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Analysis of the isotopic composition of five years of event based precipitation samples collected in the
Blue Mountains near Sydney Australia is presented. The relationship between the stable isotopic (18O,
D-excess) composition of precipitation with moisture source regions and prevailing synoptic scale
weather systems was investigated. Back trajectory analysis showed that when the majority of moisture
was sourced over land the d18O was significantly more enriched (�3.5‰) compared to moisture sourced
from the ocean (�7.1‰). However, there was no statistically significant difference between the d18O
arithmetic means of different oceanic source regions. The analysis indicated that the large scale rainout
during transport of moisture to the measurement site was a more important factor influencing the d18O
variability. A synoptic weather classification scheme was used to analyse the relationship with prevailing
synoptic meteorology, which showed that the arithmetic mean of d18O in precipitation for the East Coast
Low (ECL) systems was significantly more depleted than other systems and exhibited much larger vari-
ability. There was no statistically significant difference in the d18O arithmetic means of the other systems.
The d18O of the ECLs was shown to be related to the distance from low pressure system centre to the site
and the large scale rainout along the back trajectory. Considering the large amount of precipitation that
can result from ECLs, they may contribute significantly to signals observed over longer period collections
such as the GNIP records. Winter and summer more depleted samples were from synoptic weather sys-
tems from which more precipitation had occurred both at the site and prior to the site. The enriched
events could be associated with short duration low intensity precipitation events.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

The stable isotopic (2H and 18O) composition of precipitation
has been used in investigations of groundwater and surface water
mixing, infiltration, plant water use, land surface processes, and
atmospheric processes over a variety of timescales (e.g. Awad,
1996; Clark and Fritz, 1997; Gat, 2000; Gat and Airey, 2006;
Yoshimura et al., 2010). For monthly to inter-annual timescales,
relationships between the stable isotopes of precipitation and tem-
perature, elevation, distance from the coast, latitude and rainfall
amount have been reported (Dansgaard, 1964). These relationships
have been studied extensively using the Global Network of Iso-
topes in Precipitation (GNIP) data (e.g. Dansgaard, 1964; Ara-
guas-Araguas et al., 2000), and have provided the basis for
empirical models used to interpret paleoclimate records (Rozanski
et al., 1993; McDermott, 2004; Field, 2010; Vachon et al., 2010;
Treble et al., 2013). Whilst the GNIP network has provided major
insights into the hydrological cycle, the samples are collected on
a monthly basis and are not suitable to study the relationships be-
tween the isotopes in precipitation and synoptic scale weather sys-
tems. Datasets with higher frequency sampling may provide a
useful basis for interpreting signals in paleoclimate records associ-
ated with climatic shifts in the synoptic meteorology.

For a precipitation event, the isotopic composition is deter-
mined by the source composition, atmospheric conditions at the
site of evaporation, precipitation processes, and mixing during
transport to the site of sampling. This leads to a large amount of
variability between individual precipitation events at a given loca-
tion (Dansgaard, 1964; Noone and Simmonds, 2002a; Sjostrom and
Welker, 2009; Vachon et al., 2010). It has been reported that the
isotopic values of precipitation at a site can vary due to changes
in synoptic weather patterns (Treble et al., 2005; Barras and Sim-
monds, 2008; Scholl et al., 2009; Baldini et al., 2010; Lykoudis
et al., 2010). In particular, for a site in Tasmania, well developed
low pressure systems have been found to be associated with lower
d18O values (Treble et al., 2005; Barras and Simmonds, 2008). Alter-
natively, higher frequency data has been used to study the
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relationship between precipitation isotopes and moisture sources
using back trajectory analysis (e.g. Friedman et al., 2002; Burnett
et al., 2004; Sjostrom and Welker, 2009). Therefore, expanding
the temporal resolution beyond the monthly GNIP dataset to in-
clude daily or event based sampling regimes may provide further
insights into the atmospheric processes important for individual
storm events.

A related quantity, deuterium excess (D-excess = d2H – 8 d18O;
Dansgaard, 1964) is influenced by the relative humidity (negative
correlation) and sea surface temperature (SST; positive correlation)
at the moisture source (Dansgaard, 1964; Merlivat and Jouzel,
1979; Uemura et al., 2008). Using this relationship, D-excess has
been used in many studies to determine the temporal changes in
moisture supply for a given location (e.g. Vimeux et al., 2001). D-
excess is also commonly used as an indicator of the evaporation
of raindrops under the cloud base under warm dry conditions
(which reduces the D-excess of the rainfall) and moisture recycling
by evaporation from the land surface (which increases the D-ex-
cess of the rainfall), (Jacob and Sonntag, 1991; Froehlich et al.,
2008; Peng et al., 2010).

Studies of higher frequency d18O in precipitation in the Austra-
lian region include sites in Tasmania (Treble et al., 2005; Barras and
Simmonds, 2008), Melbourne (Barras and Simmonds, 2009), Ade-
laide (Guan et al., 2009, 2013) and four sites in the Sydney region
(Hughes and Crawford, 2013).

The objective of this study was to investigate the extent to
which spatial locations of moisture sources and synoptic weather
patterns influence the isotopic variability in precipitation at Mt
Werong, in the Blue Mountains west of Sydney. The moisture
source isotopic composition varies depending on the proportion
of moisture sourced from the ocean surface and evapotranspiration
from the land surface. Evapotranspiration returns moisture to the
atmosphere with relatively little fractionation compared to the
source water which therefore tends to be enriched relative to va-
pour derived from the ocean (Zimmermann et al., 1967; White
and Gedzelman, 1984; Barnes and Allison, 1988; Wang and Yakir,
2000; Welp et al., 2008; Jasechko et al., 2013). For moisture derived
from the ocean the isotopic composition of the water vapour varies
with the SST and relative humidity (Majoube, 1971; Dansgaard,
1964; Clark and Fritz, 1997; Uemura et al., 2008; Lachniet, 2009).
Moisture derived from the ocean can therefore vary with oceanic
source region. Here we investigate relationships between the geo-
graphic location of the moisture source, the atmospheric condi-
tions at the moisture source and the isotopic composition of the
precipitation sampled at the Mt Werong site.

Classification by weather systems was used to investigate the
extent to which atmospheric processes (both at the source, in-
cloud processes and below cloud processes) have an impact on
the isotopic composition of precipitation, as similar atmospheric
conditions are grouped together. Studies have found more isotopi-
cally depleted precipitation from low pressure systems and more
enriched precipitation associated with trade winds and high pres-
sure systems (e.g. Scholl et al., 2009; Baldini et al., 2010; Wind-
horst et al., 2012). The amount effect associated with convective
systems can be attributed to two processes (Risi et al., 2008); (a)
the re-evaporation of the falling rain and the diffusive exchange
with the surrounding vapour and (b) the re-cycling of sub-cloud
layer vapour feeding the convective system by convective fluxes.
Isotopically more enriched precipitation may occur from high pres-
sure systems due to land surface moisture re-cycling and lower
altitudes reached by the clouds (Scholl et al., 2009).

Since 2005 precipitation samples have been collected for
isotopic analysis at four sites in the Sydney region, including Mt
Werong (Hughes and Crawford, 2013). At the Mt Werong site an
event based sampling regime was implemented between 2005
and 2009 and these samples are examined in the current work.
The results presented in this paper give further insights into the
controls on d18O and d2H of precipitation in the Sydney region.

A description of the study site and data used in the analysis are
presented in Section 2. The seasonal distribution of precipitation
and isotopic composition are presented in Section 3.1. Air mass
back trajectory classifications and synoptic weather pattern classi-
fication are presented in Sections 3.2 and 3.3, respectively, and fi-
nally the synoptic weather patterns for the winter and summer
enriched and depleted samples are presented in Section 3.4.
2. Study site and data sources

2.1. Study site

Mt Werong is located at the SW extent of the Blue Mountains of
New South Wales, 97 km from the coast (34.07893�S, 149.91330�E,
at an elevation of 1178 m above sea level, see Fig. 1). Vegetation in
the vicinity of the sampling site is dry sclerophyll eucalypt forest
and shrub land giving way to taller cool montane wet forest to-
wards the north and east. Seven km to the NW pine plantations
grade into cleared agricultural and grazing land. Mt Werong is lo-
cated 40 km west of Lake Burragorang (surface area 75 km2), Syd-
ney’s main drinking water supply. It is also in the vicinity of two
sites where isotopic studies of speleothems and groundwater have
been undertaken: Jenolan Caves 30 km to the north (e.g. Pogson
et al., 2011) and Wombeyan Caves, 26 km to the south. The site
for the precipitation collection was located on a ridge within a par-
tially cleared rural property surrounded by the Blue Mountains Na-
tional Park.

The climate for the Sydney region is characterised as warm
temperate, fully humid with warm summers (Kottek et al., 2006).
Meteorological data from the Gurnang State Forest (Oberon) sta-
tion (BOM station 063033, 34.01�S, 149.84�E, elevation
1148 mAHD), located 10.3 km northwest of the Mt Werong site,
has a mean annual temperature of 9.8 �C, mean annual precipita-
tion of 984 mm and mean number of rain days of 101.2 (for
1933 to 2008).
2.2. Precipitation sample collection

Precipitation samples were collected in a sealed HDPE sampling
bottle with a plastic funnel. The sampler was designed to prevent
evaporation of the sample or exchange with the atmosphere in a
similar fashion to that described by Gröning et al. (2012). Testing
of the sampler and quality control has been described in Hughes
and Crawford (2013).

d2H and d18O were determined for 289 samples (March 2005 to
September 2009) with results expressed in per mille (‰) using the
conventional delta notation relative to VSMOW. Four different lab-
oratories were used to conduct the analyses (the reported lab pre-
cision for d2H and d18O respectively is given in ‰ following the lab
name): University of Waterloo Environmental Isotope Laboratory
(0.8, 0.2); INSTAAR Stable Isotope Laboratory (0.6, 0.08); University
of California at Berkeley Centre for Stable Isotope Biogeochemistry
(1, 0.1); and Alberta Research Council Isotope Hydrology and Geo-
chemistry Laboratory (1, 0.2).

For the study period hourly precipitation measurements were
available from the Sydney Catchment Authority (SCA Station
563050 Mount Werong (Venns Property), located �370 m SE of
the sampler location) which were used in this study for determining
the time of precipitation. This data was in good agreement with the
daily precipitation amount collected at the site (with an r2 value of
0.95 and ratio of manual to tipping bucket rain gauge of 1.08). Dur-
ing the precipitation sampling the end of a precipitation event, and
thus the sample collection time, was determined by the local volun-



Fig. 1. Sydney region map showing study site, precipitation contours and topography.
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teer. In this study, events were defined as precipitation occurrences
separated by 6 h or more without precipitation (Dunkerley, 2008;
Manfroi et al., 2004; Scholl et al., 2009), to ensure that precipitation
for each event resulted from moisture sourced from the same loca-
tions and/or from the same synoptic weather system. Between
March 2005 and September 2009, of the 289 samples collected
146 satisfied the criteria of a single event and only these are used
in the analysis presented below. Both low and high intensity precip-
itation events were well represented in the reduced data set.

2.3. Back trajectory and trajectory meteorological data

Back trajectories and meteorological information along back
trajectories can give an indication of the moisture sources as well
as the large scale rainout from the air mass (e.g. Friedman et al.,
2002; IAEA, 2005; Barras and Simmonds, 2008; Sodemann et al.,
2008; Sjostrom and Welker, 2009; Vachon et al., 2010). Back trajec-
tories in the current study were generated using the PC version of
HYSPLIT v4.0 (HYbrid Single-Particle Lagrangian Integrated
Trajectory; Draxler and Rolph, 2003), using the GDAS 1o � 1o mete-
orological dataset. In addition to using the location of the back tra-
jectories, we also use the altitude of trajectories, relative humidity,
planetary boundary layer height and precipitation, as calculated by
the HYSPLIT model at each point along the back trajectory, to
examine moisture sources and rainout.

To determine the source of moisture the method of Sodemann
et al. (2008) was implemented. This involves generating a vertical
profile of the relative humidity at the site from the GDAS data, then
calculating the back trajectory starting at the lowest altitude
where the relative humidity was >80% (as used by Sodemann
et al., 2008), resulting in most back trajectories being calculated
at a starting height between 1500 m above mean sea level (msl)
and 3000 m msl. Back trajectories for each sample were calculated
only for those hours for which precipitation was recorded at the
site, during the previous 60 min.

Along the 10 day back trajectories (corresponding to a mean
residence time of water in the atmosphere of about 10 days, Tren-
berth, 1998; Gat, 2000; Friedman et al., 2002), at locations where
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moisture was evaporated from the surface, precipitation weighted
averages of surface relative humidity and temperature were calcu-
lated from the HYSPLIT estimated relative humidity and tempera-
ture at surface level. The locations of surface moisture sources
were identified as points along the back trajectory where absolute
humidity increased by more than 0.04 g kg�1 h�1 and when the air
mass was within the planetary boundary layer (PBL), according to
Sodemann et al. (2008). When the absolute humidity was below
0.05 g/kg it was assumed that no previously sourced moisture con-
tributed to the current precipitation event (Sodemann et al., 2008;
Baldini et al., 2010). The air mass prior cumulative rainfall was also
calculated as the sum of rainfall along the back trajectory prior to
the site starting from the last point where moisture was sourced
for the current event.

To determine the contribution of different moisture source re-
gions, the Australian region was subdivided into six possible mois-
ture source regions. For each back trajectory the fraction of
moisture evaporated into the air mass from each moisture region
(fi,j, i.e. the fraction of moisture from region j for trajectory i) was
estimated from the change in the absolute humidity when the back
trajectory passed over the specified region (where

P6
j¼1fi;j ¼ 1 for

all i). When groups of back trajectories were used in the analysis
(i.e. in Sections 3.2 and 3.4), the contribution from each region
was weighted by the recorded precipitation at the measurement
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site to obtain the precipitation weighted fraction from region j
(Mj):
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ð1Þ

where n is the number of back trajectories.
That is, for all the samples classified into a single group the

percentage of moisture, for that group, sourced from region j is
estimated by Mj

*100.
2.4. Synoptic weather classification

A synoptic weather classification system was used to investi-
gate the relationship between the stable isotopes in the precipita-
tion samples and common precipitation producing synoptic
weather systems. The classification system outlined by Matthews
and Geerts (1995; see also Speer and Geerts, 1994) for the Sydney
region was implemented here and contains six main groups. Exam-
ple Mean Sea Level Pressure (MSLP) maps corresponding to these
classifications were presented in Matthews and Geerts (1995)
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and were identified as follows (in this study, average MSLP maps
for samples classified in each group are presented in Section 3.3):

� East Coast Lows – closed cyclonic low pressure systems off the
east coast (ECL: Speer et al., 2009, referred to as offshore lows
in Matthews and Geerts, 1995), occur more frequently in winter
and their locations vary in latitude and longitude to the east and
southeast of the site.
� Offshore high – where an offshore high pressure system is

located to the east or southeast of the site, occurring both in
winter and summer.
� Inland troughs – these occur throughout the year but more sam-

ples were collected under inland trough conditions in spring
and summer. Their location varies over the eastern part of the
continent. This group also contains non-cyclonic low pressure
centres (i.e. over land).
� Pre-frontal trough – where troughs appear separate and ahead of

a cold front.
� Pre-frontal – where precipitation resulted from the frontal

trough, ahead of the local passage of the front.
� Post-frontal – where precipitation events occurred during and

immediately after the passage of the front.

To identify the weather systems resulting in precipitation a
combination of Mean Sea Level Pressure (MSLP) (BOM, 2012) and
NCEP/NCAR reanalysis sea level pressure (Kalnay et al., 1996) were
used. Further, for samples classified in each synoptic weather type,
a composite MSLP was calculated using sea level pressure from the
NCEP/NCAR Reanalysis (which is provided on 2.5� � 2.5� grid cell
size and the data are available at 6 h time intervals). The time
interval in the reanalysis dataset which was closest to the time
of precipitation was selected. The average sea level pressure was
then calculated for each grid space within the domain of interest
(latitude 10�N to 60�S and longitude 100�E to 180�E) from the
sea level pressure for all events within the classification.

No attempt was made to separate the weather systems, based on
moisture sources, aside from the natural characteristic separation,
e.g. the moisture source for the ECL systems was mostly from the east
and south-east of the site, for post frontal systems from the west and
south west. For inland troughs the moisture source was more variable.
3. Results and discussion

Hughes and Crawford (2013) presented d18O and D-excess time
series as well as relationships with local meteorological conditions
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To avoid duplication, only d18O and D-excess values are pre-
sented in Fig. 2c and d, respectively. d18O values for the winter pre-
cipitation were more variable than summer and the median values
were more depleted than for summer (more depleted values in
winter are consistent with e.g. Feng et al., 2009 in their analysis
of the GNIP data). The D-excess was generally high compared to
globally (Feng et al., 2009) but was closer to the D-excess of the
other sites in the Sydney region, where the precipitation weighted
average D-excess ranged from 15.45‰ for Big Hill to 18.33‰ for Mt
Werong (further discussed in Hughes and Crawford, 2013). The
seasonal cycle for the D-excess values showed higher values in
winter than summer but had large variability within seasons.

For all the single events, the correlation between the d18O of
samples and the precipitation amount at the site was (r=)�0.15,
which was significant at 93% confidence level (p = 0.07, Fig. 3a).
This is consistent with other sites in the Sydney region (Hughes
and Crawford, 2013), indicating that the amount effect is weak in
this region. An improved correlation (r = �0.25 with p-va-
lue = 0.002) was observed between d18O and the air mass prior
cumulative rainfall (Fig. 3b). The difference between these correla-
tions indicates that local precipitation amount does not provide a
good indicator of the air mass rainout and rather reflects the local
state of the precipitation event. However, whilst improved, the cor-
relation with the air mass prior cumulative rainfall is still small
which indicates that other factors are more important in setting
the d18O composition of event based precipitation samples.
3.2. Moisture source regions

There is a small variation in d18O of Australian marine surface
waters (�0.1‰ over the oceans to the east and west of the conti-
nent and � �0.1‰, in the Southern Ocean; Bigg and Rohling,
2000). However, the isotopic composition of the evaporating water
vapour can be affected by the sea surface temperature (SST) and
surface level relative humidity at the site of evaporation (Majoube,
1971; Dansgaard, 1964; Clark and Fritz, 1997; Uemura et al., 2008;
Lachniet, 2009). For the Australian region, SST varies seasonally
and decreases with latitude. The long term SSTs (1971–2000, avail-
able at http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ois-
st.v2.html; Reynolds et al., 2002) show a decrease from 25 �C (at
latitude 15�S) to 7 �C (at 50�S) for winter and 28.5 �C to 7.5 �C for
summer, at the same latitudes.

The long term ocean surface level average relative humidity (for
January and July, 1968 to 1996, available at http://www.esrl.noaa.-
gov/psd/data/reanalysis/reanalysis.shtml; also supplied in Supple-
mentary Fig. 1) shows little variation with season over the ocean to
the north and south (with relative humidity of 80–85% to the
north, and 85–90% in the south). Some variations between the sea-
sons are seen over the oceans with latitudes closer to the measure-
ment site; 75–80% in June and 80% in January. However, when
Table 1
Average precipitation and precipitation weighted average d18O, d2H and D-excess, local surf
the surface level at the moisture source, for the 7 identified clusters. The standard deviati

Cluster N Arithmetic Av. Precip.
(mm)

d18O (‰) d2H (‰) D-excess
(‰)

NW 4 4.37(3.47) �2.68(1.27) 0.49(9.21) 21.89(1.20)
NE 12 11.71(7.91) �4.37(1.68) �18.31(13.69) 16.68(2.99)
ENE 25 18.00(27.51) �6.20(2.72) �33.61(22.62) 15.99(3.42)
SE 30 15.55(22.17) �6.93(3.53) �37.78(29.39) 17.64(4.30)
S 19 6.52(5.54) �5.64(3.68) �27.23(30.28) 17.89(3.01)
SW 33 7.28(7.13) �5.24(2.54) �24.12(18.97) 17.80(4.27)
W 23 9.03(6.53) �4.63(2.58) �18.73(20.84) 18.35(4.15)
individual samples are considered, variations from these average
values would be experienced.

To investigate the impact from air mass trajectory prior to the
site, and hence the moisture sources, each single event sample
was classified, by visual inspection of HYSPLIT generated back tra-
jectories, into one of seven clusters (Fig. 4, in which figure the six
identified moisture regions are also presented). A small number
of samples had air masses arriving from different directions, in
which case the sample was classified into the cluster based on
the air mass trajectory corresponding to the larger precipitation
amount. The largest average precipitation (Table 1) was from air
masses arriving from the east (i.e. trajectories labelled east-north-
east and southeast with average sample precipitation of 18 mm
and 15.55 mm, respectively). Together they comprised 37% of the
single event samples (Table 1). A large number of events were also
associated with air masses arriving from the southwest (22%),
however the average sample precipitation from these air masses
was 7.28 mm, which may have been associated with lower air
mass moisture content due to the cooler conditions.
3.2.1. d18O distribution with back trajectory clusters
The distribution of d18O within each cluster is presented in

Fig. 5a together with the precipitation weighted average d18O (blue
crosses, the corresponding values are also included in Table 1).
Higher precipitation weighted average d18O values were recorded
for moisture sourced from north of the site (i.e. clusters labelled
northwest and northeast). Moisture in these clusters was sourced
under high surface level temperatures (Table 1) which would re-
sult in more enriched water vapour (e.g. Friedman et al., 2002;
Uemura et al., 2008). Precipitation when moisture was sourced
from the west had the next most enriched precipitation weighted
mean d18O, but the standard deviation was higher than for mois-
ture sourced from the northeast. However, when a t-test was
undertaken to evaluate the significance in the difference of the
arithmetic means between the clusters, it was only the northwest
cluster that had a significantly different arithmetic mean d18O (p-
value = 0.01) to the other clusters. The differences between the
arithmetic means of the other clusters were not statistically signif-
icant. This may be an indication that condensation and mixing pro-
cesses are the driving factors of the d18O values and that conditions
over the oceanic moisture sources are insufficiently different to
cause large changes in the isotopic composition at the precipitation
site. This is in contrast, for example, to Friedman et al. (2002) who
found that precipitation at Cedar City (Utah) from air masses arriv-
ing from the Gulf of Mexico was the most enriched in d2H, which
they concluded was due firstly to the isotopically enriched surface
waters of the Gulf of Mexico and the warm surface water temper-
ature, and secondly to reduced rainout from the air masses before
the site.
ace temperature and relative humidity and the relative humidity and temperature at
on is also presented in brackets.

Air mass prior rainfall
(mm)

Local surface Surface level at
moisture source

Temp
(�C)

Rel. Hum.
(%)

Rel. Hum.
(%)

Temp.
(�C)

12.64 9.69 74.73 31.38 29.32
28.99 16.08 83.94 56.02 22.93
24.34 16.63 81.52 68.13 21.02
27.98 13.15 87.41 69.91 14.89
27.38 12.39 90.46 72.44 14.02
24.81 9.46 75.50 61.89 14.15
23.21 9.42 79.57 52.67 19.00

http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml
http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml
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Fig. 5. Box and whisker plots of distributions for each of the 7 clusters, for (a) d18O (b) D-excess, (c) sample precipitation and (d) air mass prior cumulative rainfall. Boxes and
whiskers, as for Fig. 2. The blue crosses represent the cluster precipitation weighted average for (a) d18O and (b) D-excess.
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For our samples the correlation coefficient between the cluster
precipitation weighted average d18O and the air mass prior cumu-
lative rainfall (i.e. the corresponding two columns in Table 1) was
�0.74 (p-value = 0.06), indicating that prior rainout has a signifi-
cant impact on the precipitation d18O when cluster precipitation
weighted mean values are considered. On the other hand for the
individual samples within the clusters, the correlation of d18O with
air mass prior cumulative rainfall for each of the clusters was as
follows; northwest (r = 0.13), northeast (�0.25), east-northeast
(�0.09), southeast (0.02), south (�0.72), southwest (�0.18), and
west (�0.57). This indicates that prior rainout, when considered
on an individual sample basis, is significant (at p-value = 0.004)
for the determination of precipitation d18O for air masses arriving
from the south and west. Prior rainout had the least correlation
with d18O for air masses from the east-northeast and southeast.
These two clusters had the largest variability in precipitation
amount (Fig. 5c) which would indicate a difference in the dominat-
ing processes e.g. for the small events below cloud processes may
affect the isotopic composition, which may not impact large and
widespread precipitation events.

The main conclusion that can be drawn from the analysis in this
section is that when the precipitation weighted average values are
calculated for each cluster, a significant relationship exists be-
tween the cluster average d18O value and the cluster average air
mass prior cumulative rainfall. This is not surprising as using the
average value reduces the scatter due to variability of individual
precipitation events as a number of processes, during the entire
history of the water vapour and the mixing with additional mois-
ture acquired in transit, affect the final isotopic composition of
the precipitation (Noone and Simmonds, 2002b). However, signif-
icant correlation exists, for individual samples, between air mass
prior cumulative rainfall and the isotopic composition of the pre-
cipitation when the moisture was sourced south or west of the site.
3.2.2. D-excess distribution with back trajectory clusters
The conditions at the moisture source can have considerable

impact on the D-excess in precipitation. Both Gat et al. (2003)
and Froehlich et al. (2002) showed that D-excess in precipitation
was high when moisture was sourced in low relative humidity over
the Mediterranean Sea. Using an oceanic global circulation model
Xu et al. (2012) determined that D-excess for oceanic surface
waters showed little variability for the Australian region, indicat-
ing that variations in surface water composition would not con-
tribute greatly to the D-excess in precipitation. However, Guan
et al. (2013) used a an empirical model based on sea surface tem-
perature and near surface relative humidity (Uemura et al., 2008)
to estimate D-excess in water vapour over oceans which predicted
lower D-excess over the Southern Ocean (relative to the Pacific and
Indian Oceans) both in summer and winter.



Table 3
Average of selected variables for the two groups of samples; the first group where 80%
or more of the moisture was sourced over land and the second group where 80% or
more of the moisture was sourced over the ocean.

P80% Land P80% Ocean

N 22 54
N winter 5 21
N summer 8 15
Temperature at moisture source (�C) 23.8 13.3
Relative humidity at the moisture source (%) 46.6 72.5
Average precipitation amount (mm) 12 10
Air mass prior cumulative rainfall (mm) 18.8 23.5
d18O (‰) �3.5 �7.1
D-excess 17.3 17.6
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Here we investigate whether this variation in D-excess for dif-
ferent oceanic sources is reflected in precipitation. The distribu-
tions of D-excess within each cluster are presented in Fig. 5b
together with the precipitation weighted average D-excess (blue
crosses in Fig. 5 with values included in Table 1). The cluster med-
ian D-excess was close to the precipitation weighted cluster aver-
age D-excess for most clusters. A t-test showed that the arithmetic
mean D-excess value of the northwest cluster was significantly dif-
ferent from all other clusters (p-value = 0.01), while the arithmetic
mean D-excess of the south cluster was also significantly different
(p-value = 0.04)) from the arithmetic means of the NE, ENE and NW
clusters. The D-excess in the precipitation did not reflect the D-ex-
cess in water vapour over the ocean from where the moisture was
sourced (i.e. when comparing to estimated values as presented in
Guan et al., 2013), indicating other processes dominate, e.g. mixing
with other moisture sources along the air mass trajectory, mois-
ture recycling, in-cloud processes and below-cloud re-evaporation.

The average D-excess values recorded at Mt Werong are higher
than the global average of �10‰; however this is characteristic of
the Sydney region (Hughes and Crawford, 2013). The D-excess of
moisture re-evaporated from the land surface during the daytime
is predicted to be higher than oceanic vapour (Simonin et al.,
2013; Welp et al., 2012), so this high D-excess may reflect a larger
land surface contribution to the regional moisture budget. The Syd-
ney Basin is characterised by eucalypt forest and grassland which
may contribute to the local moisture budget through evapotranspi-
ration as air parcels travel over the land surface. Orographic uplift
of onshore air masses travelling close to the surface over the moist
forested environment of the Lake Burragorang catchment may en-
hance the contribution of terrestrial moisture into precipitation at
Mt Werong.
3.2.3. Oceanic vs continental moisture sources
The estimated proportion of moisture sourced from each of the

regions in Fig. 4 for each of the clusters is presented in Table 2.
Generally the larger the percentage of moisture sourced over land
the more enriched the precipitation weighted average d18O values
for the cluster. This may be attributed to an enriched moisture
source from evapotranspiration (Zimmermann et al., 1967; White
and Gedzelman, 1984; Barnes and Allison, 1988; Wang and Yakir,
2000; Jasechko et al., 2013).

To investigate the difference between moisture sourced over
land and over the ocean, samples with greater than 80% moisture
derived from the land surface were compared to those with >80%
of moisture sourced from the ocean. The precipitation weighted
average d18O was �3.5‰ (standard deviation of 2.1‰) for the sam-
ples where the majority of the moisture was of a land surface ori-
gin and �7.1‰ (standard deviation of 3.7‰) for those dominated
by an ocean moisture source, which is consistent with Simonin
et al., 2013. A number of meteorological variables are also com-
pared for the source conditions and are presented in Table 3. For
moisture sourced from the land surface the relative humidity at
the moisture source was lower and the temperature greater than
Table 2
Estimated percentage of moisture sourced from each of the regions identified in Fig. 4,
for samples in each of the clusters. Values greater than 10% are presented in bold.

Region 1 2 3 4 5 6

NW 3.7 3.7 0.0 0.0 0.8 91.8
NE 0.7 26.4 6.4 2.6 0.9 63.0
ENE 0.0 40.1 11.1 3.3 0.2 45.3
SE 0.2 20.4 44.1 20.4 0.1 14.8
S 0.0 6.2 48.4 32.4 0.0 13.0
SW 0.0 2.3 5.8 30.1 0.1 51.7
W 1.3 4.8 1.1 20.2 3.2 69.4
at the ocean source. Interestingly there is no significant difference
in the D-excess of these two groups of samples which may have
been expected due to moisture re-cycling from the land surface.
One factor that may attribute to this is the important role of mixing
in the air masses as they travel from the ocean, overland, to the col-
lection site (see Section 3.2.2).

3.3. Variability due to synoptic weather systems

Scholl et al. (2009) classified event based precipitation samples,
from sites in eastern Puerto Rico, by prevailing weather systems
(e.g. tropical storms, low pressure systems, high pressure systems,
troughs, fronts, etc.). Further, they correlated the isotopic composi-
tion in precipitation with the maximum altitude of precipitation
within the cloud and the in-cloud atmospheric temperature and
found that isotopically depleted precipitation was associated with
low pressure systems and convective systems, for which condensa-
tion may occur over a large vertical distance (Guan et al., 2013).
Precipitation substantially depleted in d18O and d2H was associated
with large low pressure systems. On the other hand the winter pre-
cipitation (occurring from high pressure systems and frontal sys-
tems) was isotopically enriched. They discussed that clouds
associated with high pressure systems reached lower altitudes
than in the case of low pressure systems, hence the condensation
temperature (which has an impact on the isotopic composition of
precipitation; Dansgaard, 1964; Clark and Fritz, 1997) was higher
for high pressure systems. High pressure systems may also contain
a larger proportion of land surface recycled moisture. Windhorst
et al. (2012) also found higher d18O values in precipitation associ-
ated with trade winds.

Other studies of low pressure cyclonic systems include Baldini
et al. (2010), Gedzelman and Lawrence (1990), Gedzelman et al.
(2003) and Sinclair et al. (2013). Sinclair et al. (2013) found that
low d2H values were associated with precipitation from a strength-
ened trough of low pressure around Antarctica. Large spatial vari-
ability in precipitation isotopic values was seen around cyclonic
systems by Gedzelman and Lawrence (1990) and Gedzelman
et al. (2003), which is also consistent with a large range in d18O val-
ues found in a study from Irish (Dublin) precipitation events result-
ing from cyclonic weather systems (Baldini et al., 2010).

Here we investigate the isotopic composition at Mt Werong
based on the synoptic weather system associated with the precip-
itation event. The composite MSLPs for each synoptic weather clas-
sification are shown in Fig. 6. The number of samples, by season,
for each classification is presented in Table 4, showing that the
ECL systems occurred more frequently in winter, post frontal pre-
cipitation occurred more often in autumn and winter, whilst inland
troughs were more frequent in spring and summer.

The distributions of d18O, D-excess, precipitation amount, and
air mass prior cumulative rainfall for each synoptic system are
presented in Fig. 7. Precipitation amount weighted values are
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Fig. 6. Average MSLP (hPa) for the identified synoptic weather systems; (a) East Coast Low, (b) Offshore high, (c) Inland trough, (d) Pre-frontal trough, (e) Pre-frontal and (f)
Post-frontal.

Table 4
The number of samples classified in each synoptic weather system, for each season.

System Autumn Winter Spring Summer

East coast low 0 5 1 0
Offshore high 7 7 3 7
Inland trough 9 8 15 27
Pre-frontal trough 1 4 1 4
Pre-frontal 1 7 5 2
Post-frontal 10 15 5 2
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presented in Table 5. Each weather system had moisture sourced
from more than one of the identified classification in Table 1. The
mean d18O was similar for all weather systems except ECLs, which
were significantly more depleted (p-value = 0.05) and showed the
largest variability, consistent with other studies (Gedzelman and
Lawrence, 1990; Gedzelman et al., 2003; Baldini et al., 2010). Fur-
ther, it has been reported that the impact of the ECL systems at a
particular location is dependent on the location of the ECL’s centre
over the Tasman Sea (Speer et. al., 2009), which may explain the
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large variability for d18O values for these systems. Back trajectories
corresponding to precipitation from the ECL systems were classi-
fied in either the SE, S or W clusters. The correlation coefficient be-
tween d18O and the distance from the centre of the ECL to the
measurement site was 0.62 (p-value = 0.18). However, a more sig-
nificant correlation was found between the d18O of the samples
and the air mass prior cumulative rainfall (r = �0.9 with p-va-
lue = 0.01), whereas the correlation coefficient between d18O and
sample precipitation amount was only 0.12. These results indicate
that the climatology of ECL systems could impact upon long term
trends in the d18O of the precipitation input for the Sydney region.
The impact of tropical cyclone rainfall on low-latitude paleoclima-
tology has been discussed in Frappier (2013), i.e. the depleted d18O
values associated with these systems can be transferred to the sta-
lagmite oxygen isotope records, but in the process they can mask
major El Nino events.

A correlation coefficient of �0.52 (p-value = 0.12) was found be-
tween d18O and both the air mass prior cumulative rainfall and
precipitation at the site, for the pre-frontal trough systems, indicat-
ing that large scale rainout has an impact on the d18O of precipita-
tion from these systems. The correlation coefficients between d18O
and air mass prior cumulative rainfall were much smaller for the
other systems, i.e. offshore high (r = 0.06), inland troughs (�0.1),
pre-frontal (�0.25), and post frontal (�0.33), indicating that rain-
out was not the major driver of d18O variability for these systems.
At Mt Werong higher median d18O values of precipitation were
also associated with precipitation from high pressure systems and
pre-frontal systems (Fig. 7), as found in other studies (see first par-
agraph in this section).

Besides the ECLs, all systems showed large D-excess variability.
When only the inland troughs and post-frontal systems are consid-
ered, on average the D-excess results for the Sydney region reflect
the finding of Guan et al. (2013) for Adelaide, where the post-fron-
tal systems result in higher precipitation D-excess than the inland
troughs. However, for Sydney the D-excess for the inland troughs
had a high variability (Fig. 7). Inland troughs are often associated
with thunderstorms, (42% of the samples in this case, as reported
by the local observer) from convective systems which are known
to be complex and inhomogeneous (Dansgaard, 1964; Bony et al.,
2008). This was also evident in the large variability in the precipi-
tation amount for these systems (Fig. 7c). Higher median D-excess
values were associated with precipitation from high pressure sys-
tems, consistent with findings by Windhorst et al. (2012) for a
study in Ecuador, which they attributed to moisture re-cycling.

3.4. Seasonal isotopic variability

To obtain an indication of what conditions result in isotopic
depletion and enrichment in summer and winter the 10% of most
depleted and most enriched samples have been analysed for each
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season. The back trajectories corresponding to those hours for
which precipitation was recorded at the site are presented in
Fig. 8, where more back trajectories were calculated for the de-
pleted groups, due to longer lasting events.

Analysis of the moisture source regions presented in Table 6,
showed that the moisture for winter depleted events was largely
derived from off the east coast (80.4% from regions 2 and 3) and
the Southern Ocean (12.1% for region 4), whilst the summer de-
pleted events illustrated an east coast source (57.8% – regions 2
and 3 combined) and a continental evapotranspiration source
(34.8% – region 6). Moisture for the enriched events showed a large
contribution from continental evapotranspiration, 66.6% and 39.9%
for winter and summer, respectively. Winter enriched samples also
showed a moisture contribution from region 2 (2.3%), 3 (9.5%) and
4 (12.8%), indicating an increasing moisture contribution moving
from north east (warmer SST) of the site to the Southern Ocean
(cooler SST), which may result in a decrease in D-excess (Uemura
et al., 2008), evident from Table 6. On the other hand, summer en-
riched events showed the opposite trend with a relatively small
contribution from the Southern Ocean (region 4 – 0.3%), and an
increasing contribution from region 3 (19.1%) to region 2 (40.7%).

The composite MSLP maps associated with the depleted and en-
riched events are shown in Fig. 9. These maps give an indication of
the types of prevailing synoptic weather systems that produce the
precipitation. The winter depleted events show a cyclonic low
pressure system near the east coast, which is a characteristic of
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Fig. 8. Ten day back trajectories for (a) winter most depleted samples, (b) winter most en
samples.
ECLs, with moisture transported from south and southeast of the
site. The summer depleted events show an inland region of low
pressure between two high pressure systems. Inland troughs
would draw moisture down from a warmer moisture source to
the north of the site (moisture region 2 and over land, see Table 6),
converging towards the trough where moist air would experience
convection.

The air mass prior cumulative rainfall was higher for both sum-
mer and winter depleted samples, indicating depletion was most
likely due to greater rainout prior to the site.

Both the summer and winter enriched events do not show clear
synoptic patterns that would be associated with large precipitation
events, which is reflected in the precipitation amount. The winter
events show evidence of baroclinicity along the east coast that
could be associated with the passing of a cold front, whilst summer
events show a high pressure system located in the Tasman Sea. The
enriched events could be associated with local short duration and
low intensity precipitation events.

Both the winter and summer most depleted samples had a
similar D-excess, reflecting the similar relative humidity at the
moisture source. The winter most enriched samples had a high
D-excess indicative of evaporation in low humidity conditions
(Froehlich et al., 2002), supported by the precipitation weighted
relative humidity at the moisture source of 45% and also about
66% of the moisture was sourced over land (Table 6). On the other
hand the summer most enriched samples had a low D-excess
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riched samples, (c) summer most depleted samples and (d) summer most enriched
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Fig. 9. Average of sea level pressure (hPa) for (a) winter most depleted samples, (b) winter most enriched samples, (c) summer most depleted samples and (d) summer most
enriched samples.

Table 5
Precipitation weighted d18O, d2H and D-excess, average precipitation and meteorological parameters for the six identified weather systems. The standard deviation from values is
also presented in brackets.

System N Precipitation
(mm)

d18O (‰) d2H (‰) D-excess
(‰)

Air mass prior rainfall
(mm)

Local surface Surface level at
moisture source

Temp.
(�C)

Rel. Hum.
(%)

Rel. Hum.
(%)

Temp.
(�C)

ECL 6 8.91(6.53) �11.00(5.65) �70.95(46.01) 17.09(3.15) 24.46 4.50 90.67 73.05 10.27
Offshore high 24 8.02(8.96) �4.15(2.00) �14.30(14.03) 18.93(4.94) 22.60 15.23 70.73 65.46 18.21
Inland trough 59 15.85(23.74) �6.13(3.03) �32.74(24.65) 16.30(3.71) 25.69 15.18 87.11 66.83 17.95
Pre-frontal

trough
10 8.35(7.23) �5.65(1.85) �28.34(15.54) 16.88(1.66) 41.95 14.02 82.34 66.50 21.36

Pre-frontal 15 10.26(6.98) �5.45(2.55) �24.71(20.10) 18.89(3.52) 20.59 9.18 77.45 58.25 19.34
Post-frontal 32 7.13(6.26) �5.15(2.25) �22.12(24.65) 19.06(3.71) 26.18 8.20 77.78 56.89 15.92
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indicative of re-evaporation of rain drops below the cloud (Froeh-
lich et al., 2002), supported by the high local surface temperature
and low local surface relative humidity (Table 6). There was little
difference between the conditions at the moisture source for the
summer depleted and enriched samples. Also the average sample
precipitation amount for the isotopically enriched groups was low-
er than for the isotopically depleted group. The usefulness of D-ex-
cess is illustrated when the most enriched samples were analysed,
i.e. high D-excess for the winter samples indicating evaporation in
low humidity conditions and low D-excess in summer (coupled
with the higher d18O) indicating the possible re-evaporation below
the cloud.
4. Conclusions

The stable isotope composition of single event precipitation at
Mt Werong was analysed. A better correlation coefficient was seen
between the precipitation d18O and the air mass prior cumulative
rainfall (r = �0.25) than between precipitation d18O and the
amount of precipitation at the site (r = �0.15).

Back trajectory cluster analysis showed no significant difference
in the arithmetic mean of d18O between the clusters, aside from
trajectories arriving over land from the northwest. This may be
an indication that the conditions over the oceanic moisture sources
are not sufficiently different to cause large changes in the isotopic



Table 6
Average measured precipitation at the site, precipitation weighted d18O, d2H, D-excess, local surface temperature, local relative humidity and precipitation weighted relative
humidity and temperature at the moisture source (calculated according to Eq. (1)) for summer and winter most depleted and most enriched samples. Within each group there
were five samples. Also included is the% of moisture sourced from each region identified in Fig. 4 (there was no contribution from region 1).

Av. Precip.
(mm)

d18O
(‰)

d2H
(‰)

D-excess
(‰)

Local surface level Surface level at moisture
source

Moisture from each source
region (%)

Temp.
(�C)

Rel. Hum.
(%)

Rel. Hum.
(%)

Temp.
(�C)

2 3 4 5 6

Winter most depleted 26.9 �11.96 �80.00 15.65 6.13 90.22 70.58 11.86 48.5 31.9 12.1 0.0 7.5
Winter most enriched 4.6 �2.43 1.11 20.58 8.00 73.06 45.66 22.57 2.3 9.5 12.8 8.4 66.6
Summer most

depleted
38.0 �7.35 �41.82 16.97 19.38 81.71 69.53 22.00 49.4 8.4 7.4 0.0 34.8

Summer most
enriched

10.9 �1.39 0.06 11.19 22.58 50.93 66.28 21.36 40.7 19.1 0.3 0.0 39.9
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composition at the precipitation site on an individual sample basis
due to the dominance of other processes. However, when the clus-
ter precipitation weighted average values were considered a signif-
icant relationship existed between the isotopic composition of the
precipitation and the air mass prior cumulative rainfall. Further,
two distinct moisture sources (land based or oceanic) were identi-
fied by selecting those samples with 80% or more of the moisture
sourced over land which were relatively enriched in d18O (with a
precipitation weighted average of -3.5‰) compared to those sam-
ples for which 80% or more of the moisture was oceanic (with a
precipitation weighted average d18O of �7.1‰).

Classification by synoptic weather systems showed that the
arithmetic mean precipitation d18O for the ECLs was significantly
different (lower) from all other systems (p-value = 0.05), and it
exhibited a large variability (standard deviation of 5.65‰), which
in turn was dependent on the air mass prior cumulative rainfall
and distance from the site to the centre of the low pressure system.
The arithmetic mean precipitation d18O values for the other sys-
tems were not significantly different. These results indicate that
the occurrence of ECL systems is the most likely contributor to long
term changes for isotopically depleted precipitation d18O inputs to
speleothems or groundwater recharge in the Sydney region. Pre-
cipitation resulting from ECL systems, inland troughs and pre-fron-
tal troughs had the lowest precipitation weighted mean D-excess.

Analysis of the summer most depleted and most enriched sam-
ples showed the same moisture source regions, however, the more
depleted samples were from well-developed synoptic systems
from which more precipitation had occurred both at the site and
prior to the site. The winter depleted samples were more likely
to result from ECLs. Both the summer and winter enriched events
could be associated with local short duration and low intensity
precipitation events.
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