influencing seasonal variability of precipitation
deuterium excess, and (4) potential mechanisms leading to
both low d-excess and d18O in summer precipitation in the
study area. The results of this work will provide valuable
information to understanding the processes controlling
precipitation deuterium excess in the study area, which will
also be useful for similar coastal areas that are influenced
by both oceanic and continental air masses.

2. Methodology

2.1. Study Area

[12] The study is based on Adelaide and the Mount Lofty
Ranges (Figure 3). Adelaide (34.93�S, 138.58�E) is the
capital city of South Australia. It is bounded on the west
by St Vincent Gulf, and on the east by the Mount Lofty
Ranges. St Vincent Gulf is about 150 km long and 70 km

Figure 2. Arithmetic mean and weighted mean monthly
d18O (a) and deuterium excess (b) at the Adelaide GNIP site
(#9467500, 34.97�S, 138.58�E), with data duration of about
10 years, collected between 1962 and 1984. The gray curve
in Figure 2a is hand-drawn to approximately represent a
hypothetical gradual change of monthly precipitation isoto-
pic composition.

Figure 3. The study area showing the location of two sites
of event rainwater collection (the Flinders University campus
160 m a.s.l. and Bridgewater 435 m a.s.l.), one GNIP site,
and one reference BOM weather station (Kent Town). The
nearby water bodies are marked in one inset map.
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wide, and is connected to the Great Australian Bight, an
open bay to the south of Australia in the Indian Ocean.
The Mount Lofty Ranges are a series of small mountain
ranges with moderate topographic relief of less than 700 m
a.s.l. To the south of the study area is the Indian Ocean, with
Lake Alexandria located 80 km to the southwest. The lake
has an area of 650 km2, and an average water depth of 2.8
m. Within 80 km distance from the study site, the ocean sur-
face has an area of approximately 7000 km2. The prevailing
wind direction at the study site is southwesterly (in summer)
to northwesterly (in winter) during the daytime, and easterly
(in summer) to northerly (in winter) during the nighttime
[Guan et al., 2012], indicating that the lake evaporation
vapor is not transported to the study site during most times
of the year. Thus, the effect of local lake evaporation on
the isotopic composition of precipitation is considered not
important. The study area is connected inland to the north.
The climate is of a Mediterranean type, with a wet winter
and a dry summer. Long-term (1977–2011) average annual
precipitation measured at Kent Town (elevation, 48 m a.s.
l.) by the Bureau of Meteorology, near the study area, is
approximately 550 mm (Figure 4). Mean monthly maximum
temperature occurs in February (29.4�C), and mean monthly
minimum temperature (7.5�C) happens in July (http://www.
bom.gov.au/climate/data/, accessed on January 2012).

2.2. Rainwater Collection and Isotopic Analysis

[13] Event rainwater samples were collected at two sites: the
Flinders University campus (elevation, 160 m a.s.l.) in
Adelaide, and Bridgewater (elevation, 435 m) in the Mount
Lofty Ranges (Figure 3). The sampling was not designed to
represent the isotopic composition of mean rainfall, but that
of different synoptic weather systems. Two sampling
techniques were applied. The first one follows the design by
[Friedman et al., 1992]. One sample of total rainwater was
collected for each event. Each collector, hereafter referred to
as the event sampler, was made of 15 cm diameter funnel
connected to a 1.5 L bottle. A 1 cm thick liquid paraffin (Ajax
Finechem Pty. Ltd., Sydney, Australia) was applied in bottles
to avoid evaporation. The funnel neck was equipped with a
stainless steel mesh filter, and placed about 50 cm above the
ground. The rain samples were collected as soon as the event
was estimated to have finished. After the field sampling bottle
was returned to the laboratory, water in the bottle was with-
drawn, using a syringe to avoid oil contamination, to a clean
sealed sampling bottle for storage after determining the sample
volume. The second method was to use a sequential collector,
in which vials were placed in a circle and rotated to collect
rainwater from a tipping bucket rain gauge. The collector,
hereafter referred to as the intraevent sampler, was controlled
by a preprogrammed controller to collect intraevent rain sam-
ples. The timing and amount of water being collected into each
vial was automatically logged. The water samples were trans-
ferred into sealed bottles within 24 h from the start of the
event. No paraffin oil was used in the vials. At the early stage
of the sampling period, no intraevent samplers were available.
Thus, the data reported in this paper includes samples from
both sampling methods at the two sites. The event isotope
composition was calculated from the vial sample data. Intrae-
vent variability of precipitation isotopic composition is shown
for some selected events.
[14] Clean rainwater samples were immediately stored in a

cold room at 4�C. They were filtered with 0.45 mm syringe
filters before being sent to an external laboratory for stable
water isotope analysis within 2 to 6 months from collection.
Isotopic analysis of all samples was performed at the
University of California Davis Stable Isotope Facility. This
facility provided simultaneous analysis of oxygen and
hydrogen isotope ratios in liquid water samples using an
LGR DLT-100, Laser Absorption Spectroscopy (Los Gatos
Research, Inc., Mountain View, CA, USA). Precision was
reported to be 1.0% for d2H and 0.1% for d18O.
[15] In addition to the event rain isotope data, monthly rain

isotope data collected at GNIP Adelaide site (#9467500:
34.97�S, 138.58�E, 45 m a.s.l.) was also used for this study
(http://isohis.iaea.org, accessed in 2008). The GNIP monthly
data spans a period from 1962 to 1984, with an average of
10 years of data for each of the 12 months.

2.3. Mapping Water Vapor Deuterium Excess Over
the Ocean

[16] According to Uemura et al. [2008], the variation of
deuterium excess near the ocean surface can be largely related
to SST and RH according to the following equation:

d ¼ 0:45SST� 0:42RH � þ37:9 (2)

where RH* is relative humidity at 15 m above sea surface

Figure 4. (a) Precipitation d-excess for rainfall events
collected for isotopic analyses, in comparison to daily pre-
cipitation measured at BOM station 23090 (Kent Town).
(b) Monthly precipitation of 2009, 2010, and 2011, in com-
parison to long-term (1977–2011) mean precipitation at
Kent Town. Mean monthly temperature is also shown.
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rescaled to the value at SST. NOAA Optimum Interpolation
SST V2 was used in this study [Reynolds et al., 2002]. One
degree resolution monthly SST data was acquired from
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (http://
www.esrl.noaa.gov/psd/). NCEP/NCAR near-surface layer
monthly air temperature and relative humidity data at 2.5
degree resolution was acquired from NOAA/OAR/ESRL
PSD (http://www.esrl.noaa.gov/psd/reanalysis) [Kalnay et al.,
1996]. RH data in the surface layer was converted to that at
SST for mapping.

2.4. Backward Trajectory Analysis for Moisture Sources

[17] The HYSPLIT_4 (Hybrid Single-Particle Lagrangian
Integrated Trajectory) was used in this study to retrieve the
backward track of the air parcel during the precipitation event
[Draxler et al., 2009]. The origin of air masses as diagnosed
from the back-trajectory analysis is assumed to approximate
the moisture source direction for the water vapor and for the
precipitation at the study site. The Windows-based HYSPLIT
program was acquired from the Air Resource Laboratory
of NOAA, USA, (http://ready.arl.noaa.gov/HYSPLIT.php).
NCEP/NCAR reanalysis data were used as the meteorological
data to run the HYSPLIT model, which was downloaded
through the data portal provided in the HYSPLIT interface.
The 4-DVAR assimilation data from the Australian Bureau
of Meteorology, which included all possible meteorological
observational data and operational satellite data, were also
used for intercomparison. The initial fields at 12 km horizontal
resolution, which were used for weather prediction in South
Australia, were adopted in this study. A 48 h backward trajec-
tory analysis was performed for each precipitation event at the
study site (35�S, 138.5�E) at six levels above ground (100,
500, 1000, 2000, 3000, and 5000 m). Simultaneously, a back-
ward trajectory analysis at the 1000 m level was performed at
multiple time points in and prior to the precipitation event in
order to cross-verify that the backward trajectory analysis
captured the representative moisture source for the event.

2.5. Calculation of Mean Isotopic Composition

[18] Two types of mean isotopic composition calculation
were used in this study. One is the amount-weighted mean,
as shown in equation (3).

dw
� ¼

Xn

i¼1

diPi

Xn

i¼1

Pi

(3)

where di is the isotopic composition of an individual sample
with rain amount of Pi, n is the total number of these individual
samples for calculating the mean isotope composition. This
equation is used to calculate event isotopic compositions from
intraevent samples, average event isotopic composition from
the two sample sites, and multiyear mean monthly isotopic
compositions from GNIP monthly data.
[19] The other is the arithmetic mean, as shown in

equation (4).

�d ¼

Xn

i¼1

di

n
(4)

[20] This equation is used to calculate arithmetic mean
monthly isotopic compositions from GNIP data, to be compared

with the weighted mean. This comparison is useful for reveal-
ing the isotopic effects of the processes playing a role during a
month in which a smaller amount of precipitation has fallen.
[21] The idea is that the arithmetic mean treats the data

points equally regardless of the rainfall volume, whereas
the weighted mean emphasizes the data points of large
rainfall amount. If the subcloud evaporation is important in
a climatic month (e.g., a long-term average January), it
should more likely influence the smaller events in the month,
and a month (e.g., January in a specific year) with a smaller
precipitation, either because the month has more small-sized
events or because it is drier compared with a normal year.
Thus, the subcloud evaporation should enrich d18O, and de-
crease d-excess, to a larger degree for a month of smaller
precipitation than the climatic average of the month. The
arithmetic mean for the climatic month should then have a
larger d18O, and a smaller d-excess than the weighted mean.
Thus, the comparison of both d18O and d-excess is helpful to
examine whether the subcloud evaporation is important for a
climatic month. If the means for the two quantities are the
same, it suggests that the subcloud evaporation is not
significant, such as those for July and August in Adelaide
(Figure 2). If the subcloud evaporation is important, with
an assumption that the moisture sources leading to different
events in the month are the same, the two means will show
systematic differences for both d18O and d-excess, such as
those for December in Adelaide (Figure 2). For a climatic
month, if the difference in d18O between the two means
suggests a significant subcloud evaporation effect, whereas
the arithmetic mean of d-excess is not smaller than the
expected weighted mean (e.g., the situation for January in
Figure 2b), or the difference in d-excess is not large
enough (e.g., the situation for February in Figure 2b, in com-
parison to those for March and December), it indicates that
the d-excess of a large-rainfall month is smaller than the
climatic average. This can be because the weather systems,
which lead to an above-average monthly precipitation,
produce precipitation with a smaller d-excess than the
climatic average of the month. One likely situation is that
these weather systems have a low d-excess moisture source.

3. Results

[22] Altogether, 17 rainfall events were collected at the
Flinders University campus (site A) and 8 rainfall events at
Bridgewater (site B; Figure 3). Among them, five events
were collected at both locations (Table 1). In total, 209
individual rainwater samples were analyzed during this
study. All these samples were collected in August and
September of 2009, and from September 2010 through July
2011 (Figure 4a), covering all four seasons. Monthly precip-
itation at a nearby weather station (Kent Town) in the three
sampling years was compared with long-term average
monthly precipitation (Figure 4b). It was significantly wetter
in December 2010 and March 2011 than the long-term
average.
[23] For each event, stable isotopic composition and

deuterium excess are reported in Table 1, with the intraevent
standard deviation of d-excess being included when applica-
ble. An earlier study on the spatial distribution of deuterium
excess in the study area [Guan et al., 2009] indicates that
a systematic difference in precipitation d-excess exists
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between the two sites. For precipitation between April and
October, the average d-excess was 17.9% at Bridgewater
and 14.2% at the Flinders campus. Because the events
sampled for the present study were mostly the result of large
precipitation events, the difference in d-excess between
Bridgewater and the Flinders campus site is small. For five
events in which samples were collected from both sites,
the average difference was only 1%, which is in the range
of analytical uncertainty for d2H (Table 1). Thus, the uncer-
tainty in the data analysis resulting from the spatial variation
between the two sites is considered very minor. Temperature
and RH observed at Kent Town are also included in Table 1.
[24] In addition to stable isotope analyses, HYSPLIT back-

ward trajectory analysis was performed for each of the 20
events to retrieve 48 h backward trajectories. The HYSPLIT
modeling using two meteorological datasets (NCEP/NCAR
and BOM) show similar results (with demonstration for one
event included in Figure 7). Those resulting from NCEP/
NCAR reanalysis data are reported because these data have
a higher temporal resolution. For most events, the backward
tracks were consistent among the six vertical levels. The
results are summarized in Table 1.
[25] Eleven of the 20 events resulted from cold frontal

systems. The surface RH was mostly approximately 70%
to 80% during these frontal events. For such events, the
moisture source for precipitation tends to be stable, generally
westerly to southwesterly from the ocean. One selected
event on 29 August 2009 is detailed in Figure 5. Between

9 A.M. of 29 August and 9 A.M. of 30 August, a total of
6.6 mm of rainfall was measured at Kent Town station.
The collectors at sites A and B obtained 6.4 and 6.6 mm,
respectively. Although the measured isotopic compositions
(d2H and d18O) of this event collected at the two sites are
quite different, the deuterium excess is almost the same,
and was as high as 22.5% (Table 1). The HYSPLIT
modeling result indicates that the moisture source for this
precipitation came from the west, primarily over the Great
Australian Bight.
[26] Five of the 20 events resulted from synoptic low-

pressure systems. For such events, backward air parcel
trajectory analysis indicates that moisture sources were from
inland or a mixture of inland and oceanic sources. One
selected event on 3 and 4 September 2010 is detailed in
Figure 6. Between 9 A.M. of 3 September and 9 A.M. of 5
September, a total of 38 mm of rainfall was measured at Kent
Town station, whereas 36 mm of precipitation was collected
at site A for this event. The measured deuterium excess of
this event at site A was 10.4%, with a large intraevent
variability (coefficient of variation = 45%). The backward
trajectory analysis results from HYSPLIT suggest that the
moisture source of this event came from inland, spreading
from northeasterly to northwesterly (Figure 6).
[27] The remaining four events resulted from large-scale

trough systems. The moisture source of such an event tends
to be from inland. During a trough or a convective event, RH
in the subcloud layer is high, which is inferred from the

Table 1. Information and Isotopic Composition of 20 Event Samples Collected at the Flinders University Campus (A) and/or
Bridgewater (B)

Event IDa Vialsb

Amount T, RH
Synoptic
weather Source Air Parceld

d2H d18O d s

(mm) (�C, %)c (%) (%) (%) (%)e

A2009Aug_24 — 9.2 11, 75 Cold front W �22.6 �5.43 20.8 —
B2009Aug_24 — 38.4 11, 75 Cold front W �19.4 �5.53 24.9 —
A2009Aug_29 — 6.4 12, 73 Cold front W �1.4 �2.98 22.5 —
B2009Aug_29 — 6.6 12, 73 Cold front W �16.6 �4.90 22.6 —
A2009Sep_03 — 3.4 13, 72 Cold front W �13.7 �4.34 21.0 —
B2009Sep_03 — 1.8 13, 72 Cold front W �16.9 �4.74 21.0 —
A2009Sep_04 4 8 14, 57 Cold front WSW �15.9 �4.33 18.8 3.9
A2009Sep_07 — 1.8 13, 68 Cold front WSW �9.3 �3.22 16.4 —
B2009Sep_07 — 6 13, 68 Cold front WSW �14.0 �3.78 16.3 —
A2009Sep_16-17 7 14 16, 83 Low Inland 31.3 2.55 10.9 13.4
A2009Sep_21 17 34 14, 81 Low Inland + W 13.0 �1.46 24.7 7.7
A2009Sep_25 7 14 11, 74 Cold front WSW �29.5 �6.34 22 3.7
A2010Sep_03-04 18 36 11, 87 Low Inland �27.2 �4.70 10.4 4.7
A2010Sep_09-10 4 5.6 12, 79 Cold front WSW �4.0 �2.86 18.9 2.4
A2010Sep_13-14 8 14.6 13, 88 Low Inland �20.0 �3.85 10.8 2.5
A2010Dec_07-08 27 26.6 21, 91 Trough Inland �17.7 �4.05 14.8 5.6
B2010Dec_10-12 13 11.6 16, 73 Cold front WSW �1.3 �2.00 14.8 2.7
B2011Jan_13-14 9 14.8 21, 88 Low Inland + S �98.4 �12.3 0.0 8.7
A2011Feb_11 5 8.6 23, 85 Trough Multiple directions �26.9 �5.25 15.1 2.1
A2011Mar_08-09 14 28 22, 94 Trough Inland �76.8 �11.21 12.9 1.5
B2011Mar_08-09 25 46.6 22, 94 Trough Inland �84.9 �12.41 14.4 1.8
A2011Mar_20 10 20 22, 86 Trough Inland �86.8 �12.06 9.6 1.4
A2011Apr_09-10 6 11.8 15, 71 Cold front Multiple directions �12.6 �4.01 19.5 3.6
B2011May_10-12 12 22.6 14, 83 Cold front SW �6.5 �2.71 15.2 3.6
A2011Jul_04-06 15 28 11, 80 Cold front WSW �21.1 �5.18 20.3 2.4

aThe ID is composed of sampling site (A for the Flinders campus, and B for Bridgewater), year, month, and day.
bThe number of sampling vials. It only applies for the samples collected by the intraevent samplers. Most vials were prescribed to collect a maximum of 2

mm each, whereas a few were set to collect 1 mm each.
cAverage air temperature and RH at Kent Town weather station during the rainfall period. For event samplers, a period of 24 h starting at 9 A.M. was used

to calculate the average.
dSymbols used for oceanic air parcels: W for westerly, SW for southwesterly, and WSW in between.
eStandard deviation of intraevent deuterium excess.
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near-surface observation during the event (Table 1). One
selected event occurring on 8 March 2011 is detailed in
Figure 7, with HYSPLIT results from both NCEP/NCAR
and BOM meteorological data being shown together. The
event was powered by a continental-scale trough system,
connecting three low-pressure centers surrounding the
Australian continent. For this event, from 9 A.M. of 8 March
to 9 A.M. of 9 March, a total precipitation of 27.6 mm was
measured at Kent Town. Rain samples of 28 and 46.6 mm
were collected at sites A and B, respectively. The values of
d2H and d18O were very low, with a deuterium excess of
13.8% (weighted average of the two sites). From the back-
trajectory analysis, we infer that the moisture source for this
event came northeasterly from inland (Figure 7).
[28] The deuterium excess of 10 frontal events with

relatively stable oceanic moisture sources were plotted in
Figure 8a. The d-excess standard deviation of intraevent
samples ranges from 2.4% to 3.9% (Table 1). Generally, a

westerly moisture source tends to be associated with a high
deuterium excess in the resultant rainfall, with an average
of 22.6% for the three events of such a moisture source
direction. One event with a southwesterly moisture source
had a low deuterium excess of approximately15.2%. Events
between westerly and southwesterly moisture sources con-
sistently have a deuterium excess between approximately
15% and 20%, with an average of 18.5%.
[29] Deuterium excess of three large-scale trough events

and three synoptic low-pressure systems with inland
moisture sources in the lower troposphere are summarized
in Figure 8b. Events of mixed moisture sources are not
included to avoid moisture source effects in the variation
of deuterium excess data. The three trough events have
deuterium excesses of ≤15% (Figure 8b), with a d-excess
standard deviation of intraevent samples ranging from

Figure 5. Example of a cold frontal system—synoptic
weather chart at the mean sea level provided by BOM, and
HYSPLIT-generated 48 h backward trajectories of air
parcels at six vertical levels (100, 500, 1000, 2000, 3000,
and 5000 m above ground level) for the 29 August 2009
event. Trajectories are based on NCEP/NCAR data.

Figure 6. Example of a synoptic low-pressure system—
synoptic weather chart at the mean sea level provided by
BOM and HYSPLIT-generated 48 h backward trajectories
of air parcels at six vertical levels (100, 500, 1000, 2000,
3000, and 5000 m above ground level) for the event occur-
ring on 3 and 4 September 2010. Trajectories are based on
NCEP/NCAR data.
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1.4% to 5.6%. The three convective events have a low
deuterium excess, with a value of approximately 10%, and a
d-excess standard deviation of intraevent samples ranging
from 2.5% to 13.4%.

4. Discussion

4.1. Deuterium Excess and Synoptic Weather Patterns

[30] Deuterium excess of the precipitation resulting from
low-pressure and trough systems are significantly lower than
that resulting from cold frontal systems (Figure 8). This
difference can occur in the same month (Figures 4a and 8),
indicating that the difference between event types is not
related to a seasonal change of temperature or a gradual shift
of moisture sources, but rather is associated with different
physical processes among the event types. Rainfall events
resulting from synoptic scale low-pressure and trough
systems have a deuterium excess of ≤15%, and tend to have
inland moisture sources (Table 1). Those due to low pres-
sures often have a larger intraevent variability of deuterium

excess. During a convective or trough system, vertical
mixing of vapor and condensate tends to be stronger than
during a frontal system. Several models and observations
suggest that deuterium excess likely increases with elevation
in the troposphere [Bony et al., 2008; Masson-Delmotte
et al., 2008; Sayres et al., 2010]. If this is the case, vertical
mixing importing moisture from higher altitudes would
result in a higher deuterium excess in the precipitation. Thus,
this mechanism does not explain the low d-excess in
precipitation resulting from the convective and trough
systems in this study.
[31] Thus, other mechanisms must have accounted for the

low d-excess in precipitation resulting from the convective
and trough systems. First, the inland moisture source may
have a low deuterium excess. In tropical humid areas, inland
moisture from surface water evaporation tends to increase
deuterium excess of atmospheric moisture [Gat and Matsui,
1991]. However, in dry climate regions, evaporation rates
quickly decrease right after rainfall events. In most
instances, the local surface moisture contribution is mainly

Figure 7. Example of a large-scale trough system—synoptic weather chart at the mean sea level
provided by BOM and HYSPLIT-generated 48 h backward trajectories of air parcels at six vertical levels
(100, 500, 1000, 2000, 3000, and 5000 m above ground level) for the 8 March 2011 event. Trajectories are
based on NCEP/NCAR data (left) and BOM data (right).

GUAN ET AL.: DEUTERIUM EXCESS AND SYNOPTIC SYSTEMS

1131



from plant transpiration of soil moisture, which tends to
have a low deuterium excess [Gat and Alrey, 2006]. This
mechanism was considered as a possible cause for the lower
d-excess correlating with the higher convective activity in
Niger [Risi et al., 2008b].
[32] Second, in a continental-scale low-pressure or trough

system, precipitation water may result from a mixture of
vapor over a much greater range than a cold frontal system.
It is likely that the synoptic system integrates moisture
sources from a wide latitudinal range. In the summer, the
deuterium excess in the atmospheric moisture at high
latitudes is near or below zero (Figure 9). This also occurs
in the northern hemisphere, inferred from a rainfall isotope
study in Canada [Peng et al., 2007]. This mechanism is
supported by an event on 13 January 2011, in which a
combination of inland and southerly moisture sources (from
high latitudes) resulted in a d-excess of 0%.
[33] Third, subcloud processes may contribute to low d-

excess in the resultant precipitation as well. During a low-
pressure or trough event, RH in the subcloud layer tends to
be high. For nine low-pressure and trough events, the

average RH at Kent Town was 87% (Table 1). The effective
RH in the subcloud layer should be even higher [Yoshimura
et al., 2010]. At such a high RH, the moisture exchange
effect is more dominant than evaporation (Figure 1d). Thus,
a low d-excess ambient vapor in the subcloud layer is
needed to keep a low d-excess in precipitation.
[34] All three mechanisms are consistent with low d-excess

moisture sources for a low-pressure or trough event in the
study area. In addition to converging large-scale moisture
sources, a low-pressure or trough system may recycle
moisture during the event. In a convective system, modeling
suggests that a large amount (~40%) of subcloud vapor
originates from downdrafts that recycle the residual vapor
at high altitude in the convective system and raindrop re-
evaporation in the unsaturated downdraft column, and feed
them back into the convective system [Risi et al., 2008a].
This downdraft recycling tends to cause a more depleted
isotopic composition [Risi et al., 2008a], which is supported
by the low d18O and d2H in quite a few such events (Table 1).
Re-evaporation of raindrops in the unsaturated downdraft
may also contribute to the low d-excess in the resulting
precipitation.
[35] Without isotope-incorporated atmospheric modeling,

it is difficult to evaluate the relative importance of these

Figure 8. Deuterium excess of event rainwater for cold
frontal systems (a) with different marine air parcel directions,
and for events of inland-source air parcels (b) with different
synoptic weather patterns (the values of some events are
weighted averages of sites A and B, shown in Table 1).
Events A2011Apr09-10, A2011Feb11, A2009Sep21, and
B2011Jan13-14 are not included because multiple moisture
source directions are indicated from the backward trajectory
analysis for these events.

Figure 9. Deuterium excess of water vapor resulted from
ocean evaporation, calculated based on equation (2), according
to Uemura et al. [2008].
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mechanisms in the resulting low precipitation deuterium
excess [Yoshimura et al., 2010]. Measurements of vapor
isotopic compositions are also helpful to investigate the
effects of these mechanisms [Tremoy et al., 2012]. The
recent development of measuring techniques, such as the
wavelength-scanned cavity ring-down spectroscopy, pro-
vides a good opportunity to monitor moisture isotopes in
the atmosphere [Gupta et al., 2009]. Although the exact
mechanisms are not certain, in this study area, synoptic
low-pressure and trough systems tend to result in a lower
deuterium excess in rainfall compared with frontal systems.
In contrast, precipitation resulting from a frontal system
tends to have a larger d-excess, with a magnitude depending
on oceanic moisture source directions (details to be given in
the next section). This difference in precipitation d-excess
between event types suggests that deuterium excess has the
potential to retrieve (any records of) past occurrences of
synoptic weather patterns. More discussion on this subject
is included in section 4.5.
[36] The categorization of precipitation event types is

useful to examine the synoptic weather system’s effects on
precipitation deuterium excess between an average frontal
system and an average low-pressure or trough system.
However, d-excess effects from the examined low-pressure
and trough systems are not distinguishable from each other.
This calls for a more appropriate categorization of synoptic
weather systems for the study area. The organization degree
of convective systems has been used in other areas to
categorize both convective and low trough systems [Risi
et al., 2008b; Fudeyasu et al., 2011], which may apply for
the study area as well, and is worth further investigation.
Moreover, it should be noted that the systemic difference
in d-excess between frontal and low-pressure events ob-
served in Adelaide in this study does not seem to agree with
those observed in Melbourne [Barras and Simmonds, 2009].
However, Barras and Simmonds [2009] investigated only
three events. More event-based measurements across a
larger area in Australia will be helpful to resolve this
apparent inconsistence.

4.2. Deuterium Excess and Oceanic Moisture Sources for
Frontal Precipitation

[37] In the study area, rainfall events as a result of frontal
systems tend to have a moisture source from the Indian
Ocean to the south of Australia, with different path direc-
tions. Deuterium excess values in such events increase from
southwesterly to westerly moisture sources (~15% to
>20%). This is consistent with the vapor deuterium excess
in the source ocean surface, from below 16% to the south-
west to above 20% to the west of the study area (Figure 9).
In the Indian Ocean to the south of Australia, deuterium
excess of water vapor decreases from low latitudes to high
latitudes, and this trend is similar in summer and winter, as
shown in two representative monthly maps of vapor deute-
rium excess (Figure 9). Overall, the deuterium excess in
winter is slightly higher than that in summer over the
majority of this part of the Indian Ocean, except for the
Great Australian Bight. In the Great Australian Bight, to
the west of Adelaide, deuterium excess is approximately
20% in winter, whereas the summer value is slightly higher
(20%–25%). In the ocean to the southwest of Adelaide,
deuterium excess ranges from more than 15% to less than

10%, depending on the distance to Adelaide and the time
of the year (Figure 9).
[38] In Adelaide, moisture source directions for mean

monthly precipitation tend to be southwesterly in the sum-
mers to nearly westerly in the winters [Guan et al., 2009].
Such a seasonal shift in moisture source direction should at
least partially cause the higher deuterium excess in winter
rainfall than in the summer (Figure 9).

4.3. Deuterium Excess and Subcloud Processes

[39] Deuterium excess in raindrops can be altered by sub-
cloud evaporation (i.e., evaporation of falling raindrops) and
moisture exchange (Figure 1). Without measurements of the
vapor isotopes’ vertical profile, together with a humidity profile,
it is difficult to distinguish the effects of evaporation and
moisture isotope exchange in the subcloud layer. The following
discussion will lump the two processes into one. The intraevent
rain samples provide good information for examining the effect
of subcloud processes on deuterium excess. Various plots of
isotopic composition of intraevent samples for A2009Sep_25
(a frontal system), A2010Sep_03 (a low-pressure system), and
A2011Mar_08 (a trough) are shown in Figure 10. The
A2009Sep_25 event was driven by a cold frontal system, with
a west-southwesterly oceanic moisture source. The first three
samples were more enriched in heavy isotopes (less negative
d2H and d18O). Both weak rainout and strong subcloud
evaporation could have accounted for this enriched isotopic
composition in the early stage of the event. If we assume that
the deuterium excess of source moisture was constant, the
intraevent variability of deuterium excess was more likely due
to the result of the subcloud processes, in particular, at the be-
ginning of a rainfall event, given that the effect of condensation
temperature variation is much smaller than that of subcloud
processes (Figure 1). The first two vials collected precipitation
at the beginning of the event, which often experiences subcloud
evaporation, and had a low deuterium excess (Figure 10a).
Similar phenomena are reported elsewhere [Risi et al., 2008a;
Barras and Simmonds, 2009; Yoshimura et al., 2010; Risi
et al., 2010b]. The rainwater in vials 4 and 5 were collected in
the middle of the event. The rainfall intensity was high and
therefore the subcloud evaporation was minimal; deuterium
excess was thus least altered from the cloud. The sixth sample
was collected over an approximately 3 h period in the afternoon,
during which the subcloud evaporation was likely occurring,
leading to a lower deuterium excess than vials 4 and 5. The last
sample was collectedwithin 1 h in the early evening. Significant
subcloud evaporation was less likely. Thus, the deuterium
excess returns to the level of the fourth and fifth samples. The
reduced deuterium excess at the early stage of precipitation is
also observed for most events sampled in this study, with two
events of different synoptic types shown in Figures 10b and
10c. If the above interpretation is correct, and the vertical
mixing of moisture can be neglected in the frontal event, deute-
rium excess of vials 4, 5, and 7, after the minor condensation
temperature effect was corrected, should preserve the deuterium
excess value of the moisture source. This discussion also
suggests that the effect of subcloud evaporation is less impor-
tant for a large event because the subcloud evaporation tends
to be larger at the early stage of the rainfall, and is less important
for a similar event of high rainfall intensity.
[40] The effect of subcloud evaporation is further evident

in Figure 11, where the event deuterium excess values are

GUAN ET AL.: DEUTERIUM EXCESS AND SYNOPTIC SYSTEMS

1133



plotted against the amount of rainfall for frontal events of
similar oceanic moisture source area. A similar method has
been used in Peng et al. [2007] to examine the subcloud
evaporation effects, in which the isotopic composition of
two groups of rainfall events of different amounts (smaller
or larger than 4 mm) are compared. The events of the
westerly moisture sources occurred in late August and early
September (late winter). The events of the west-southwesterly
moisture sources occurred in September (early spring; one
event that occurred inDecember is not used in the plot to avoid
the effects resulting from the different temperature and
humidity conditions). For both groups of events, deuterium
excess increases with rainfall amount, consistent with the
hypothesis that the subcloud evaporation effects on the event-
rainfall deuterium excess are smaller for a larger rainfall
event. During more intense events, d2H and d18O decrease
more strongly in the vapor phase due to raindrop re-evaporation
or diffusive exchanges between raindrops and the ambient
vapor [Lawrence et al., 2004; Worden et al., 2007; Field
et al., 2010]. Because these two processes also act to increase
d-excess in the vapor, we expect d-excess to increase

Figure 10. Intraevent variation of stable hydrogen and oxygen isotopic composition and deuterium
excess as the precipitation progresses during three selected events: a frontal system (a), a low-pressure
system (b), and a trough system (c) at the Flinders University campus site.

Figure 11. Deuterium excess versus event rainfall amount for
the events of westerly moisture source (W, with the samples
collected in late winter), and the events of the moisture source
directions between westerly and southwesterly (WSW, with
the samples collected in early spring).
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more strongly in the vapor phase during more intense
events. Moisture exchange with such ambient vapor keeps
the resultant precipitation d-excess close to the cloud-base pre-
cipitation (Figure 1d). Meanwhile, intense events may involve
condensation at a lower temperature, and mix high d-excess
moisture at higher elevations. Both tend to cause a higher
d-excess in resultant precipitation.
[41] Within each group in Figure 11, because the source

moisture came from a similar direction during a similar time
of the year, it is reasonable to assume that they had similar
deuterium excess in cloud water. The lower deuterium
excess for a smaller rainfall was very likely owing to the rel-
atively large subcloud evaporation. In comparison, a group
of westerly moisture sources, occurring at the end of the
winter season, is less sensitive to the amount of rainfall than
the other groups occurring in spring. This is consistent with
subcloud evaporation becoming more significant when the
climate becomes drier and warmer as it progresses from
winter to spring.

4.4. Subcloud Evaporation Inferred From GNIP Data

[42] The oxygen and hydrogen isotopic compositions are
sensitive to both rainout fraction and subcloud evaporation.
The deuterium excess in rainwater is sensitive to moisture
sources, and decreases with subcloud evaporation, but it is
less sensitive to rainout fraction (Figure 1a). Thus, the com-
bination of either oxygen or hydrogen isotopic composition
and deuterium excess is useful to examine subcloud evapo-
ration (details explained in the methodology section). Based
on this, subcloud evaporation is important in rainwater
isotope compositions in the study area for October,
November, December, February, and March (Figure 2b),
when deuterium excess (d18O) for weighted means is higher
(lower) than that for arithmetic means. This effect could also
be expected for January because January has similar temper-
ature and humidity regime as December and February
(Figure 4b). This is supported by the higher arithmetic mean
d18O than the weighted mean observed for this month
(Figure 2a). However, for deuterium excess, the arithmetic
mean for this month is not smaller than the weighted mean
as it is expected to be. An abrupt change in synoptic precip-
itation pattern, discussed in the next section, may resolve
this inconsistency. Overall, deuterium excess and d18O of
the multiple-year average monthly data confirm that the
isotopic effects of subcloud processes is minor for May to
September, and significant for October to April.
[43] However, it should be noted that in addition to a

lower subcloud evaporation for large events, some other
mechanisms, such as a stronger vertical moisture mixing in
the cloud layer, or moisture recycling, may cause a higher
d-excess in the resultant precipitation, which is difficult to
discuss with monthly GNIP data, but covered in the previous
three subsections on the event data.

4.5. Seasonal Variability of Deuterium Excess Inferred
From Both GNIP and the Event Data

[44] In the study area, the deuterium excess is higher in
wet winter months, and lower in dry summer months
(Figure 2b). In winter, the frontal system is the dominant
mechanism for rainfall in the area because the subtropical
ridge moves northward inland. In summer, convective
systems occur more frequently [Ferguson and Wood,

2011], leading to a significant amount of precipitation origi-
nating from the low-pressure and trough systems (Figure 12).
This seasonal change in frequency of the frontal events and
the low-pressure and trough events throughout the year con-
tributes to the observed seasonal pattern of excess deuterium
in the precipitation (Figure 2b).
[45] In addition, a gradual seasonal shift in oceanic mois-

ture source direction for frontal events may also contribute
to the seasonal deuterium excess pattern. From winter
(June–August) to spring (September–November), moisture
source directions gradually shift from westerly to southwest-
erly. This is inferred from a spatial analysis of long-term
mean monthly precipitation [Guan et al., 2009], and is evi-
dent in this study (Table 1). The three events with a westerly
moisture source all occurred in August and early September.
Five of the six events with a west-southwesterly moisture
source occurred in September and October (Table 1). The
effect of this gradual shift in moisture source on frontal precip-
itation isotopic composition is clearly shown in Figure 13b.
This decreasing trend in deuterium excess is strengthened by
an increase in subcloud evaporation (Figure 11).
[46] As discussed in the Introduction, an abrupt change in

the isotopic composition of precipitation occurs in January
and February (Figure 2a). This phenomenon is also evident
in Figure 13, in which the GNIP data points of these 2 month-
s are located away from a cluster of all other months. Exami-
nation of the event isotopic composition indicates that a
large-scale trough with inland moisture sources tends to have
both a low deuterium excess (10%–15%) and low d18O
(�12%). Similarly, synoptic low-pressure systems tend to
have a low deuterium excess, and some also have a low
d18O (e.g., B2011Jan_13-14; Table 1). Similar isotopic
patterns have been observed in other areas for organized
connective events [Risi et al., 2008b] and typhoons [Xie
et al., 2011]. The abrupt change in isotopic patterns in January
and February (Figures 2 and 12), is likely due to an increasing
frequency of such large-scale trough and low-pressure
systems. This assumption is supported by the fact that
approximately 70% of the precipitation in January and

Figure 12. The fractions of monthly precipitation resulting
from different synoptic weather systems for December,
January, February, and March from the years 2000 to 2011,
showing that low-pressure and trough systems result in 70%
total precipitation in January and February, in comparison to
a contribution of 40% in December and March.

GUAN ET AL.: DEUTERIUM EXCESS AND SYNOPTIC SYSTEMS

1135



February between 2000 and 2011, measured at Kent Town,
Adelaide (Figure 3) originated from such low-pressure and
trough systems, in comparison to only 40% in December and
March (Figure 12). An isotopic signature with low d-excess
and d18O values was reported in groundwater samples
resulting from historical recharge in the study area [Guan
et al., 2009], which was previously attributed to a colder
paleoclimate. The results from this present study suggest an
optional interpretation. Those groundwater samples could
have been recharged from the summer storms driven by
large-scale low-pressure and trough systems. A similar
isotopic signature is missing from the modern groundwater,
which indicates that these large-scale convective systems
may have been more frequent in the past. More studies are
needed to prove or disprove this implication.
[47] Interestingly, all six low-pressure and trough events,

having inland moisture source directions, plot closely on
the global and local meteoric water lines (Figure 13a), and

have a deuterium excess closer to the global average
(Figure 13b). In contrast, all frontal events plot above the
global and local meteoric water lines and have a deuterium
excess much larger than the global average (Figure 13). They
also have a smaller interevent variability in isotopic compo-
sition compared with low-pressure and trough events
(Table 1). These different isotopic patterns between the
synoptic event types should be considered to examine the
seasonal variability of isotopic composition in the study area.

5. Conclusions

[48] In the study area, both synoptic weather systems and
associated atmospheric moisture sources are shown to
influence deuterium excess values in precipitation. Rain
events caused by frontal systems tend to have moisture
sources from the Indian Ocean to the south of Australia.
They usually have deuterium excesses of 15% to 25%,
depending on the moisture source direction. Rain events
caused by synoptic low-pressure and trough systems tend
to have inland moisture sources, and have a deuterium ex-
cess of 10% to 15%. In addition to weather systems and
associated moisture sources, subcloud evaporation and
moisture exchange alters the deuterium excess in the result-
ing precipitation, which is more significant in summers when
it is warm and dry, as seen in both GNIP and the event data.
[49] These factors together contribute to the seasonal

variability of deuterium excess in the study area. Higher
deuterium excess values in winter than in summer is mainly
due to different dominant synoptic weather systems, i.e.,
dominant frontal systems in winter and dominant low-
pressure and trough systems in summer. A gradual shift in
moisture directions for the frontal systems from westerly in
the winter, to west-southwesterly and southwesterly in the
spring and summer also contribute to a decrease in precipita-
tion deuterium excess from winter to summer. Subcloud
evaporation and moisture exchange are stronger in summer
than in winter, which further strengthens the difference in
deuterium excess between them.
[50] Deuterium excess of winter frontal precipitation,

resulting from minimum subcloud evaporation, is useful to
infer the oceanic moisture source direction. In other seasons,
deuterium excess of frontal precipitation is more likely to be
altered by subcloud processes, and a correction needs to be
done to retrieve source area deuterium excess information.
Nevertheless, if intraevent samples are available, the source
cloud deuterium excess of frontal precipitation can be
estimated from samples in the middle of the event, which
have experienced little subcloud processes. The results
from the analysis of GNIP data in Adelaide suggest that
an abrupt change in dominant precipitation weather
patterns in South Australia occurs in January and February,
characterized by a sudden decrease in d18O and deuterium
excess. This is likely caused by an increasing occurrence
of large-scale trough and low-pressure systems in these 2
months.
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