
HYDROLOGICAL PROCESSES
Hydrol. Process. 31, 20–34 (2017)
Published online 31 August 2016 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/hyp.10885
Precipitation stable isotope variability and subcloud
evaporation processes in a semi-arid region
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Abstract:

The stable isotopic (2H/1H and 18O/16O) composition of precipitation has been used for a variety of hydrological and
paleoclimate studies, a starting point for which is the behaviour of stable isotopes in modern precipitation. To this end, daily
precipitation samples were collected over a 7-year period (2008–2014) at a semi-arid site located at the Macquarie Marshes, New
South Wales (Australia). The samples were analysed for stable isotope composition, and factors affecting the isotopic variability
were investigated. The best correlation between δ18O of precipitation was with local surface relative humidity.
The reduced major axis precipitation weighted local meteoric water line was δ2H= 7.20 δ18O + 9.1. The lower slope and intercept
(when compared with the Global Meteoric Water Line) are typical for a warm dry climate, where subcloud evaporation of
raindrops is experienced. A previously published model to estimate the degree of subcloud evaporation and the subsequent
isotopic modification of raindrops was enhanced to include the vertical temperature and humidity profile. The modelled results
for raindrops of 1.0mm radius showed that on average, the measured D-excess (=δ2H� 8 δ18O) was 19.8‰ lower than that at
the base of the cloud, and 18% of the moisture was evaporated before ground level (smaller effects were modelled for larger
raindrops). After estimating the isotopic signature at the base of the cloud, a number of data points still plotted below the global
meteoric water line, suggesting that some of the moisture was sourced from previously evaporated water.
Back trajectory analysis estimated that 38% of the moisture was sourced over land. Precipitation samples for which a larger
proportion of the moisture was sourced over land were 18O and 2H-enriched in comparison to samples for which the majority of
the moisture was sourced over the ocean.
The most common weather systems resulting in precipitation were inland trough systems; however, only East Coast Lows
contributed to a significant difference in the isotopic values. Copyright © 2016 Australian Nuclear Science and Technology
Organisation. Hydrological Processes. © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

The stable isotopic (2H/1H and 18O/16O) composition of
precipitation has been used for a variety of hydrological
studies, e.g. groundwater and surface water mixing, and
the study of atmospheric processes (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 climatic variables can be studied using
the Global Network of Isotopes in Precipitation data (e.g.
Dansgaard, 1964; IAEA, 1992; Araguás-Araguás et al.,
2000). Higher frequency data, such as presented here, can
be used to study such aspects as the relationship between
precipitation isotopes and moisture sources and synoptic
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weather systems, which is difficult to achieve using
monthly averaged values (e.g. Friedman et al., 2002;
Burnett et al., 2004; Sjostrom and Welker, 2009;
Crawford et al., 2013). Present-day relationship between
climatic variables and stable isotopes can be used to infer
past climatic conditions, for example, using such
paleorecords as stalagmites and ice cores (Dansgaard
et al., 1993; Bar-Matthews et al., 1997; Tan, 2014).
Studies of high frequency variability of δ18O in

precipitation in the Australian region include sites in
Tasmania (Treble et al., 2005; Barras and Simmonds,
2008), Melbourne (Barras and Simmonds, 2009),
Adelaide (Guan et al., 2009, 2013) and four sites in the
Sydney region (Hughes and Crawford, 2013). However,
until now, a long-term high frequency data set was not
available for an inland Australian semi-arid region. This
study analyses a 7-year record of the isotopic composition
of daily precipitation samples at the Macquarie Marshes.
The Macquarie Marshes are located in semi-arid North
. Hydrological Processes. © 2016 John Wiley & Sons, Ltd.



21SUBCLOUD EVAPORATION IN A SEMI-ARID REGION
west New South Wales (NSW), Australia. The
Macquarie Marshes Nature Reserve, with an area of
~200km2, was created in 1971. It is one of the largest
remaining inland semi-permanent wetlands in south-
eastern Australia and is of international importance,
being listed as a Ramsar site since 1986 (Wen et al.,
2013, and references therein). The average precipitation
to potential evapotranspiration ratio, or aridity index, in
this region is approximately 0.35, resulting in high
evaporative losses from surface water bodies and
corresponding isotopic enrichment of residual water.
Given the δ2H and δ18O composition of a precipitation

sample, the deuterium excess of the sample can be calculated
as D-excess=δ2H�8 δ18O (Dansgaard, 1964). The D-
excess is influenced by the conditions at the moisture source;
generally, there is a negative correlation between D-excess
and relative humidity and a positive correlation with sea
surface temperature (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 extent of evaporation of raindrops below the cloud
base underwarmdry conditions (which reduces theD-excess
of the rainfall) and moisture recycling by evaporation from
overland water bodies (which may increase the D-excess of
the rainfall), (Jacob and Sonntag, 1991; Froehlich et al.,
2008; Peng et al., 2010). Recently, Froehlich et al. (2008)
and later Kong et al. (2013) used the model developed by
Stewart (1975) to quantify the effect of subcloud evaporation
on the D-excess of event-based precipitation.
At the Macquarie Marshes, it is expected that subcloud

evaporation will be a major driver in this terrestrial
system; therefore, the influence of subcloud evaporation
of raindrops on D-excess variation in rainfall isotope data
is assessed using the methodology described in Kong
et al. (2013) with one enhancement. As the distance from
the base of the cloud to the ground can be large and
temperature and humidity can vary over this distance, the
model was modified to take into account the vertical
variation of temperature and humidity. It is anticipated
that our high-frequency data set will provide a means for
estimating the subcloud effect on the D-excess of
precipitation for the first time for a site in the
Murray–Darling Basin. The study is particularly signif-
icant as it provides much needed isotopic rainfall input
data to provide greater certainty for hydrological models
in this important food production area of Australia.
We use the 7-year data set of daily precipitation to

develop a local meteoric water line (LMWL) for the
Macquarie Marches. We also assess the variability in
rainfall stable isotopes with regard to (1) seasonality, (2)
climatic variables, (3) synoptic weather systems and (4)
land and oceanic moisture sources. In addition, we
Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
modify the model of Kong et al. (2013) and use the
modified model to quantify the impact of below cloud
evaporation on D-excess of precipitation. This then
allows us to identify whether other processes such as
overland moisture sources are leading to low D-excess
values in rainfall at this semi-arid site.
The outcomes from this study can be used as input data

for hydrological modelling and an understanding of the
dominant processes in semi-arid climatic regions across
the world. This information can also be used in
paleoclimate records interpretation.
METHODS AND DATA

Study site

The Macquarie Marshes are located in the north west of
NSW on the western side of the Great Dividing Range
(Figure 1). The region has a semi-arid climate with low
precipitation (annual precipitation of 447.1mm), hot
summers (mean maximum temperature of 34.6 °C) and
cold winters (mean minimum temperature of 4.0 °C;
BOM, 2015; Wen et al., 2013). The sampling site is
located at the southern edge of the marshes at 30.89°S,
147.49°E and 153 mAHD (Australian Height Datum).
The long-term (1900 to 2014) average monthly

precipitation and mean monthly minimum and maximum
temperatures at the nearby Bureau of Meteorology (BOM)
site, Quambone Station (site no. 051042 located at 30.93°S,
147.87°E and 152m above sea level), are presented in
Figure 2. Marginally higher precipitation amounts occur in
the summer months, with the highest long-term monthly
mean precipitation occurring in January (50.6mm) and the
lowest in August (27.1mm). The average number of annual
rain days is 45 spread fairly uniformly across the year.
Potential areal evapotranspiration (~1300mm per

annum; BOM http:/ /www.bom.gov.au/jsp/ncc/
climate_averages/evapotranspiration/) exceeds the annual
precipitation by a factor of three in this region. However,
the extent of evaporation varies over the year, with
maximum potential evaporation occurring in summer
together with the higher precipitation months.
It is unlikely that diffuse rainfall recharge contributes

significantly to groundwater in this semi-arid environment
because the high evaporation rates and presence of
impermeable clay-rich soils would make it difficult for
small volumes of rainfall to recharge the shallow aquifer
and form groundwater (Meredith et al., 2015). It is
therefore presumed that the majority of local precipitation
is subject to evapotranspiration following rainfall events.
Surface water in the Macquarie Marshes is generally
sourced from upstream, rather than local runoff, including
allocated environmental releases from Burrendong Dam
more than 200km to the south east.
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)
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Figure 1. Location of the Macquarie Marshes and key data source and comparison sites referred to in the text. In the inset, the Macquarie Marshes Nature
Reserve is shaded red, and the extent of the floodplain wetland during infrequent periods of inundation is indicated in blue hatching. The Murray Darling

Basin is shaded grey

Figure 2. The monthly mean precipitation and mean minimum and
maximum temperatures at Quambone, (means calculated from 1900 to
2014). Also presented, by crosses, is the monthly average precipitation for

the sampling period (February 2008 to December 2014)
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Precipitation sample collection

Daily precipitation samples were collected from
February 2008 to December 2014 (a total of 284 samples,
two of which were rejected based on precipitation
amount of 1mm and high values of δ18O and δ2H,
indicating possible evaporation in the sampler) at
Macquarie Marshes (Willie Retreat; BOM station no.
51084), lat 30.89°S, long 147.49 deg E, elevation 153 m
AHD. Rainfall samples were collected daily after rain
Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
events from a rainfall sampler designed to minimize
evaporation as described by Hughes and Crawford
(2013) and stored unpreserved in high-density poly-
ethylene bottles. The monthly average precipitation for
this period is shown by the crosses in Figure 2. Generally,
higher precipitation averages were seen for the sampling
period as compared with the long term averages,
particularly for the warmer months. This is largely
because of the sampling period being dominated by La
Niña periods (2007–2008, 2010–2011 and 2011–2012).
On the other hand, only one moderate El Niño period
(2009–2010) was recorded over the sampling interval
(NWS, 2015).
Other meteorological variables were not available at

the site; hence, measurements from the nearest BOM sites
were used. Air temperature was sourced from Quambone
Station (BOM station no. 051042, located at 36 km from
sampling site). The relative humidity was calculated using
temperature and dew point temperature, which were
sourced from Coonamble Airport – BOM station no.
051161 (located at 85 km from the sampling site).
Isotope analyses for the samples collected prior to

November 2008 were undertaken at the CSIRO Adelaide
laboratories using IRMS, with a reported accuracy of ±1.0
and ±0.15‰ for δ2H and δ18O respectively (March
samples only) or cavity ring-down spectroscopy on a Los
Gatos LGR DLT-100 with a reported accuracy of ±0.6
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



23SUBCLOUD EVAPORATION IN A SEMI-ARID REGION
and ±0.2‰ for δ2H and δ18O respectively. From
November 2008 to May 2010, analyses were conducted
at the Alberta Research Council laboratories using isotope
ratio mass spectrometry with a reported accuracy of ±1.0
and ±0.20‰ for δ2H and δ18O respectively. All the
samples collected from June 2010 onwards were analysed
using a cavity ring-down spectroscopy method on a
Picarro L2120-I Water Analyser (reported accuracy of
±1.0, ±0.2‰ for δ2H and δ18O respectively). All of these
laboratories run a minimum of two in-house standards
c a l i b r a t ed aga i n s t VSMOW/VSMOW2 and
SLAP/SLAP2 with samples in each batch. All isotope
results are reported as per mil (‰) deviations from the
international standard, Vienna Standard Mean Ocean
Water. Detailed descriptions of the methods are included
with the sample data in the Supplementary material.
Back trajectory and trajectory meteorological data

Locations of moisture sources and large scale rainout
from an air mass, before reaching a sampling site, can be
identified using back trajectories and meteorological
information along the back trajectories (e.g. Friedman
et al., 2002; IAEA, 2005; Barras and Simmonds, 2008;
Sodemann et al., 2008; Sjostrom andWelker, 2009; Vachon
et al., 2010). Back trajectories in the current study were
generated using Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT; Draxler and Rolph, 2003),
with the 1°×1° meteorological data set which is generated
by the global data assimilation system (GDAS) model run
by the US National Weather Service’s National Centre for
Environmental Prediction. To examine moisture sources
and rainout, we use the location of the back trajectories, the
altitude of trajectories, relative humidity, planetary bound-
ary layer height and precipitation, as calculated by the
HYSPLIT model at each point along the back trajectory.
These variables are interpolated by HYSPLIT from the
GDAS data sets, which are available at ftp://arlftp.arlhq.
noaa.gov/archives/gdas1.
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).
On the examination of the vertical profiles of relative
humidity, the lowest altitude at which the relative
humidity was greater than 80% was between 1500m
above mean sea level (m.s.l.) and 2000m (m.s.l.), and as a
result, an altitude of 1750m (m.s.l.) was chosen for back
trajectory calculations. Further, as the hour of day on
which the precipitation occurred was not available, a back
trajectory for each hour of the day was generated, and
average values were used.
Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
The locations of surface moisture sources were
identified as points along the back trajectory where
absolute humidity increased by more than 0.04 gkg�1 h�1

and when the air mass was within the planetary boundary
layer, according to Sodemann et al. (2008). When the
absolute humidity was below 0.05 gkg�1, it was assumed
that no previously sourced moisture contributed to the
current precipitation event (Sodemann et al., 2008;
Baldini et al., 2010). Ten-day back trajectories were used
(corresponding to a mean residence time of water in the
atmosphere of about 10days; Trenberth, 1998; Gat, 2000;
Friedman et al., 2002), and at locations where moisture
was evaporated from the surface, the relative humidity
and temperature at surface level were extracted from
HYSPLIT. The cumulative precipitation from the air
mass prior to the sampling site was also calculated as the
sum of precipitation along the back trajectory prior to
reaching the site and starting from the last point where
moisture was sourced for the current event.
For each back trajectory, moisture could be sourced

from more than one location along the back trajectory,
and this moisture was integrated along the back trajectory
(say tot_moisture). Integration was also performed only
for moisture sourced while the back trajectory was over
land, and then using tot_moisture, the fraction of the
moisture sourced from over land was determined. The
reported fraction of moisture sourced over land was
the precipitation amount weighted average from all
sampling days.
Synoptic weather classification

A synoptic weather classification scheme was used to
investigate the isotopic composition of precipitation by
synoptic weather system type. For this study, a slightly
modified synoptic weather classification scheme to that in
Crawford et al. (2013) was used to investigate the
isotopic composition of precipitation. Five of the weather
systems from Crawford et al. (2013) were selected:

• East Coast Low – closed cyclonic low-pressure systems
off the east coast of Australia (ECL: Speer et al., 2009,
referred to as offshore lows in Matthews and Geerts,
1995), the centres of which vary in latitude along the
east coast.

• 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 trough – these occur more often in non-winter
months. Their location varies over the continent.

• Pre-frontal – pre-frontal troughs and pre-frontal
systems as described in Crawford et al. (2013) are
grouped in this system type. The decision was made to
group these two systems together, as precipitation from
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)
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24 J. CRAWFORD ET AL.
frontal systems is less frequent at the Macquarie
Marshes, and the difference in isotopic values in
precipitation from these two systems was low in the
previous study.

• Post-frontal – where precipitation occurred during and
immediately after the passage of the front.

In addition, local low pressure systems were identified
separately for this site when overland low pressure
systems were identified to distinguish them from inland
troughs. The reader is referred to Matthews and Geerts
(1995) and Crawford et al. (2013) for mean sea-level
pressure maps for the different synoptic types considered.
To identify the weather systems resulting in precipita-

tion at the site, mean sea-level pressure maps were used
(BOM, 2012).
RESULTS AND DISCUSSION

Stable isotope distribution

Histograms representing the number of samples in each
specified range of the δ18O and δ2H values of the daily
precipitation samples are presented in Figure 3. The range
of the δ18O values was from �15.08 to 5.39‰ with an
arithmetic mean of �3.14‰ (precipitation weighted mean
of �4.04‰), while the δ2H range was from �107.9 to
39.0‰ with an arithmetic mean of �15.5‰ (precipitation
weighted mean of �20.1‰). The precipitation weighted
mean values are similar to a NSW coastal site, Lucas
Heights (located 480km to the south-east; Hughes and
Crawford, 2013). However, these similar values result
from different processes; e.g. at Lucas Heights, being
located close to the coast, there would be little depletion
of isotopes as a result of the continental effect, whereas at
the Macquarie Marshes, one contributing process would
be subcloud evaporation of raindrops (which results in
18O and 2H-enriched rainfall), which is more likely a
result of the higher summer temperatures and lower
Figure 3. Histograms, representing the number of samples in each range, of

Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
rainfall amounts. The resulting low D-excess is the reason
for the observed skew in the δ2H distribution.
The distributions of the δ18O values and D-excess by

month of year are presented in Figure 4. Higher δ18O
values were seen during the summer months, consistent
with Feng et al. (2009), where maximum δ18O values
were found in the summer months for sites located pole-
ward of 30° in the Global Network of Isotopes in
Precipitation. In our data, a considerable variation of δ18O
was seen within each month and particularly in the
warmer months.
The D-excess values ranged from�16.3 to 23.4‰with a

mean of 9.6‰ and a precipitation weightedmean of 12.3‰.
The precipitation weighted average D-excess is lower than
those reported for the Sydney Basin (Hughes and Crawford,
2013; where the range of D-excess was from 15.64 to
18.33‰ for sites located to the east of the Great Dividing
Range at a distance from 380 to 480km from our site.).
Hence, the difference between moisture sourced over land
and moisture sourced over the oceans was investigated
(Local and Oceanic Moisture Sources section).

Stable isotope variability

The relationships between the isotopic composition of
precipitation and climatic variables have been used in a
number of studies to infer the past atmospheric conditions
using rainfall records, such as from speleothems and ice
cores (Dansgaard et al., 1993; Bar-Matthews et al., 1997).
For example, the isotopic composition of the record has
been used to infer past precipitation amounts in tropical
areas and past temperature at higher latitudes (Noone and
Simmonds, 2002). However, statistically significant
relationships of δ18O and air temperature or precipitation
amounts are not readily identified from the measured
values alone. Hence, in this study, we investigate the
relationships between rainfall stable isotopes and climatic
variables to allow climatic interpretations to be made
more readily, for example, in groundwater studies.
δ18O and δ2H in the daily precipitation samples of the Macquarie Marshes

. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



Figure 4. Distribution of δ18O and D-excess with time of year at the Macquarie Marshes. The number of samples in each month is presented at the base
of (a). Boxes represent the 25th and 75th percentiles, the median is represented by the line through the box, whiskers represent the 10th and 90th

percentiles, and extreme events are indicated by open circles
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Prec ip i ta t ion amount . A regress ion fi t o f
δ18O=�0.06×P�2.4‰ was obtained (where P is the
precipitation amount), with a very low r2 value (0.05),
indicating that precipitation amount is not a controlling
factor of the isotopic composition of precipitation at this
site, particularly when smaller precipitation amounts are
taken into account. However, plotting δ18O against the
precipitation amount, Figure 5 shows that 92% of the
measurements lie below a line with slope of �0.17 and an
intercept of 4, which was fitted by visual inspection to
illustrate that larger volume precipitation is unlikely to be
more 18O and 2H-enriched relative to low volume
precipitation.
Figure 5. δ18O vs precipitation amount (with regression line dotted in
black δ18O =�0.06P� 2.4) for the Macquarie Marshes. The bounding
line (line in green δ18O =�0.17P + 4) was fitted by inspection which best
represented the fact that the δ18O of precipitation was unlikely to be high

for larger precipitation amounts

Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
Meteorological parameters. Correlation analysis of the
local surface temperature, local surface relative humidity
and a number of HYSPLIT-generated parameters (either
conditions at the moisture source or along the back
trajectory) with δ18O and D-excess was undertaken
(Table I). The best correlation both for δ18O and D-
excess was obtained with local surface relative humidity (
Table I and Figure 6). A negative correlation between
local surface relative humidity and δ18O and a corre-
sponding positive correlation with D-excess (both with a
p-value of less than 0.01) indicate that the subcloud
evaporation of raindrops has a significant effect on the
isotopic composition of precipitation at the study site, as
subcloud evaporation results in enriched precipitation
with a lower D-excess, and more evaporation occurs
under drier conditions. This is also supported by the
correlation with local surface temperature, albeit weak
(although with a p-value of less than 0.01; (e.g. Peng
et al., 2007), as higher temperatures promote re-
evaporation of raindrops. Regression equations between
δ18O (and D-excess) and the selected variables are
presented in Table II. About 30% of the variation in
δ18O can be explained by the local surface relative
humidity, which can be increased to 34% if we also
include relative humidity at the moisture source in the
regression equation.
The next highest correlations were between δ18O and

the air mass cumulative rainout prior to the site (which
reflects the rainout effect) and also the relative humidity at
the moisture source and along the back trajectory. The
rainout effect is a result of the well-known Rayleigh
process (Dansgaard, 1964), and thus, a correlation
between air mass cumulative rainout prior to the site
and δ18O has been seen at other sites, e.g. at Mt Werong
(Crawford et al., 2013; Samuels-Crow et al., 2014).
When monthly precipitation-weighted quantities were

considered, the correlation was lower for conditions
along the back trajectory and the temperature at the
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



Table I. Correlation coefficient (r) between δ18O (and D-excess) and selected parameters for precipitation in the Macquarie Marshes

Individual samples Monthly precipitation weighted

Parameter
Correlation
with δ18O

Correlation with
D-excess

Correlation
with δ18O

Correlation with
D-excess

Local surface relative humidity �0.55 0.39 �0.62 0.43
Relative humidity at the moisture sourcea �0.40 0.14 �0.28 0.11*
Air mass prior cumulative rainfalla �0.42 0.18 �0.31 0.17*
Relative humidity along the back trajectorya �0.38 0.18 �0.21 0.09*
Local surface temperature 0.37 �0.28 0.36 �0.34
Temperature at the moisture sourcea 0.31 �0.22 0.23 �0.29

a Derived using HYSPLIT from the gridded GDAS meteorological files; the other parameters were derived from the Coonamble Airport BOM site.
*Significant at 99% confidence level (p-value = 0.01).

Figure 6. Regression of a) local surface relative humidity with δ18O (δ18O =�0.11 h + 4.9, r2 = 0.30; and b) D-excess (D-excess = 0.16 h� 2.1, r2 = 0.15;
c), δ18O with relative humidity at the moisture source (δ18O =�0.15 h + 6.23, r2 = 0.16; and d) δ18O and prior rainout (δ18O =�0.1R� 0.32, r2 = 17; d)

for precipitation from the Macquarie Marshes. The p-value in all cases was less than 0.01

26 J. CRAWFORD ET AL.
moisture source. One factor that could contribute to this
is the potential large variation of conditions in the air
mass for the samples collected in the same month,
which would be reduced when the average values are
considered. The only improvement was seen for local
surface relative humidity, which is generally seasonally
controlled and not subject to spatial variation seen in
trajectory related parameters.
Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
Isotopic variability as a result of synoptic weather systems

In many parts of the world, it has been found that the
isotopic composition of precipitation can be influenced by
the prevailing synoptic weather systems (e.g. Dansgaard,
1964; Gedzelman and Lawrence, 1990; Clark and Fritz,
1997; Gedzelman et al., 2003; Scholl et al., 2009; Baldini
et al., 2010; Windhorst et al., 2012; Guan et al., 2013;
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)
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and Sinclair et al., 2013). For the Sydney region,
Crawford et al. (2013) found that the arithmetic mean
δ18O associated with ECLs was significantly lower than
that associated with other synoptic weather systems (with
a p-value of 0.05). Here, we investigate the isotopic
difference between precipitation events resulting from
different weather systems for this inland semi-arid site.
Each day, for which precipitation was sampled, was

classified according to the synoptic weather systems
presented in the Synoptic Weather Classification section.
The number of occurrences of each synoptic weather
system by season is presented in Table III, and the
distributions of δ18O, δ2H, D-excess and sample precip-
itation amount by synoptic weather system are presented
in Figure 7. Over the sampling period, inland troughs
Table III. The number of samples classified in each synoptic weath
average δ18O, δ2H and D-excess for precipitation at the Macquarie

System Autumn Winter Sprin

East Coast Low (ECL) 1 4 1
Local low (LL) 13 13 13
Offshore high (High) 17 7 1
Inland trough (Tr) 29 22 28
Pre-frontal trough (PFT) 7 8 8
Post-frontal (PF) 0 5 1

Figure 7. Box and whisker plots of δ2H, δ2H, D-excess and sample precipitat
(LL), high (High), inland trough (Tr), pre-frontal trough (PFT

Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
were the most common weather systems resulting in
precipitation at the Macquarie Marshes, with their highest
occurrence in summer. Least common weather systems to
contribute to precipitation at the Macquarie Marshes were
ECLs and post-frontal followed by pre-frontal trough
systems. As in Crawford et al. (2013), the ECLs resulted
in the most 18O and 2H-depleted precipitation. However,
the precipitation amount from ECLs was low at this site
(Figure 6d). The site is located further inland and on the
western side of the Great Dividing Range; hence, little
impact is seen from the ECLs which are centred over the
ocean off the east coast. Also, the precipitation weighted
average values for the ECLs were dominated by one
sample with a precipitation amount of 22mm, which
was 18O and 2H-depleted relative to the other samples.
er type, by season. Also presented are the precipitation weighted
Marshes

g Summer δ18O δ2H D-excess

3 �6.25 �37.10 12.92
18 �4.25 �20.78 13.18
11 �4.72 �25.99 11.86
50 �4.04 �20.12 12.18
7 �4.62 �23.43 13.50
3 0.47 9.57 5.82

ion amount by synoptic weather system; East Coast Low (ECL), local low
) and post-frontal (PF). Boxes and whiskers as in Figure 4
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Figure 8. The calculated ordinary least square regression local meteoric
water line (2008–2014, δ2H = 6.96 δ18O + 6.4, r2 = 0.94, p-value = 0.00),
global meteoric water line (δ2H = 8 δ18O + 10) and individual samples for

precipitation for the Macquarie Marshes
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A Welch test (i.e. a t-test for the significance in the
difference of the means of two populations when their
variances are unequal) was undertaken to see if the
differences in the mean δ18O between systems were
significant. The difference was significant at 95%
confidence level only between the ECLs and most other
systems (aside from high-pressure systems), indicating a
small difference in the isotopic signature between the
other synoptic weather systems. On the other hand, there
was little difference in the median D-excess between the
synoptic weather systems, indicating that processes
unrelated to the synoptic weather systems affect the D-
excess at this site.
The precipitation weighted average isotopic values for

each synoptic type are presented in Table III. The results
for the post-frontal systems were affected by one sample
with a high precipitation amount, and thus, post-frontal
systems are not considered further. Of the remaining
systems, inland troughs resulted in the most 18O and 2H-
enriched precipitation weighted isotopic composition with
a relatively lower D-excess.
These results show that the synoptic weather systems

have a small influence on the isotopic signature of
precipitation at this semi-arid site, and rainout, conditions
at the moisture source, and conditions at the sampling site
appear to be more important (from the correlation
coefficients in Table I).

Local meteoric water line

Using precipitation weighted reduced major axis regres-
sion (Crawford et al., 2014), the LMWL was calculated to
be δ2H=7.20 δ18O+9.2. When using precipitation weight-
ed least squares regression, the slope is higher than that
using ordinary least squares regression (OLSR; Table IV).
The slope of OLSR-developed LMWLs tends to be lower
than when precipitation weighted reduced major axis
regression is used for regions where subcloud evaporation
impacts on rainfall. This is because smaller samples which
are more likely to be impacted by subcloud evaporation
tend to have a smaller D-excess and when fitted using
OLSR have the same weighting in the fitting process.When
precipitation weighted regression is used, the larger
precipitation events, which are more hydrologically
Table IV. Local meteoric water lines

LMWL (PW

Summer δ2H= 7.26 (0.14) δ1

Winter δ2H= 8.31 (0.28) δ1

Annual δ2H= 7.20 (0.1) δ18O
Monthly precipitation weighted δ2H= 7.24 (0.2) δ18O

The standard errors of the estimated parameters are reported in ‘()’.
*Indicates that the difference in slope between OLSR and PWRMA was sig

Copyright © 2016 Australian Nuclear Science and Technology Organisation
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important, have a larger influence on the fit (Hughes and
Crawford, 2012; Crawford et al., 2014). Nevertheless, the
slope and intercept for both least square approaches are
lower than the GMWL (δ2H=8 δ18O+10; Craig, 1961;
note that the GMWL was developed using the OLSR
technique; thus, it is more appropriate to compare the
OSLR-derived LMWL with the GMWL). This trend is not
unique; a lower slope and intercept was also found for the
semi-arid region of the US Great Plains (Harvey and
Welker, 2000) and an arid region in northwest China (Pang
et al., 2011) and has been discussed by Hughes and
Crawford (2012) and Crawford et al. (2014). Lower slope
and intercept have also been observed for the OLSR-
LMWL at Cobar (Australia) for 2007 to 2013 (δ2H=6.97
δ18O+8.3; Meredith et al., 2015) developed from monthly
precipitation samples. The climate at Cobar is hot and
persistently dry; thus, subcloud evaporation would be a
contributing factor.
When we plotted δ2H against δ18O, two main

groupings of data were evident (Figure 8) – the data that
plotted on the GMWL (most of the winter precipitation)
RMA) LMWL (OLSR)

8O + 7.6 (0.7)* δ2H= 6.87 (0.2) δ18O+ 5.1 (0.8)
8O + 17.9 (1.6) δ2H= 7.44 (0.24) δ18O + 10.2 (1.4)
+ 9.1 (0.5)* δ2H= 6.96 (0.11) δ18O + 6.4 (0.5)
+ 9.2 (0.9) δ2H= 7.06 δ (0.2)18O+ 7.6 (0.9)

nificant at 95% confidence interval.

. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)
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and the data that plotted below the GMWL (which was
mostly for the warmer months; November to March). The
latter can be explained because small precipitation
amounts (under warm conditions) are subject to subcloud
evaporation (Dansgaard, 1964) and plot below the
GMWL. Of the 282 samples, 32% of the samples had
precipitation of less than 5mm, and of these, 44% were
associated with a local surface temperature of 20 °C or
more – favourable conditions for subcloud evaporation.
In the Subcloud Evaporation section, we investigate the
effect of subcloud evaporation on precipitation D-excess
at this site.
When only the winter data were considered, the slope

was closer to 8 (7.44; Table IV), consistent with the
winter data plotting close to the GMWL. For the summer
data on the other hand, slopes much less than 8 were seen.
This indicates that the summer data have the larger
influence on the annual LMWL. A slope lower than 8 was
also obtained when the monthly precipitation weighted
δ18O and δ2H values were calculated (Table IV).

Subcloud evaporation

The LMWL trends observed in the preceding sections
suggest that subcloud evaporation is affecting the D-excess
of the precipitation at this site. We investigate by howmuch
using the model of Froehlich et al. (2008), which is fully
documented by Kong et al. (2013). In the model, the
evaporation of a raindrop as it falls below the cloud is
estimated. Following this, the isotopic ratio modification in
the falling raindrop is estimated using the relative humidity
and the temperature of the atmosphere. In this application,
we model equilibrium fractionation according to Horita and
Wesolowski (1994). For this calculation, the cloud base is
assumed at 1500m above ground level (a.g.l.; this is a
similar altitude to that used by Kong et al., 2013). However,
instead of using the temperature and humidity at ground
level, a vertical temperature profile was used. We subdivide
the altitude below the cloud in six vertical layers with
boundaries at 200, 400, 600, 850, 1000, 1250 and 1500m a.
g.l. For the first 200m a.g.l., the temperature and humidity
obtained from the nearby BOM station were used
(Coonamble airport; BOM station no. 051161), whereas
for levels above this, the temperature and humidity were
extracted from the GDAS files using HYSPLIT. The levels
were chosen to correspond to the GDAS vertical resolution;
however, HYSPLIT interpolates for the values at the
selected points. An iterative procedure was then used where
the fraction of raindrop remaining, after falling through each
layer, was calculated working from the top layer down to the
ground level (i.e. the new radius of the raindrop as it fell
through a layer was recalculated from the fraction of
raindrop remaining, and then the new radius together with
the temperature and humidity of the next layer were used to
determine the fraction of the raindrop remaining as it fell
Copyright © 2016 Australian Nuclear Science and Technology Organisation
© 2016 John Wiley & Sons, Ltd.
through the next layer, etc. until it reached ground level).
Following this, the isotopic exchange of the raindrop with
the surrounding air was estimated where the temperature
and relative humidity were a volume weighted average of
the temperature and humidity in each level (where the
volume was the volume of raindrop evaporated in each
vertical layer).
Under the local conditions, the smallest raindrop that

could be modelled with some precipitation still occurring
at ground level was a raindrop of radius 1.0mm. Marshall
and Palmer (1948) reported raindrops between 0.5 and
~1.8mm in radius. Thus, raindrops of radius 1.0mm were
selected to represent the smaller raindrops, and raindrops
with radius of 1.5mm were chosen to represent the larger
raindrops.
For a raindrop with a radius of 1.0mm, the smallest

remaining fraction of the raindrop for all the samples was
between 35.6 and 97.8%, with a mean of 81.6%. It was
estimated that the measured D-excess at ground level was
between 1.9 and 72.0‰ lower than what it was at cloud
base (with a mean of 19.8‰, although there was one
event with an increase of 104.6‰ – corresponding to an
18O and 2H-enriched summer sample). On the other hand,
when using the surface-level temperature and humidity to
estimate the D-excess increase at the base of the cloud,
the range in the D-excess increase was 0.73 to 87.3‰,
(excluding the previously identified 18O and 2H-enriched
summer sample), indicating that overall, the subcloud
evaporation was higher when the surface level conditions
were used. However, when individual samples were
considered, the estimated subcloud evaporation was
higher when using the vertical levels in 100 out of the
282 cases, which could mostly be attributed to lower
relative humidity at a number of levels above the surface.
These results are consistent with previously reported
values, e.g. we found a relationship of 1.2‰ decrease in
D-excess per 1% evaporated fraction, which is similar to
Salamalikis et al. (2016) and therein cited values from
other studies.
Removing the samples for which the precipitation was

less than 2mm (i.e. samples that might have experienced
some evaporation in the sampler) resulted in the same
mean values for fraction of the remaining raindrop and
change in D-excess, as when all the samples were used.
After correcting for subcloud evaporation, the OLSR-

LMWL1500m (δ2H=6.1 δ18O+15.2) still had a lower
slope than the GMWL. This deviation from the GMWL
suggests that at this site, aside from subcloud evaporation,
other processes are forming the lower D-excess, e.g. a
moisture source which has experienced some prior
evaporation. To investigate this process, the isotopic
difference of precipitation between moisture sourced over
land and that sourced over the ocean was investigated (in
the next section).
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



31SUBCLOUD EVAPORATION IN A SEMI-ARID REGION
The change in D-excess, for all the samples, against the
remaining fraction of the raindrop is presented in Figure 9,
assuming the raindrops of radius 1.0mm and 1.5mm. The
difference between the raindrops of different sizes is the
fraction of evaporation; i.e. the larger the raindrops, the
smaller the fraction of the raindrop evaporated and thus
lower D-excess modification while the raindrops are
falling below the cloud. For a raindrop with a radius of
1.5mm, the remaining fraction of the raindrop for all the
samples was between 64 and 99%, with a mean of 90%.
The estimated range of the D-excess increase at the cloud
level to that measured at the ground level was 1.17 to
36.0‰, with a mean of 11.2‰. After correcting for
subcloud evaporation, the OLSR-LMWL1500m

(δ2H=7.49 δ18O+18) still had a lower slope than
the GMWL.

Local and oceanic moisture sources

The isotopic composition of the source moisture can
vary depending on the proportion of moisture sourced
from the ocean surface and evapotranspiration from the
land surface, e.g. transpiration returns moisture to the
atmosphere with relatively little fractionation compared
with the source water and therefore tends to be 18O and
2H-enriched relative to depleted vapour 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). While on longer
timescales, transpiration can be considered a non-
fractionating process, and more recently, a diurnal
variation in the D-excess above plants has been observed
(Welp et al., 2012; Zhao et al., 2014). Welp et al. (2012)
reported that the peak-to-trough amplitude (in the diurnal
Figure 9. Reduction in D-excess (at ground level as a result of subcloud
evaporation) against the remaining fraction of the raindrop for all the
samples (with the one outlier removed; black circles: raindrop with a

radius of 1.0 mm, red triangles: raindrop with a radius of 1.5 mm)

Copyright © 2016 Australian Nuclear Science and Technology Organisation
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cycle) of the D-excess in the vapour varied between sites
(e.g. 3.5‰ at Beijing and 7.7‰ at Luancheng).
Laboratory experiments for evaporation from soils

have found that the isotopic composition of the water
vapour is dependent on the time and depth of the soil
evaporation front (Braud et al., 2009a, b). Also, from
studies in the Sahara desert, it is known that in arid
regions, diffusive discharge of groundwater into the
atmosphere from groundwater discharge points (e.g.
springs) can occur (Araguás-Araguás and Froehlich,
1998; and references therein). In arid regions, the
groundwater is often enriched in heavy isotopes relative
to local meteoric waters (Araguás-Araguás and Froehlich,
1998); thus, any precipitation resulting from diffusive
moisture would be more enriched with lower D-excess. In
our study site, the average isotopic values of groundwater
(measured in December 2007, February 2008, April 2008
and October 2008) were δ18O of �3.41‰ and δ2H of
�22.7‰, resulting in a D-excess of 4.58‰. However, we
do not see that diffusive evaporation from the ground-
water is likely, as the water table is deep (~10m) and the
soils are predominantly clay. The δ18O and δ2H of the
groundwater at this site were higher than reported for
central Australia (δ18O from �9.2 to �5.7‰ and δ2H
from �67 to �50‰; Harrington et al., 2002), however,
the precipitation weighted mean δ18O and δ2H of local
precipitation at the Macquarie Marshes was �4.04 and
�20.1‰ respectively, compared with the more depleted
values of �6.3 and �33.8‰ respectively, at Alice
Springs (Harrington et al., 2002).
Local surface water, on the other hand, is much more

enriched, with values that range from �2.0 and +0.69‰
and �15.6 to +0.4‰ for δ18O and δ2H respectively
(giving a D-excess range of �5.12 to 0.4‰). Thus, the
surface water could contribute to more enriched vapour
with lower D-excess. Conversely, there is a small
variation in the δ18O of Australian marine surface waters
(~+0.1‰ over the oceans to the east and west of the
continent and ~�0.1‰, in the Southern Ocean; Bigg and
Rohling, 2000); thus, for moisture derived from the
ocean, the δ18O composition of the water vapour varies
mainly with the sea surface temperature and relative
humidity (Dansgaard, 1964; Majoube, 1971; Clark and
Fritz, 1997; Uemura et al., 2008; Lachniet, 2009).
To understand the source of moisture for this catchment,

the percentage of moisture sourced over land (which can be
from anywhere over the continent) was estimated for each
sample, as described in the Back Trajectory and Trajectory
Meteorological Data section. It was estimated that overall,
38% of the moisture was sourced over land (from the land
surface, which is close to the estimated 40% of terrestrial
precipitation originating from land evaporation; Van der Ent
et al., 2010). To investigate the effect of land sources versus
oceanic sources of moisture, two groups of samples were
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



Table VI. Precipitation weighted average values for samples
immediately prior and after the higher rain events in 2010

2009 2011

δ18O (‰) �4.37 �2.07
δ2H (‰) �22.0 �7.1
D-excess (‰) 12.9 9.5
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selected – those for which it was estimated that 75% ormore
of the moisture was sourced over the ocean, and the second
where 75% or more of the moisture was sourced over land.
The precipitation weighted averages of the selected
variables within each group are presented in Table V.
When the majority of moisture was sourced over land, (on
average, at the moisture source) the temperature was higher
(29 °C), and the relative humidity was lower (45%) than
when moisture was sourced over the ocean (where the
average temperature was 19°C and the average humidity
was 70%). The estimated relative humidity over the ocean is
lower than that in the National Centre for Environmental
Prediction reanalysis (Kalnay et al., 1996; long-term mean
of ~75 to ~80% off the east coast of Australia), which is
most likely a result of the interpolation by HYSPLIT of the
GDAS data files which are available on 1°×1° resolution. If
D-excess was affected by the conditions at the moisture
source, this would imply that the D-excess would be lower
when the majority of the moisture was sourced over the
ocean. However, the D-excess was lower when the majority
of moisture was sourced over land. This is most likely a
result of this moisture being evaporated from surface water
and overland transpiration. Decreasing D-excess in ground-
level vapour has been observed, post-monsoon period, for a
semi-arid site in India (Deshpande et al., 2010), which they
argued was a result of progressive enrichment of surface
water and soil moisture. Subcloud evaporation would also
contribute to overland moisture sources; however, this
moisture would have a higher D-excess as moisture
recycling increases the D-excess of the vapour (Froehlich
et al., 2008).
The samples for whichmore than 75%of themoisturewas

sourced over the ocean were 18O and 2H-depleted relative to
those where 75% or more of the moisture was sourced over
land. This further supports the possibility of vapour from
previously evaporated surface water and transpiration
contributing to precipitation when moisture was sourced
over land.However, the airmass rainout occurring before the
Table V. Precipitation weighted average of selected variables for
the two groups of samples – the first where 75% or more of the
moisture was sourced over the ocean and the second where 75%
or more of the moisture was sourced over land

>75% ocean>75% land

No. of samples 77 21
No. of samples winter 31 2
No. of samples summer 25 8
Temperature at moisture source (°C) 19 29
Relative humidity at moisture source (%) 70 45
Local surface relative humidity (%) 76 68
Average precipitation amount (mm) 11 11.6
Air mass prior cumulative rainfall (mm) 34.6 16
δ18O (‰) �5.2 �3.2
D-excess (‰) 12.5 12
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precipitation at the site was higher when moisture was
sourced over the ocean, thus further contributing to 18O and
2H-depleted precipitation signatures as a result of the rainout
process (i.e. heavier isotopes raining out earlier).
Back trajectory analysis showed that the oceanic

moisture was more likely to be sourced north-east of
the site, and for those samples when the D-excess was
below 0‰, the air masses were more likely to be arriving
from the north-west quadrant (i.e. over the desert regions
of Australia).
High precipitation occurred in the Macquarie Marshes in

2010 (a total of 1054mm compared with 482mm in 2009
and 487mm in 2011), and subsequently, more surface water
was available. The precipitation weighted isotopic values in
precipitation for 2009 and then for 2011 are presented in
Table VI. The difference in the means of the D-excess
distributions before and after 2010 was significant at 95%
confidence interval, indicating that evaporated surface water
might have contributed to the precipitation for 2011.
CONCLUSIONS

Daily precipitation samples were collected (over a 7-year
period; 2008–2014) at a semi-arid site located at theMacquarie
Marshes, NSW (Australia). The samples were analysed for
their isotopic (2H/1H and 18O/16O) composition, and factors
affecting the isotopic variability were investigated. The best
correlation with δ18O of precipitation was for local surface
relative humidity, closely followed by the relative humidity at
the moisture source, relative humidity in the air mass and
cumulative rainout from the air mass prior to the site.
The precipitation weighted RMA local meteoric water

line was calculated to be δ2H=7.20 δ18O+9.1 for the
Macquarie Marshes. For comparison with the GMWL, the
OLSR-derived LMWL was δ2H=6.96 δ18O+6.4. The
lower slope and intercept are typical for warm dry sites,
where subcloud evaporation of raindrops is experienced.
This was further supported by the best correlation of the
stable isotopes with local surface humidity, which would
affect the partial evaporation of falling raindrops. When
correcting for changes in isotopic composition as a result of
subcloud evaporation, the modelled results for raindrops of
1.0mm radius showed that on average, the measured
D-excesswas 19.8‰ lower than that at the base of the cloud,
. Hydrological Processes. Hydrol. Process. 31, 20–34 (2017)



33SUBCLOUD EVAPORATION IN A SEMI-ARID REGION
and 18% of the moisture was evaporated before ground
level. Once the correction was applied, a number of data
points still plotted below the GMWL, indicating that some
of the moisture was source from previously evaporated
water, e.g. surface water, or transpiration.
Using back trajectory analysis, it was estimated that

38% of the moisture was sourced over land. The
precipitation samples for which a larger proportion of
the moisture was sourced over land were 18O and 2H-
enriched with a lower D-excess in comparison to the
samples for which the majority of the moisture was
sourced over the ocean. These findings have implications
for other inland semi-arid regions in the world.
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