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ABSTRACT
With increasing climate variability and decreasing water resources,
the productivity of global agricultural systems is uncertain. This is
particularly relevant in semi-arid regions dependent on irrigation
where the response of the water and carbon balance to changes in
temperature and increasing levels of atmospheric carbon dioxide is
unclear.
In Australia, many irrigation systems exist in the semi-arid, southern
regions of the Murray Darling Basin and are of significant economic
value, accounting for 31% of the gross value of agricultural
production (ABS, 2012a). These same systems also account for the
majority (54%) of national water consumption (ABS, 2012c). As
agricultural production is sensitive to changes in climate, the forecast
increased magnitude and frequency of disruptive climatic variability
due to the enhanced greenhouse effect may negatively impact
productivity through alterations of crop physiology, decreased yield
and increased incidence of pests and disease. Furthermore, the
behaviour and response of the water and carbon balance to increasing
temperatures and atmospheric carbon dioxide concentration in these
systems is unknown. Therefore, this study aims to quantify water and
carbon dioxide fluxes of commonly irrigated broad-acre crops in
Australia and investigate the influence of environmental variables on
the mass and energy exchange of these systems.
The Coleambally Irrigation Area in south-western New South Wales
was selected for this study. The mass and energy exchange of three of
the major summer and winter crops (maize, rice and wheat)
commonly grown in this region were investigated through the use of
eddy covariance technologies. The impact of environmental variables
on water and carbon dioxide flux was examined through the
application of geostatistical regression models. These modelling
techniques in conjunction with an estimation of biophysical water

xvi

productivity enabled the investigation of the relationship between
water and carbon dioxide fluxes of these particular cropping systems.
In terms of evapotranspiration, the results showed that the largest
amount of water lost to the atmosphere was through the production of
rice; the cumulative total over the growing season was 783 mm.
According to the Food and Agriculture Organisation, the approximate
values of seasonal water use of rice generally ranges from 400 – 700
mm (Brouwer & Heibloem, 1986). Winter wheat production
accounted for the least amount of water lost; the cumulative total over
the growing season was 389 mm and was typical of seasonal water use
of irrigated maize grown in Australia (Sadras & McDonald, 2012).
As a C4 plant, maize was found to account for the greatest amount of
total carbon accumulation, or gross primary productivity, over the
course of the growing season; the cumulative total of gross primary
production was 1952 g C/m2/year and were higher the range of values
reported globally (789 g C/m2/year – 1796 g C/m2/year; Suyker &
Verma, 2012; Yan et al., 2009b). Due to decreased incoming solar
radiation and air temperature, and thus, decreased biomass production,
winter wheat accounted for the least amount of total carbon capture;
the cumulative total of gross primary production was 1367 g
C/m2/year and is within the reported range of 778 g C/m2/year and
1716 g C/m2/year (Dufranne et al., 2011; Gilmanov et al., 2003).
The results of the geostatistical regression modelling showed that net
radiation, air temperature, wind speed and rainfall all had an impact
on evapotranspiration rates of the two summer crops, maize and rice.
It was found that net radiation was primarily responsible for the
evapotranspiration rates of the winter wheat crop. Carbon uptake
during the summer was primarily driven by wind speed and
evapotranspiration rates. Net radiation was the major driver of gross
primary production of the winter wheat crop.

xvii

In terms of biophysical water productivity, maize proved to be the
most productive (14.4 g C/m2); winter wheat was the least productive
(2.1 g C/m2).
The results of this study serve to fill the knowledge gap with respect
to the effect of the climate on mass and energy exchanges of broadacre cropping systems in Australian dryland irrigation areas. The
estimation of the water and carbon dioxide fluxes of these systems and
the investigation of their environmental influences provide some
understanding of the behaviour of these systems.
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1

INTRODUCTION
1.1 Overview

Increases in population and income per capita are leading to a demand
for food twice the volume of what is currently consumed (Clay, 2011).
With this increased demand for agricultural production, croplands and
grazing pastures are fast becoming one of the largest terrestrial
biomes, occupying about 40% of the Earth’s surface (Foley et al.,
2005; Hatala et al., 2012b; Ramankutty et al., 2008) with some studies
predicting that the future global cropland area will need to double in
size to compensate for this demand (Yu et al., 2012).
Inevitably, changes in land cover and land use to enable agricultural
expansion will affect local surface mass and energy exchange by
influencing the way in which radiative fluxes are partitioned at the
surface, leading to a local temperature change (Foley et al., 2005;
Krishnan et al., 2012; Scott et al., 2012). Changes to surface albedo
and wind field modification properties of the land cover/land use will
affect atmospheric circulation processes which will ultimately have an
effect on local, regional and global climates, and thus atmosphericland surface interactions of water and carbon dioxide fluxes. For
example, at the continental scale, the annual area of Australian forest
conversion to croplands and grasslands in 2009 was 186 383 ha and
accounted for 7% of net greenhouse gas emissions (564.5 million
tonnes carbon dioxide equivalent) (DCCEE, 2011). At the local scale,
annual changes in land cover due to crop selection may also have a
large impact on energy partitioning at the surface. For example, in
irrigation areas, the availability of water is the major factor in
determining crop selection. In years when water is limited, the total
area of crops planted, particularly those with greater water
requirements (e.g. rice) may be much less.
With the additional disturbance to the natural hydrological cycle as a
result of freshwater resource diversions for irrigation, industry and
1

domestic consumption (Foley et al., 2005), these issues become
increasingly significant in regions dependent on irrigation for their
agricultural output (Rowan et al., 2011; Vermeulen et al., 2012; Yu et
al., 2012). Without irrigation, natural variability in climate processes
would otherwise limit agricultural production in these often semi-arid
environments (Rowan et al., 2011), and it is these regions that are
under increasing pressure to provide goods and services to the global
community (Scott et al., 2012).
The forecast increased magnitude and temporal distribution of
variability in climatic conditions due to the enhanced greenhouse
effect is likely to have further detrimental effect on many of these
agricultural regions (Easterling et al., 2007). For example, in regions
where water resources are already limited, increasing irrigation
requirements due to greater potential evapotranspiration and lower
rainfall could lead to a significant decrease in agricultural productivity
(e.g. crop yield, biomass accumulation, increased water use) by way
of the impact on mass and energy exchanges (Rowan et al., 2011;
Scott et al., 2012). This is compounded by the sensitivity of
agriculture to increasing climate variability (Yu et al., 2012), where
the response of the water and carbon balance of agro-ecosystems to
unprecedented increases in temperature and atmospheric carbon
dioxide concentrations is uncertain (Domingo et al., 2011; Kanniah et
al., 2011). Additionally, the level of contribution of agricultural broadacre cropping systems to the carbon cycle as a source or a sink of
atmospheric carbon dioxide compared to other ecosystems such as
forests, tundras and wetlands remains relatively unknown (Gilmanov
et al., 2010).
In order to adapt to a changing climate that may have lasting effects
on regional, continental and global carbon and water cycles, accurate
and up-to-date information regarding energy, water vapour and carbon
dioxide fluxes of agro-ecosystems is required (Kalfas et al., 2011; Yu
et al., 2012). By quantifying carbon dioxide exchange in conjunction
with evapotranspiration, a comprehensive review of agro-ecosystem
2

processes and the functions that drive them can be made (Suyker &
Verma, 2010; Xiao et al., 2012). The measurement of these fluxes can
be achieved through the implementation of eddy covariance
technologies which have become the standard tool to investigate
atmospheric land-surface interactions (Baldocchi, 2003).
While there have been many eddy covariance studies reporting the
estimation of the mass and energy balance of broad-acre agricultural
cropping systems world-wide (some more recent examples include
Dufranne et al. (2011), Hatala et al. (2012b), Leahy et al. (2012),
Kueppers & Snyder (2012) and Mudge et al. (2011)), very few
publications reporting the interaction between atmospheric landsurface fluxes of Australian broad-acre agricultural systems have been
produced. With the aim of obtaining observation-based estimates to
determine the role non-forest ecosystems as net sources or sinks of
atmospheric CO2, Gilmanov et al. (2010) conducted a synthesis of 118
eddy covariance flux tower sites representative of non-forest
ecosystems which included savannas, grasslands and croplands. Of
these 118 sites, only one was located in Australia and was
representative of the tropical shrub lands and savannas found of the
Northern Territory. In the southern regions of Australia, the only
significant body of work was conducted in 1994 and 1995 (see Isaac,
2004; Isaac et al., 2004; Leuning et al., 2004). Better known as the
OASIS campaign, this study was designed to investigate the
spatiotemporal

variation

of

heterogeneous

dryland,

rain-fed

agricultural systems at field and regional scales with the aim of
resolving some of the issues related to spatial scaling of land-surface
fluxes. More recent applications of eddy covariance methodologies to
quantify the mass and energy exchange of Australian broad-acre
farming were presented by Ward et al. (2012). Like OASIS, this study
focused on the water and carbon balances of dryland, rain-fed broadacre cropping systems in relation to adjacent tree belts, which are
being increasingly adopted by land managers to reduce salinity as well
as sequester carbon. The primary focus of this study was not to
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quantify the mass and energy exchange, but to determine whether the
application of eddy covariance techniques was suitable in these ‘belt
and alley’ ecosystems. Until now, in-depth and up-to-date information
regarding the estimation of water, carbon and energy cycles of
Australian irrigated broad-acre cropping systems are yet to be
reported.
In Australia, the majority of agricultural production systems
(including broad acre cropping) exist within arid or semi-arid climatic
regions. This is particularly true of the irrigated areas that exist mainly
in the south-central region of the Murray Darling Basin (MDB) and
have significant economic value. For example, irrigated agriculture
contributes to 31% of the gross value of agricultural production in the
MDB (ABS, 2012a). At the same time, it accounts for 54% of the total
national water consumption (ABS, 2012c). With the unknown effects
of unprecedented changes in climatic conditions and increased
atmospheric carbon dioxide concentrations and further diversions of
irrigation water for industrial, domestic and environmental use, future
irrigated agricultural production in these areas may be unsustainable.
The information obtained in this study will provide an insight into the
vegetation/climate feedbacks of Australian broad-acre cropping
systems within these semi-arid environments. The directly measured
estimates of latent heat flux could also be used to test previously
established hydrological model assumptions (e.g. Penman-Monteith
methods

to

determine

evapotranspiration).

Furthermore,

the

information could be used to parameterise these models for the
specific climatic conditions experienced in the study area which may
improve water use efficiency and water productivity in these regions.
Targeted eddy covariance studies of different irrigation application
methods may also assist in design optimisation to further increase
water use efficiencies of these systems. The data obtained will also
provide a source of much-needed, defensible data required for
modelling purposes. For example, the estimates of water vapour and
carbon fluxes of commonly-grown irrigated broad-acre crops (e.g.
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maize, rice and wheat) could be used to calibrate agricultural models
such as the Agricultural Production Systems Simulator (APSIM;
http://www.apsim.info/), which may provide greater understanding of
the trade-off between greenhouse gas emissions and water
conservation efforts in Australian irrigated broad-acre agricultural
systems. In addition, the data would be a useful contribution to the
baseline information used to inform outputs of various Government
climate change mitigation and adaption initiatives. For instance, under
the ‘Carbon Farming Futures’ program, Australian farmers can earn
carbon credits by reducing their emissions and storing carbon within
the landscape, including soil and vegetation. Currently, the carbon
balance of agricultural systems is determined through the use of
various calculators, including the National Carbon Accounting
Toolbox (NCAT). Some of the inputs used to model greenhouse gas
emissions are derived from remotely-sensed estimates and climate and
soil data (Department of Climate Change, 2008). As eddy covariance
technologies can directly measure the net carbon capture of the landsurface, substitution of the remotely-sensed data with the EC data
would provide greater confidence in estimation of the carbon balance.

1.2 Objectives
To date, few studies have reported an integrated quantitative
assessment of energy, water vapour and carbon dioxide fluxes of
irrigated broad-acre agricultural cropping systems, especially in
Australia. Therefore, in order to determine the role of irrigated agroecosystems as net sources or sinks of carbon dioxide, and identify the
processes that drive mass and energy exchange within them, a more
comprehensive assessment of land-surface interactions particular to
these systems must be obtained.
The broad objectives of this thesis are as follows:
1. To determine whether irrigated agro-ecosystems in Australian
semi-arid climate zones are net sources or sinks of carbon
dioxide.
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2. To determine which of the common broad-acre cropping
systems (i.e. maize, rice and wheat) grown in these
environments are most productive.
3. To determine the major environmental drivers of water vapour
and carbon dioxide exchange of these systems through nontraditional methods of Bayes Information Criterion model
selection and geostatistical regression.
A complete audit of the carbon and water balance of an agricultural
production system should consider the cycle of carbon and water into
and out of the system through other mechanistic processes such as
direct carbon emission through fossil fuel use and indirect carbon
emission through energy-intensive processes e.g. irrigation application
and fertiliser use. Therefore, it is important to emphasise that this
study is representative of atmospheric mass and energy budgets only;
additional losses of carbon through, for example, management
practices, grain export and biomass decay beyond the scope of this
study.

1.3 Thesis Outline
A significant portion of this study is dedicated to the field collection
and subsequent processing, quality control and analysis of highfrequency time series eddy covariance data. As such, Chapter 2 is a
general introduction to the greater study area. Chapter 3 details the
theoretical background of micrometeorology and the application of
eddy covariance methodologies to determine the mass and energy
balance of land-surface interactions. Chapter 4 outlines the research
methodology adopted to achieve the stated objectives. An assessment
of quality control parameters specific to the successful application of
eddy covariance technologies within an agricultural environment is
given in Chapter 5. This chapter also characterises the site specific
details and micrometeorological conditions that affect the quality
control parameters at each flux tower location. Chapter 6 presents the
distribution of fluxes and the relationship between the dependent (i.e.
6

the fluxes) and independent variables (e.g. air temperature, net
radiation) in order to understand the processes that regulate mass and
energy exchange within the study area. The water productivity of each
cropping system is also presented here. Comparisons of the results of
this study and similar eddy covariance studies of agro-ecosystems
elsewhere are discussed in Chapter 7. Limitations of this particular
study and the potential impacts that they may have had on the
outcome are also addressed in this section. The final chapter presents
the summary, conclusions and possible directions for further research.
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2

COLEAMBALLY IRRIGATION AREA
2.1 General overview

The focus of this study will be the Coleambally Irrigation Area (CIA),
which is a gravity-fed irrigation system located 650 km west of
Sydney in the lower parts of the Murray-Darling Basin in the Riverina
district of New South Wales (NSW), Australia. The study area is one
of two major irrigation areas located within the larger Murrumbidgee
catchment that form the Riverina (see Figure 2.1). In 2010/11, the
total value of agricultural commodities produced in the Riverina was
$1834 million, with broad-acre crops accounting for $1399 million
(ABS, 2012b).

Figure 2.1 The Murrumbidgee catchment and major irrigation
areas, townships and surface water storages.
The CIA was developed between 1958 and 1970 for the sole purpose
of irrigated agriculture. It was designed to make use of the water that
was diverted from the newly constructed Blowering and Burrinjuck
dams built to service the Snowy Hydro-Electric Scheme and
transmitted along the Murrumbidgee River (Watt, 2008).
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Originally, the distribution and management of all irrigation water
across the state was the responsibility of the NSW State Government
(Murrumbidgee Irrigation Ltd., 2012b). In 1997, the irrigation area
was corporatized, becoming a State-owned entity known as the
Coleambally Irrigation Corporation. With the privatisation of
government-owned irrigation infrastructure and assets, the ownership
was transferred to the Coleambally Irrigation Co-operative Ltd (CICL)
in 2000 and is now wholly owned and operated by irrigators within
the CIA (Watt, 2008).
The CIA contains 79 000 ha of intensively irrigated land supplied
through open earthen channels diverted from the Murrumbidgee
River. A further 325 000 ha of the surrounding district area is serviced
with stock, tank and opportunistic irrigation water (Jackson et al.,
2010). Summer crop production (November – April) primarily
consists of rice and maize with lesser plantings of soybean, sorghum,
cotton, sunflowers and other horticultural/viticultural activities. The
production of wheat, barley, canola and pasture constitute the major
winter activities (May – October) (CICL, 2011). With a slope of close
to 0°, the topography of the area is considered ‘pan flat’ (McVicar &
Van Niel, 2012).

2.2 Water resources
2.2.1 Surface water
The CICL is responsible for the distribution of surface water within
the CIA and has a bulk irrigation water license of 629 GL. The
volume of surface water varies from year to year based on water
allocations. For instance, the introduction of the Murray Darling Basin
Cap, designed to maintain a healthy river system by regulating
irrigation water diversions, lead to a decrease in water allocations in
1994/95 (see Figure 2.2).
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Figure 2.2 General security allocations within the Murrumbidgee catchment between 1980 and 2011 (Murrumbidgee Irrigation Ltd.,
2012a).
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The Millennium Drought which persisted between 1997 and 2009,
inclusive, also resulted in significant decreases in water allocations;
particularly for general security entitlements. Subsequently, irrigators
shifted from the traditional rice farming to crops requiring less water,
such as row crops, winter cereals and pastures (Smith & Nayar, 2008).
In 2002, the CICL initiated the installation of a series of water saving
technologies to improve the conveyance efficiency of irrigation water
within the system. As a result, the Total Channel Control® system
(Rubicon Water, Vic, Australia) consisting of automatically controlled
flume gates was introduced, replacing manually operated regulators
and other control structures. In conjunction with an extensive radio
communications network and the adoption of Supervisory Control and
Data Acquisition (SCADA) software, all water orders and deliveries
are now remotely controlled and have resulted in delivery efficiencies
of up to 90% (Ullah, 2011).

2.2.2 Groundwater
The NSW Office of Water is responsible for the management of
groundwater resources and, to date, have issued 102 groundwater
extraction licences within the CIA. All monitoring and reporting for
groundwater resources are conducted independently of the CICL. In
2010/11, the total metered groundwater extraction in the area was 20
341 ML; in 2011/12, this was 37 085 ML (CICL, 2011, 2012).
Compared to the 1998/99 baseline levels of total groundwater
extraction of 68 940 ML, groundwater extractions over the last two
irrigation seasons have been relatively low as a result of increased
surface water allocation due to above-average rainfall and the return
of water storages to capacity within the Murrumbidgee catchment
area.
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2.2.3 Surface water irrigation and associated land
preparation methods
Surface water is the most common source of irrigation water in the
CIA and accounts for 98.7% of water supplied (Jackson, 2009). As
illustrated in Figure 2.3, gravity fed surface water application onto
land prepared through laser contouring is the preferred method,
followed by bed and furrow and natural contouring methods.
Irrigation through pressure systems (e.g. sprinkler or drip irrigation) is
minimal and accounts for approximately 2% of total surface water
application (Kelly, 2013).

Figure 2.3 Surface water irrigation application and associated
land preparation methods in the CIA (Kelly, 2013).

2.3 Climate and weather
Based on temperature and humidity, the climate experienced within
the CIA is classified as having hot, dry summers and cold winters
(Bureau of Meteorology, 2005). As illustrated by Figure 2.4, the
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climate of the region is characterised by mean maximum January
temperatures of 32.8°C and mean maximum July temperatures of
14.5°C which is consistent with temperate semi-arid conditions
(Bureau of Meteorology, 2012a; Watt, 2008). The average
precipitation is 406.5 mm/year with no distinct seasonal variability.
Long-term average annual potential evapotranspiration rates are 1861
mm and mean annual global solar radiation is 6450 MJ/m2 (Bureau of
Meteorology, 2012b; CICL, 2010). Whilst the levels of mean global
solar radiation are more than adequate to sustain the intensive
agricultural cropping methods common in this region, monthly
evapotranspiration exceeds precipitation throughout the year. For
these reasons, supplementary irrigation water is required to meet crop
water demand, particularly during the summer growing season.
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Figure 2.4 Long-term averages of rainfall and air temperature for
the CIA (Bureau of Meteorology, 2012a).

2.4 Soil types
Existing on the Riverine Plain, the soils of the CIA are largely the
result of alluvial deposits of sediments from ancient streams. Over
time, these soils have been interspersed with wind-blown clay deposits
(Hornbuckle et al., 2008). In order to meet the long-term objectives of
a 30-year Land and Water Management Plan that was established in
2000, an extensive electro-magnetic survey of the CIA and
surrounding areas was completed in 2007. The spatial distribution of
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the five predominate soil types found in the CIA as determined by the
survey is illustrated in Figure 2.5.
Listed in order of total area, the soils of the region are: transitional
red-brown earths; red-brown earths; sands; self-mulching clays; and
non-self mulching clays. As depicted in Figure 2.5, transitional redbrown earths are evenly distributed throughout the region. The selfmulching clays are mostly centrally located, extending into the northeastern corner of the CIA, whilst the deposits of red-brown earth occur
in the southern parts of the region. Sand deposits are found along
transects of paleo-channels that run east–west through the centre of
the irrigation area and along the north-western boundary of the region.

Figure 2.5 Five major soil types of the CIA.
A brief description of the characteristics of each soil type is given in
Table 2.1. Please note that sands have been further defined into the
sub-classes: sands and deep sands (as per Hornbuckle et al., 2008).
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Table 2.1 Typical soil properties of the CIA (adapted from Hornbuckle et al., 2008).

Feature

Transitional red
brown earths
Loam to sandy loam
(0.10 – 0.25 m)

Self-mulching clays

Red-brown earths

Topsoil (& depth)

Clay (0.05 - 0.15 m)

Loam to clay (< 0.05 m)

Subsoil

Heavy clay with
lime

Heavy clay

Deep soil (1 - 2 m)

Medium clay with
concretionary lime

Medium clay, often with Sandy clay, often
crystalline gypsum
micaceous

Heavy clay

Sands over Clay

Deep sands

Sand to loam
(0.25 – 1.00 m)

Sand (> 1.00 m)

Cemented clayey
sand above a mottled
medium clay

Mottled clayey sand
grading to light clay

Medium clay
sometimes becoming
more sandy with
depth

Light clay
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2.5 Crop production and crop water use
Table 2.2 presents the total area of plantings of the seven major
summer and winter crops and the percentage of total irrigation water
deliveries to each crop between 1997/98 to 2010/11. During the
1999/00 irrigation season 77.7% of water deliveries were used to
produce rice, whilst only 6% was used to grow wheat. At the height of
the drought in 2007/08, only 1.4% of deliveries were used for rice
production compared to 20% that was used to produce wheat.
In 2010/11, the CIA received 739 mm in total rainfall which was the
second highest on record, marking the end of the drought. With the
widespread rainfall that occurred across the MDB, water storages
returned to 100% capacity. As a result, the CIA returned to 100% of
water allocations and plantings of rice returned to pre-2002/03 levels,
accounting for 14 512 ha and 65.1% of irrigation water delivered
(CICL, 2011).

16

Table 2.2 Plantings of major crops and the proportion of total irrigation water delivered per crop within the CIA for the years 1997 –
2011 (CICL, 2008, 2009, 2010, 2011).

Rice
Year

2010/11
2009/10
2008/09
2007/08
2006/07
2005/06
2004/05
2003/04
2002/03
2001/02
2000/01
1999/00
1998/99
1997/98

Area
(ha)
14 512
3669
2135
90
8518
18 025
8142
12 597
11 395
27 493
30 440
24 138
24 491
24 624

Water
Delivery
(%)
65.1
46
33.1
1.4
54.3
62.8
44
55.8
46
67.5
73.9
77.7
73.8
70.4

Maize/Corn
Area
(ha)
4367
311
2472
941
1863
3306
3671
3545
4788
3808
4074
1178
1059
1678

Water
Delivery
(%)
6.9
2
3.4
1.2
7.6
7
7.2
5.7
9.3
4.2
5.7
3.1
1.3
2.4

Soybean
Area
(ha)
1240
495
308
152
478
2106
1495
1938
1788
3297
4551
2185
4339
4998

Water
Delivery
(%)
1.5
1
1.4
0.7
0.8
2.9
2.2
3.5
1
3.4
5.9
3.9
5.7
7.5

Wheat
Area
(ha)
11 334
10 635
4215
675
12 509
13 610
20 287
21 192
21 346
21 103
14 276
12 649
13 963
14 943

Water
Delivery
(%)
4.8
10
9.5
20
15.9
8.4
18.8
14.96
20.4
9.2
4.6
6.1
1.7
7.4

Canola
Area
(ha)
3381
2523
1471
1584
1602
1748
2681
1763
2095
2191
2153
2152
2184
2053

Water
Delivery
(%)
1.4
2
4.9
6.1
1
0.9
1.3
0.7
1.7
0.6
0.4
0.7
1.7
0.4

Pasture
Area
(ha)
8119
6903
4481
5004
9958
15 440
12 865
12 131
10 183
11 581
11 998
7485
13 879
9964

Barley

Water
Water
Area
Delivery
Delivery
(ha)
(%)
(%)
4.4
9117
4.4
12
10 499
7
16.3
4315
6.8
20.4
4383
11.5
7.8
5495
4.4
8.7
6864
2.2
10.8
5281
2.9
7.5
4768
1.82
7.4
4227
2.4
6.1
3949
1.64
4.7
2642
0.65
4.4
No data
8.1
No data
6.1
No data
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Figure 2.6 presents the total irrigated crop area of both summer and
winter growing seasons in the CIA in 2010/11, and Figure 2.7 depicts
the proportion of total surface irrigation water supplied to each crop in
the same year.

PASTURE
14%
BARLEY
16%

MAIZE/CORN
8%
CANOLA
6%

WHEAT
20%

SOYBEANS
2%
COTTON
1%
STOCK - DAMS
1%

RICE
26%

OTHER/UNDEFINED
6%

Figure 2.6 Proportions of total irrigated crop areas (ha) within the
CIA in 2010/11 (CICL, 2011).
MAIZE/CORN
7%

RICE
65%

WHEAT
5%
BARLEY
4%
PASTURE
4%
STOCK - DAMS
2%

OTHER/UNDEFINED
9%

SOYBEANS
2%
CANOLA
1%
COTTON
1%

Figure 2.7 Proportion of total irrigation water delivered (ML) per
crop in the CIA – 2010/11 (CICL, 2011).
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In terms of area, rice was the major summer crop grown in the region,
representing a total area of 14 512 ha. Rice was also the largest
consumer of irrigation water, accounting for 65.1% of total irrigation
water supplied in 2010/11 which was 26 5572 ML, resulting in a high
level of crop water use (11.9 ML/ha). The second most abundant
summer crop cultivation was maize. With a total planting of 4367 ha,
the percentage of total irrigation water consumed for maize production
was only 6.9% (4.2 ML/ha).
Of the winter crops, wheat represented the largest area of plantings
(11 334 ha) and was also the largest consumer of irrigation water
during the winter growing season and the third largest consumer
overall, accounting for 4.8% of total irrigation water deliveries in
2010/11. Despite this, the water productivity of wheat cropping
systems in the CIA was quite low in comparison to that of other crops
grown, consuming only 2.1 ML/ha.
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3

ESTIMATING MASS AND ENERGY EXCHANGE
OF ATMOSPHERIC LAND-SURFACE
INTERACTIONS OF AUSTRALIAN IRRIGATED
AGRICULTURE

The need to understand the processes of mass and energy exchange
and the functions that drive them is necessary to adapt to the impacts
of a changing climate. This is particularly true for agricultural
systems, where productivity is sensitive to increasing climate
variability (Yu et al., 2012).

3.1 A growing population, increasing climate
variability and agricultural mass and energy
exchange
As the global population has increased, the area of global land use
dedicated to food production has expanded. For example, during the
18th Century, it is estimated that only 5% of the Earth’s ice-free
surface was dedicated to food and fibre production (Spiertz, 2012); it
is now estimated to be 40% (Ramankutty et al., 2008).
Land use change as a result of the population growth, subsequent
urbanisation and agricultural intensification has meant that many
natural ecosystems have been transformed. Already, most of the
suitable, fertile land for agricultural production has been lost as a
result of urbanisation (Spiertz, 2012) which has not been without cost.
For instance, deforestation to enable agricultural expansion resulted in
an estimated 20 – 25% increase in atmospheric carbon dioxide over
the last one hundred and fifty years (Baker & Griffis, 2005).
Associated land cover changes have also affected local and regional
climates through shifts in the mass and energy balance and the
diversion of freshwater resources has disturbed the natural order of the
hydrological cycle (Foley et al., 2005).
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Agricultural activities have been forced to expand into the marginal
arid and semi-arid regions of the world (Spiertz, 2012); these systems
account for 54% of global food production and produce 45% of the
total global grain yield (Howden et al., 2007; IPCC, 2007; World
Bank, 2007). With a projected population increase of nine billion
people by 2050, it is expected that the pressure on our natural and
agro-ecosystems is going to continue to increase. For example, it is
predicted that a further one billion hectares of natural ecosystems will
be lost to provide food and fibre to the future global population (Khan
& Hanjra, 2009). In addition to the loss of services provided by these
ecosystems, the change in land cover and land use at this scale will
alter the global mass and energy balance and thus, water and carbon
cycles, although the extent to which remains relatively unknown
(Gilmanov et al., 2010).
In many semi-arid irrigated areas, increased climate variability and
agricultural expansion and intensification have already altered the
mass and energy balance. This is evidenced by decreased
precipitation, reduced runoff and, thus, decreased water availability
(IPCC, 2007). Although the response of the water and carbon balance
of agro-ecosystems to increased climate variability is uncertain
(Domingo et al., 2011; Kanniah et al., 2011), it is predicted that
further increases to surface temperatures and levels of atmospheric
carbon in these areas will have a negative impact on crop yields,
particularly those of rice, wheat and maize (Khan & Hanjra, 2009).
Furthermore, it is widely acknowledged that the landscape function of
various ecosystems of forest, wetlands and tundras are generally found
to be carbon sinks (Gilmanov et al., 2010). However, the level of
contribution of agricultural broad-acre cropping systems to the carbon
cycle as a source or a sink of atmospheric carbon dioxide remains
unknown. In order to adapt to a changing climate, it is necessary to
understand the processes of mass and energy exchange and the
functions that drive them. Therefore, in-depth and up-to-date
information regarding the estimation of water, carbon and energy
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cycles of irrigated broad-acre crops is required. This can be achieved
through the implementation of eddy covariance (EC) methodologies
which provide the most direct and defensible means of land-surface
flux estimation (Baldocchi, 2003).
In Australia, the interaction between water and carbon dioxide fluxes
of irrigated broad-acre crops as measured by EC systems are yet to be
reported. Therefore, the results of this study will, for the first time,
provide accurate and up-to-date information regarding energy, water
vapour and carbon dioxide fluxes of the most commonly irrigated
broad-acre crops grown in semi-arid irrigated areas of Australia.
In order to evaluate the interactions between water, carbon dioxide
and energy fluxes of agro-ecosystems, it is necessary to understand
the general concepts of micrometeorology. Therefore, this chapter
presents the theory behind eddy covariance technologies for the direct
measurement of atmospheric land-surface fluxes. Methodologies to
further partition carbon dioxide flux into its metabolic components
(total ecosystem respiration, gross primary production and net
ecosystem exchange) are also explored. It is also important to
understand flux behaviour in response to various environmental
variables assessed through the application of geostatistical methods
presented in this chapter.

3.2 Micrometeorology and the atmospheric
boundary layer
Micrometeorology is a branch of meteorology that focuses on the
processes that occur in the atmospheric layers closest to the surface of
the Earth (Lee et al., 2004b). Specifically, these layers refer to the
components of the atmospheric boundary layer (i.e. the surface layer
and the mixed or transition layer; ABL) between the Earth’s surface
and the free troposphere (Kaimal & Finnigan, 1994; Malhi et al.,
2004). Typically, the depth of the ABL is 1 – 2 km during the day and
up to a few hundred metres at night-time (Isaac et al., 2004).
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It is within the atmospheric boundary layer that most mass and energy
exchange processes occur as a result of surface heating driven by the
energy from the Sun (Isaac et al., 2004) and wind field modification
according to the characteristics and aerodynamic properties of the land
cover (Davin & de Noblet-Ducoudre, 2010b). For example, the
aerodynamic effect of a forest canopy structure, determined by the
roughness length, generally has a cooling effect on the Earth’s surface
through increased turbulence in the ABL. For grasslands, the surface
roughness length is smaller, reducing the turbulent transfer of heat and
water vapour and thus, increasing temperatures at the surface Grass
also has a smaller root zone, thereby decreasing the efficiency of soil
moisture extraction, also increasing the temperature at the surface
(Davin & de Noblet-Ducoudre, 2010a).
The length and time scale of micrometeorological studies of
atmospheric processes that occur within the ABL generally occur
from seconds to decades and can be measured from the leaf and
canopy scale to the regional scale.
Over time a number of methods have been developed to determine
various components of the air-surface exchange, both directly and
indirectly (Watson & IPCC, 2000). Indirect methods to determine the
mass and energy exchange include techniques such as upwinddownwind measurements (Denmead et al., 1998) and flux gradient
methods

(Baldocchi

et

al.,

1988).

The

upwind-downwind

measurement is a mass balance method that requires the measurement
of gas concentrations at different heights along each of the
experimental boundaries. The gas concentrations are then multiplied
by their corresponding wind vectors to give the horizontal flux at each
sample height. The difference between these fluxes integrated
between the upwind and downwind boundaries will yield the
production value (Denmead et al., 1998). Flux-gradient methods
provide an alternative to the mass balance approach and assume that
turbulent transfer is equal of the molecular diffusion of a given
substance (Baldocchi & Meyers, 1998).
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These approaches, whilst useful, are limited because they infer, rather
than directly measure, fluxes (Watson & IPCC, 2000). Therefore,
methods based on eddy covariance theories have been developed to
directly measure interactions between the land-surface and the
atmosphere. In addition to the direct measurement of land-surface
fluxes, the benefit of using eddy covariance technologies is that they
are able to provide information regarding processes in the ABL at the
ecosystem scale. When trying to determine and subsequently predict
how whole ecosystems will respond to environmental perturbations,
information of these processes at these scales becomes very important
(Baldocchi, 2003).

3.3 Eddy covariance
Whilst the theoretical framework of eddy covariance methodologies
was first recognised in 1895 (Reynolds, 1895), mainstream adoption
of these methods has grown with more recent improvements in
micrometeorological theory (e.g. Moore, 1986; Webb et al., 1980) and
the development of fast-response digital and sensor technologies
(Baldocchi, 2003).
Due to the technical and temporal limitations of early EC
technologies, most studies focused on the energy exchange (i.e.
transfer of sensible and latent heat and momentum fluxes only) of
short vegetation, e.g. grasslands and agricultural crops and pastures.
The timescale of these studies was generally determined by the length
of the growing season and were in the order of weeks to months,
rather than years (Baldocchi, 2008; Baldocchi, 2003; Garratt, 1984).
Prior to the 1970s, fluxes of carbon dioxide (CO2) were predominantly
determined via indirect methods of measurement, which proved to be
difficult where the canopy structure was non-uniform, as is the case
with tall forests (Baldocchi, 2003). As technologies improved, CO2
flux could be estimated using EC technologies and like the first
studies of heat and momentum fluxes, early studies of CO2 exchange
focused mainly on agricultural crops including sorghum in the U.S.A.
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(Anderson & Verma, 1986); corn in Canada (Desjardins et al., 1984);
and rice in Japan (Ohtaki, 1980).
With the advent of fast-response anemometers and infrared gas
analysers and improvement of data acquisition systems, research into
ecosystem exchange of trace gases, including carbon dioxide, in
conjunction with energy exchange began to develop and naturally
progressed to the long-term monitoring of other landscapes. These
include forest systems (e.g. Barr et al., 2006; Cabral et al., 2010;
Kominami et al., 2008; Van Dijk & Dolman, 2004; Von Randow et
al., 2008), tropical savannas (e.g. Beringer et al., 2011; Giambelluca et
al., 2009; Hutley et al., 2005; Miranda et al., 1997; Vourlitis et al.,
2001) and wetlands (e.g. Jacobs et al., 2002; Sulman et al., 2012).
Given the concerns of rising atmospheric CO2 concentrations and the
uncertainties regarding the carbon sequestration in the terrestrial
biosphere (Isaac, 2004), EC technologies have become the standard
tool to monitor the exchange of trace gases between the atmosphere
and the Earth’s surface, and, to date, there has been an extensive
amount of research conducted on various terrestrial ecosystems. For
example, a global network of regional flux communities, FLUXNET,
was formed and has enabled the integration of data across the globe. It
has also driven the relative standardisation of EC instrumentation and
data processing methods, and although opportunistic (i.e., field site
selection based on funding and research priorities rather than
geostatistical design), the network configuration includes a diverse
range of biomes and climates (Baldocchi et al., 2001).

3.3.1 The theoretical framework of eddy covariance flux
measurement
The eddy covariance (EC) technique is the most widely used and most
defensible method to directly measure interactions between the landsurface (fluxes) and the Earth’s atmosphere. The EC method is based
largely on the fundamental laws of fluid dynamics and flux
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measurement (Baldocchi, 2003). In its simplest terms, flux is a
measure of how a fluid moves through a given area within a given
timeframe

(Burba

&

Anderson,

2010).

In

the

context

of

micrometeorology, flux (F) refers to the turbulent movement of air
that transports a given entity, s (e.g., heat, moisture or CO2). The
general equation is given by:
𝑭 = 𝝆𝒂 𝒘′𝒔′

(1)

where ρa is the air density and w is the instantaneous vertical wind
speed (Burba & Anderson, 2010; Rosenberg, 1974).
More specifically, when measuring trace gases such as carbon
dioxide, flux is the covariance between the instantaneous vertical
fluctuations (w) and the mixing ratio of the trace gas (c), given by the
equation:
𝑭𝒄 = 𝒘′𝝆𝒄 ′

(2)

where ρc is the density of the trace gas (Baldocchi, 2003; Burba &
Anderson, 2010).
As a well as monitoring the mass balance of trace gases, the EC
technique is also able to measure energy and water vapour exchange
(i.e. sensible and latent heat fluxes) between vegetation and the free
atmosphere (Baldocchi, 2008).
Sensible heat flux (Hs) is the term used to describe the exchange of
energy between the Earth’s surface and the ABL (Isaac, 2004). It is
determined by multiplying mean air density (ρa) by the covariance
between deviations in instantaneous vertical wind speed (w) and air
temperature (T) and is given by the equation:
𝑯𝒔 = 𝝆𝒂 𝑪𝒑 𝒘′𝑻′

(3)

where Cp is the specific heat capacity of the air (Baldocchi et al.,
1988; Burba & Anderson, 2010).
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Latent heat flux (LE) is the flux of heat from the Earth’s surface
through evaporation or plant transpiration that is subsequently
condensed in the troposphere. It is given by the equation:
𝑳𝑬 = 𝝀𝝆𝒂 𝒘′𝒒′

(4)

����� is the covariance between fluctuations of vertical wind
where 𝑤’𝑞’

speed w’ (m/s) and humidity q’ (kg water/kg air) and λ is the latent
heat of vaporisation of water (Baldocchi, 2003; Li et al., 2008).

These measurements of net carbon, water and energy exchange
between the land-surface and the atmosphere are obtained through the
implementation of fast response (10 – 20 Hz) EC instrumentation,
which is generally averaged into 30 or 60 minute intervals (Hutley et
al., 2005). For a full review of the EC methodology, instrumentation
and application as well as theoretical and technical advancements see
Baldocchi et al. (1998), Baldocchi (2003), Burba & Anderson (2010)
and Lee et al. (2004).

3.3.2 Surface energy balance and energy balance closure
As well as ascertaining turbulent fluxes of mass and energy, EC
instrumentation in conjunction with ancillary instrumentation (e.g. net
radiometers and soil heat flux plates) can be used to determine various
surface energy components used to solve the energy balance (Wilson
et al., 2002a). The energy balance can be represented by the simplified
equation of the first law of thermodynamics:
𝑹𝒏 − 𝑮 = 𝑯 + 𝑳𝑬

(5)

where Rn represents the net radiation and G represents the ground heat
flux (modified from Brutsaert, 1982).
The energy balance (or budget) is one of the main processes that
drives the circulation of the atmosphere forced by global heating
patterns (Brutsaert, 1982). In relation to EC methodologies, the level
of energy balance is a good measure of how well a system is
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performing and provides an independent assessment of scalar flux
estimates, because theoretical assumptions in the conservation
equations and Reynolds decomposition are similar. As such, it is an
important test of EC data that influences the interpretation of flux
measurement and how these should be compared with modelled flux
simulations (Wilson et al., 2002a).
In the past, there have been numerous studies regarding energy
balance closure of EC sites (e.g. Barr et al., 2006; Barr et al., 2011;
Foken et al., 2010; Foken et al., 2006; Franssen et al., 2010; Kidston
et al., 2010; Mauder et al., 2007). In general, surface energy fluxes (H
+ LE) are underestimated by 10 – 30% relative to available energy (Rn
- G) (Wilson et al., 2002a). According to the literature (e.g. Foken et
al., 2010; Foken et al., 2006; Kidston et al., 2010; Liu et al., 2011;
Wilson et al., 2002a), there are several reasons as to why this could be
the case, including but not limited to:
1. Systematic bias (due to instrumentation error, correction
methods and quality control procedures),
2. Different reference levels and sampling scales of various
instruments used to determine turbulent fluxes, net radiation
and soil heat flux (e.g. 10 Hz vs. 10 min interval),
3. Loss of low and/or high frequency contributions to the
turbulent flux,
4. Other energy sinks not included in the energy balance
assessment (e.g. canopy heat storage) and
5. Heterogeneity of the land surface.
The principal method used to evaluate energy balance closure is to
perform an ordinary least squares regression (OLS) analysis to
determine the relationship between the averaged estimates (e.g. 30 or
60 min intervals) of the dependent flux variables against the
independently derived available energy; if the intercept is zero and the
slope is equal to one, then the energy balance is said to be closed
(Wilson et al., 2002a). It is important to note that this method is only
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technically valid if there are no random errors in measurements of the
independent variables, Rn and G. To overcome this, an alternative
method to evaluate the energy balance is to average over the random
errors in the data at longer timescales was developed (Tsai et al.,
2007; Wilson et al., 2002a). Known as the Energy Balance Ratio
(EBR), this is determined by the equation:
𝑬𝑩𝑹 =

∑(𝑯+𝑳𝑬)

∑(𝑹𝒏 −𝑮)

(6)

The disadvantage of this method is the potential to neglect possible
biases in the data including the tendency to overestimate positive
daytime fluxes while underestimating negative night-time fluxes
(Wilson et al., 2002a).

3.3.3 Analytical techniques to assess the successful
application of eddy covariance methodologies
Baldocchi (2008) lists some principles of eddy covariance as a direct
tool to successfully measure mass and energy balance. The
experimental design must meet a number of criteria (Baldocchi,
2008). The data collection requires:
1. Flat terrain and homogenous land-cover,
2. Adequate fetch of uniform vegetation up wind of sensor
location,
3. Steady atmospheric conditions, and
4. Sensor and data-logging equipment sophisticated enough to
capture the smallest and fastest eddies.
With these criteria met, the constant flux layer and logarithmic profile
are well established (Burba & Anderson, 2010); any deviations from
these ideal circumstances (e.g. heterogeneous terrain or land cover)
will promote advection leading to a divergence in fluxes where
vertical fluctuations vary with height, complicating flux measurement
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(Aubinet et al., 2003; Baldocchi, 2003; Baldocchi et al., 1988; Lee,
1998; Lee & Hu, 2002).
Another limiting factor, particularly when modelling water and carbon
fluxes, is the continuous time series data that are required to compute
daily and annual sums. These datasets are often fragmented by various
standard operating procedures, such as routine calibration and
maintenance, sensor or system malfunction, unfavourable atmospheric
conditions (including stable conditions and, in the case of open path
infrared gas analysers, precipitation) and other land management
practices specific to the site (e.g. farming operations such as
prescribed burning) (Baldocchi et al., 2001; Moffat et al., 2007). Data
may also be rejected according to quality control measures based on
various theoretical requirements; these may include ogive tests and
stationarity or fiction velocity tests (Baldocchi et al., 2001; Foken et
al., 2004; Foken & Wichura, 1996; Foken et al., 2006; Oncley &
Friehe, 1996).
The ogive test is used to ensure that all significant low frequency
eddies are accounted for. Cospectra is a distribution of the covariance
of w’ and a scalar by frequency (Burba & Anderson, 2010). The ogive
function is the cumulative integral of the co-spectra between two
variables as summed

from high-frequency to low-frequency

contributions (Barnhart et al., 2012; Foken et al., 2006; Oncley &
Friehe, 1996). It is given by the equation:
𝒇

𝟎
𝒐𝒈𝒘,𝒙 (𝒇) = ∫𝒇𝑵𝒚𝒒𝒖𝒊𝒔𝒕
𝑪𝒐𝒘,𝒙 (𝒇)𝒅𝒇

(7)

where 𝐶𝑜𝑤,𝑥 is the covariance of a turbulent flux, w is the vertical
wind component and x is the horizontal wind component or scalar.
The highest frequency, fNyquist, is determined by the sampling rate, and
the lowest frequency, f0, is determined by the sampling duration
(Barnhart et al., 2012). The frequency at which the ogive converges to
a constant value can then be converted to an optimal integration
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period (e.g. 30 min or 1 hour averaging period) for the EC
measurement (Foken & Wichura, 1996).
Stationarity, or steady-state, refers to periods of time where,
statistically, the rate of change is zero (Foken et al., 2004; Foken &
Wichura, 1996). Changes in meteorological variables over the course
of a day, as well as changing weather patterns and mesoscale
variability can lead to conditions of non-stationarity (Foken et al.,
2004). There are currently two methods to determine steady-state
conditions, the details of which can be found in Vickers & Mahrt
(1997) and Foken & Wichura (1996). Regardless of the method
implemented, both agree that the time series is steady-state if the
relative non-stationarity (RNcov) is less than 30% (Foken et al., 2004).
The RNcov is the difference between the covariance of the vertical
wind component (w) and the horizontal wind component or scalar (x)
determined for the whole averaging period ��������
(𝑥’𝑤′0 ) and a specified
�����) (Foken et al., 2005). It is given by the equation:
interval (𝑥’𝑤’
(𝒙′𝒘′)− (𝒙′𝒘′)𝒐

𝐑𝐍𝐜𝐨𝐯 = �

(𝒙′𝒘′)𝒐

�

(8)

The stationarity test is particularly useful for the filtration of nighttime data where there is a greater occurrence of stable stratification
periods with little to no turbulence (Burba & Anderson, 2010).
Similarly, tests based on a friction velocity threshold can be used to
ensure well-mixed conditions (Goulden et al., 1996). Friction velocity
(u*) is a scaling velocity related to momentum transfer that increases
with surface roughness. The u* threshold is an indicator that is often
used to filter EC data for periods of low turbulence which would
affect the flux measured by EC systems (Gu et al., 2005). Data falling
below this threshold is considered unreliable and is therefore removed
from the time series. The u* threshold is an alternative method used to
correct night-time time CO2 fluxes that may be underestimated and
can also be used to determine ecosystem components of carbon
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metabolism (Saito et al., 2005). The partitioning of CO2 fluxes is
discussed further in Section 3.4.1.
Data may also be rejected if the flux footprint (or effective fetch) is
outside the area of interest; this can be influenced by sensor height,
surface

roughness

and

canopy

structure

as

well

as

local

meteorological conditions, including wind speed and direction and
intensity of turbulence (Göckede, 2004; Schmid, 2002; Vesala et al.,
2008). As the complexity and heterogeneity of the study site increases,
the flux footprint becomes increasingly more important; in which case
it is essential to know which part of the surrounding area has the
greatest contribution to the flux measurements (Rebmann et al., 2005).
According to Schmid (2002), ‘the footprint of a measurement is the
transfer function between the measured value and the set of forcings
on the surface–atmosphere interface’. Early footprint methodologies
based on internal boundary layer growth were initially developed by
Pasquill (1972) and presented by Pasquill & Smith (1983) as:
𝜼(𝒓) = ∫𝕽 𝓠𝜼 (𝒓 + 𝒓′)𝒇(𝒓, 𝒓′)𝒅𝒓′

(9)

where η is the measured value at the location, 𝑟; 𝒬𝜂 (𝑟 + 𝑟′) is the

distribution of source or sink strength in the surface–vegetation

volume; and 𝑓 (𝑟, 𝑟′) is the footprint or transfer function, depending on
r, and on the separation between measurement and forcing, r'.
Footprint methodology was further developed by Gash (1986), who
presented the cumulative fetch as an integral of the sources
contributing to the measured flux within a restricted area (Göckede et
al., 2004).
Since then a number of footprint models have evolved based on
different mathematical concepts; these include Eulerian analytical
footprint models (e.g. Horst & Weil, 1992; Kormann & Meixner,
2001), Lagrangian stochastic footprint models (e.g. Kurbanmuradov &
Sabelfeld, 2000; Leclerc & Thurtell, 1990) and Large Eddy
Simulation models (e.g. Leclerc et al., 1997; Saiki et al., 2000). For a
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comprehensive review of the different approaches to calculating the
flux footprint, including advantages and disadvantages, see Kljun et
al. (2003), Foken & LeClerc (2004) and Vesala et al. (2008).
When combined, system failure, routine operating procedures, postprocessing and quality control of time series data can often result in a
temporal average of 65 – 75% annual coverage of fluxes (Falge et al.,
2001a; Falge et al., 2001b). Gaps in the time series may be further
compounded if conditions of low turbulence are often experienced and
a filter based on friction velocity is imposed; under these particular
conditions, typical gaps in an annual dataset can range from 20 – 60%
with most gaps occurring at night (Moffat et al., 2007).
These gaps can be problematic for a number of reasons:
1. Seasonal or annual estimation of mass and energy exchange
may be difficult to obtain;
2. Missing data can lead to biased relationships between water,
carbon and energy fluxes and climatic variables; and
3. Large gaps could lead to a low-quality dataset (Hui et al.,
2004).
Therefore, it is necessary to implement defensible gap-filling
strategies to form complete datasets of acceptable quality in order to
provide a more accurate estimation of the mass and energy balance.
These can then be used to validate or inform various land-surface
models with greater confidence. Furthermore, comparability between
datasets of unique sites is improved by adopting standardised
methodologies by all regional and global flux communities (Falge et
al., 2001a; Falge et al., 2001b; Hui et al., 2004).
Many and varied gap-filling strategies for long-term EC dataset have
been developed over time, including, but not limited to, methods such
as simple interpolation (mean daily variation, or MDV), look-up
tables, linear and non-linear regression, Kalman filters, light response
curves and the use of artificial neural networks. In the interest of
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developing a standardised procedure for the flux community, Falge et
al. (2001a; 2001b) and, more recently, Moffat et al. (2007) present a
comprehensive review of current gap-filling techniques. The results of
all three studies showed that all methods considered in the analysis
performed equally well over the ten benchmark datasets of six
European forested sites, although further work to assess model
performance for different vegetation types and climatic conditions is
required.

3.4 Understanding the environmental controls of
water and carbon fluxes
3.4.1 Partitioning of carbon dioxide fluxes to assess gross
primary productivity and total ecosystem respiration
Whilst eddy covariance methodologies provide a direct measure of
carbon dioxide flux (Fc) between the land surface and the atmosphere,
further modelling of EC data is required to partition Fc into its
constituent fluxes that are associated with distinct biophysical
processes (Scanlon & Kustas, 2010). By partitioning Fc into its
assimilatory (gross primary productivity; GPP) and respiratory (total
ecosystem respiration; Re) components, a greater understanding of the
processes that drive carbon cycling within the irrigated agricultural
environment can be achieved.
Fc, (or net ecosystem exchange; NEE) is the balance between GPP,
which is the photosynthetic assimilatory process of carbon uptake by
the plant, and Re, which is the carbon released to the atmosphere
through plant respiratory processes, microbial activity and organic
decomposition of soils. Net ecosystem exchange is given by (Falge et
al., 2001a):
𝑵𝑬𝑬 = 𝑹𝒆 − 𝑮𝑷𝑷

(10)

There are a number of flux partitioning methods that have been
developed over time (Lasslop et al., 2010). Firstly, there are those
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methods that rely on night-time data to determine the components of
carbon metabolism. Based on the assumption that GPP is equal to
zero at night (as there is no photosynthetic activity), Re is equal to Fc.
Therefore, the difference between daytime NEE and night-time NEE
can then be used to calculate GPP using an empirical model to
extrapolate night-time respiration (Goulden et al., 2011; Rocha &
Goulden, 2009; Wohlfahrt et al., 2005). However, this method relies
on flux data obtained during periods of turbulence to ensure adequate
mixing in the surface layer so that the data used to determine the
empirical model is truly representative of ecosystem function. For this
reason, this method may be biased, because of the suppression of
fluxes due to frequent periods of relatively stable air stratification at
night (Lasslop et al., 2010; Zhu et al., 2006), which leads to less
availability of reliable data used to fit the empirical model.
The second approach is to extrapolate Re from light-response curves
fitted to daytime NEE data (Lasslop et al., 2010). Whilst avoiding the
use of questionable night-time data, this method is also not without its
limitations as it usually does not account for the variation of NEE as a
function of temperature and vapour pressure deficit (Lasslop et al.,
2010).

3.4.2 Geostatistical regression analysis of water and carbon
flux response to micrometeorological drivers using
Bayes Information Criterion
In order to investigate the key physiological parameters that drive
ecohydrological processes, modelling of observations of water, carbon
dioxide and energy fluxes is often required (Richardson & Hollinger,
2005). Micrometeorological data is non-stationary due to changes in
phenology and physiological characteristics over time (Hollinger &
Richardson, 2005; Stoy et al., 2005). In addition, it does not conform
to the least squares assumptions of normality and constant variance
(Loescher et al., 2006); therefore, traditional methods of simple and
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multiple linear regression techniques are not suitable when evaluating
the relationship between flux data and independent climatic variables.
For example, Richardson & Hollinger (2005) showed that eddy
covariance data fitted with an ordinary least squares model led to an
over estimation of night-time respiration and thus, an underestimation
of net ecosystem exchange (represented by observed carbon dioxide
flux). Furthermore, there are a number of complex interactions that
occur between flux components depending on light, nutrient and water
availability that also influence ecohydrological behaviour and
individually regressing one variable could mask the effect of another
(Mueller et al., 2010). For instance, GPP is dependent on both
temperature and light. Therefore, omitting temperature from the
regression analysis will obscure the influence of the light (or vice
versa), rendering it statistically insignificant when perhaps it is not
(Mueller et al., 2010). Additionally, many micrometeorological
variables follow seasonality similar to carbon dioxide fluxes. By
regressing one variable against carbon dioxide flux, the relationship
may actually be a result of a correlation between seasonal cycles
rather than an indication of the true relationship (Huntzinger et al.,
2011). For these reasons, it is necessary to employ statistical methods
that incorporate numerous variables and can account for the temporal
correlation (i.e. autocorrelation) between carbon dioxide flux
components and its climatic controls (Huntzinger et al., 2011; Stoy et
al., 2005). To overcome the limitations of traditional regression
methods,

more

sophisticated

statistical

approaches

including

orthogonal wavelet transformation (e.g. Delpierre et al., 2012; Stoy et
al., 2009) and model selection in conjunction with geostatistical
regression (e.g. Huntzinger et al., 2011; Mueller et al., 2010; Yadav et
al., 2010) have been applied to determine the relationship between
climatic drivers and flux components. With respect to the latter
approach, model selection is most commonly achieved through the
application of the Bayes Information Criterion (BIC; Schwarz, 1978)
where the aim is to select the most probable combination of covariates
that best explains the variability of fluxes (Forster, 2000; Huntzinger
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et al., 2011). The benefit of using this approach as opposed to more
traditional hypothesis-based model selection is that it can be used to
compare non-nested models that may otherwise overlook those
covariates that, when combined, are significant in explaining the
variability in carbon flux components (i.e. net ecosystem exchange,
gross primary productivity or respiration) but individually they may
not (Mueller et al., 2010; Yadav et al., 2010).
Based on a maximum-likelihood estimator, BIC, as given by Yadav et
al. (2010), is:
𝑩𝑰𝑪 = −𝟐𝑳∗ �𝝈𝟐𝑵 , 𝝈𝟐𝑺 , 𝒍; 𝒛� + 𝒌 𝒍𝒏(𝒏)

(11)

where n is the number of observations, k is the number of covariates,
𝜎𝑁2 is the variance of the variability that is temporally uncorrelated, 𝜎𝑆2

is the variance of the variability that is correlated in time, l is the
correlation range parameter, z is the parameter of interest, and
𝐿∗ (𝜎𝑁2 , 𝜎𝑆2 , 𝑙; 𝑧) is the log-likelihood of the model being considered.
The model that produces the lowest BIC value is then considered the

best model to use for the geostatistical regression. It is important to
note, however, that given that some covariates are dependent on others
(e.g. temperature and vapour pressure deficit), a number of models
could similarly account for the variability in fluxes (Yadav et al.,
2010).
Once the ‘best’ model has been selected, the second step in the
process is to apply geostatistical regression (i.e. universal kriging),
which is a parametric approach often used to model environmental
phenomena in studies of geology, ecology and hydrology (Huntzinger
et al., 2011; Yadav et al., 2010). In geostatistical regression, the
dependent variable, y, (e.g. ETa or GPP) is expressed as the sum of a
deterministic component (Xß) and a stochastic term (ε):
𝒚 = 𝑿ß + 𝜺

(12)

where the deterministic component represents the portion of the signal
that can be explained by a set of covariates and the stochastic
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component describes the autocorrelation that cannot be explained by
the deterministic component (Huntzinger et al., 2011; Mueller et al.,
2010; Yadav et al., 2010). The deterministic component, Xß, is further
decomposed into X, which is an n x p matrix containing rows of p
environmental variables (e.g. air temperature, net radiation, wind
speed) scaled by a p x 1 vector of unknown coefficients, ß
(Huntzinger et al., 2011). This coupling of BIC model selection with
geostatistical regression methods will enable the identification of an
optimal set of micrometeorological variables that can be incorporated
into X that are best able to explain observed variability in water and
carbon dioxide fluxes, represented by the regression (or drift)
� ).
coefficient (𝜷

The application of rigorous quality control and gap-filling procedures
detailed in this section strengthens the integrity of the EC flux dataset
used for this study.
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4

METHODOLOGY
4.1 Estimating the mass and energy exchange of
broad-acre cropping systems in the CIA

The mass and energy exchanges of the selected cropping systems were
measured by employing eddy covariance technologies. Through the
implementation of fast response sensors, direct measurement of
carbon dioxide, water vapour and energy fluxes between the landsurface and the atmosphere was achieved.

4.1.1 Eddy covariance measurements
The EC instrumentation for the four installations (hereby referred to as
flux towers) was almost identical. Two flux towers were placed in-situ
over the growing season in 2010/11 to monitor the mass and energy
exchange of the two major summer crops cultivated in the area, maize
and rice. Both flux towers consisted of a three-dimensional sonic
anemometer (CSAT3, Campbell Scientific Inc., USA), which
measured fluctuations in longitudinal, lateral and horizontal wind
speed and direction (u, v, w; m/s), and an open-path infrared gas
analyser (LI-7500, LI-COR Inc., USA) designed to measure CO2,
water vapour and momentum fluxes. Both the sonic anemometer and
gas analyser were positioned to face into the expected prevailing wind
direction on a boom that extended 1 m horizontally from the tower. As
the main interest of this study was to investigate water and carbon
dioxide flux response to micrometeorological drivers instantaneous
measurements of flux variables were required (Burba, 2013), therefore
the sampling rate of each system was set at 10 Hz and recorded with a
data logger (CR3000, Campbell Scientific, Inc. USA). The fluxes (as a
measure of the covariance between the scalar (e.g. CO2 or H2O) and
the vertical wind component) were then computed as an average of the
10 Hz data over 30 minute intervals. Both the 10 Hz data and the 30
minute averaged data were recorded on a 2 GB Compact Flash card
which was downloaded on a monthly basis.
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4.1.2 Micrometeorological measurements
Micrometeorological instruments were also stationed at each site to
complement the EC flux measurements. Ancillary observations of
wind speed and direction were made with a standard wind vane and
anemometer (RM Young Wind Sentry 3001, Campbell Scientific, Inc.
USA). Air temperature and relative humidity were measured with an
aspirated and shielded thermistor and capacitance sensor (HMP45C,
Campbell Scientific, Inc. USA), and a tipping bucket rain gauge (TB3,
Hydrological Services Pty. Ltd. Australia) was used to measure
rainfall. Net radiation (Rn) was measured using a four-component net
radiometer (CNR1, Kipp & Zonen B.V.) on a boom fixed 2 m above
the ground surface and oriented to the north. Ground heat flux (G) was
measured using two self-calibrating soil heat flux plates (HFP01SC,
Hukseflux Thermal Sensors B.V.) at distances of 10 m to the north
and 25 m to the west of each flux tower. These were buried at depths
of 80 mm in conjunction with two thermocouple configurations buried
1 m apart at depths of 60 mm and 20 mm (114 TCAV-L, Campbell
Scientific Inc., USA). Volumetric soil moisture content was not
measured. In the absence of suitable time series data, a default value
based on soil samples taken at each site was used to calculate the heat
storage in the soil layer above the heat flux plates. Solar radiation
values were taken from a nearby weather station operated and
maintained by CICL.

4.2 Data processing, quality control and gap-filling
strategies
4.2.1 Cospectral analysis
The application of eddy covariance technologies to determine mass
and energy balances has not yet been reported within an Australian
irrigated agricultural environment. It was necessary, therefore, to
perform a comprehensive cospectral analysis to determine an
averaging period to ensure all significant low-frequency eddies would
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be accounted for. This can be achieved through an ogive test,
represented by the cumulative integral of the cospectrum, beginning
with the highest frequency (Foken et al., 2006; Oncley & Friehe,
1996; for further details of this test please see Section 3.2.3). The
point at which the ogive curve has reached its asymptote is the point at
which one can be sure that the sample period is long enough to
capture all low frequency eddies (Moncrieff et al., 2004). Note that as
cospectra describe how much of the flux is transported at each
frequency, the area under the curve represents the flux (Burba &
Anderson, 2010).To perform the ogive test, the raw, non-gapfilled 10
Hz data were processed using open-source software, EdiRe© (an opensource software package specifically designed to assist in eddy
covariance data processing; Clement, 1999). Daytime data were
integrated over 120 minute averaging periods between the hours of
07:00 and 19:00 Australian Eastern Standard Time (AEST) for both
summer and winter crops to avoid the influence of the daily cycle of
fluxes and non-steady state conditions, as per Foken et al. (2006).
Longer periods are generally not scrutinised due to the daily cycle of
fluxes and high non-steady state conditions (Foken et al., 2006).
Because the ogive test fails if missing values occur within the time
series, only intervals devoid of gaps were included in the analysis,
avoiding the bias of abnormal cospectra. In this study, ogives were
constructed based on sensible heat flux co-spectra only (w’Tsonic’). The
main reason for doing so was because the sonic temperature (Tsonic)
and vertical wind speed (w) were instantaneously derived from the
sonic anemometer, negating the need to account for sensor separation
or time delays between two signals (i.e. if temperature and wind
speed were measured by two different instruments). As such, w’Tsonic’
was considered close to ideal, and the actual scalar flux (water vapour
or CO2) would lie somewhere below this curve (Burba & Anderson,
2010).
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4.2.2 Spike detection, corrections and gap-filling
The flux data that were averaged over each 30 minute interval was
post-processed using standard eddy covariance protocols and in-house
software developed through the OzFlux community (Isaac & Cleverly,
2011), further modified to suit the needs of this study. For instance,
additional calculations were incorporated into the program to account
for the heat storage in the water column to calculate G for the rice
crop. The quality control, flux calculation and correction process is
illustrated in Figure 4.1. As depicted, the raw data (Level 1; L1) was
ingested into the program and preliminary quality control checks of
the raw data were performed. These were based on artificial spike
detection (where values of a given variable are greater than 5 – 7
standard deviations from the mean), sensor diagnostics and known
maintenance periods to produce a Level 2 (L2) dataset with quality
control flags. Corrections, flux calculations, further range checks, u*
filtration and removal of unwanted data (e.g. removal of
contaminated turbulent flux data originating in the quadrant directly
behind the sensor) were performed on the L2 dataset to produce a
clean, non-gapfilled Level 3 (L3) dataset. Detailed information
regarding the specific corrections is presented in Table 4.1. Once all
data had been processed, a gap-filling procedure was implemented
whereby data gaps of less than 60 minutes were filled using simple
linear interpolation techniques and larger gaps were filled using daily
climatologies calculated for the same observation period; this
produced a Level 4 (L4) clean, gap-filled dataset.
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Start

LEVEL 1 (L1)
Load Datalogger Data
Convert .xls to .netcdf

LEVEL 2 (L2)
Quality Control
Spike detection, instrument diagnostics, and removal of data recorded
during known maintenance periods

LEVEL 3 (L3)
Corrections, Flux Calculation & Quality Control
2D co-ordinate rotation, calculate Ta from Tv, frequency response
corrections, flux calculation, correction of Hs, WPL corrections (LE
and Fc), correct G for storage, calculate available energy, range
checks, u* filter, removal of data originating in quadrant directly
behind sensor

LEVEL 4 (L4)
Gap-filling
Linear interpolation (data gaps < 1 hour), gap-filling using
climatologies (data gaps > 1 hour

LEVEL 4 (L4)
Export clean, gap-filled flux dataset
Convert .netcdf to .xls

End

Figure 4.1 Quality control, flux calculation and correction process
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Table 4.1 Corrections and calculations applied to flux data to produce a Level 3 (L3), non-gap-filled dataset
Correction/calculation
Two dimensional co-ordinate rotation
Calculate air temperature (Ta) from virtual
temperature (Tv), absolute humidity and
pressure
Frequency response corrections

Flux calculation
Webb Pearman Leuning (WPL) corrections
Correct G for storage
Friction velocity (u*) threshold
Removal of contaminated fluxes from
quadrant opposite orientation of EC sensors

Purpose
To align the mean lateral and vertical velocities to zero i.e. ū =
w̄ = 0
To provide a more robust measurement of air temperature
based on sonic thermometry measurements (i.e. as measured by
the CSAT3)
This includes a suite of corrections to compensate for flux
losses as a result of spectral attenuation (invoked by sensor
design and time response, sensor separation, electronic filters
etc.)
Calculate fluxes from covariances; this is detailed in Section
3.3.1
To compensate for fluctuation effects of temperature and water
vapour on LE and Fc fluxes
To calculate the heat stored in the soil layer above the soil heat
flux plate and incorporate this into estimates of G
To correct for the underestimation of night-time Fc fluxes (see
Section 4.3.1)
Turbulent flux data was also removed to prevent the influence
of flow distortion as a result of air passing through the tower
and solar powered battery array behind the sensors

Primary references
(Lee et al., 2004b)
(Loescher et al., 2005)

(Massman, 2000, 2001;
Massman & Clement, 2004)

(Lee et al., 2004b)
(Leuning, 2004; Webb et al.,
1980)
(Campbell Scientific Inc.,
2007)

(Zhang et al., 2013)
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4.2.3 Flux footprint analysis
Due to limited water supplies, crops grown in the CIA are limited in
their extent and are often grown alongside non-irrigated fallow lands
and remnant vegetation. Given the heterogeneous nature of irrigated
farmland in the CIA, it is necessary to ensure that the source
emissions are representative of the areas of interest. For these reasons,
a comprehensive review of the effective fetch (or flux footprint) was
undertaken using the Microsoft® Excel based ART (Agroscope
Reckenholz-Tänikon) Footprint Tool designed by Neftel et al. (2008)
based on the analytical model developed by Korman & Meixner
(2001). The EC inputs required to run this tool can be seen in see
Table 4.2. In this instance, the time step used was 30 minute-averaged
data. Model outputs include a number of different parameters and can
be seen in Table 4.3.
A simple two dimensional description of the footprint is illustrated in
Figure 4.2. KM_p01a is the intersection of 1%-ellipse nearest to
sensor, KM_p01b is the intersection of 1%-ellipse farthest from the
sensor and KM_p01c is half the width of the 1%-ellipse of the
crosswind component (Spirig & Neftel, 2007).

Figure 4.2 Two-dimensional schematic view of the footprint model
(Spirig & Neftel, 2007).
Once complete, the model outputs were post-processed using bespoke
scripts developed in the MATLAB® environment (The MathWorks
Inc, 2010). Based on our data, daytime and night-time data were
sorted according to the value of net radiation whereby night-time was
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defined as the period where net radiation was less than 0.5 MJ/m2.
Values where 90% of the integral fell within the footprint function
were identified, and the mean length of the ellipse was calculated for
both daytime and night-time periods.
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Table 4.2 Input parameters required to determine the flux footprint using the ART footprint tool (Spirig & Neftel, 2007).
Parameter
Time
xsensor
ysensor
u*
L
σv
wdir
zm
U

Description
Measurement time
x coordinate of receptor (E-W coordinate)
y coordinate of receptor (S-N coordinate)
Friction velocity
Obukhov length
standard deviation of cross wind speed
Wind direction
Measurement height (z-d)
horizontal wind speed

Units
days after1.1.1900
m
m
m/s
m
m/s
Degrees
m
m/s

Admissible range
>1.0
-5000 – 5000
-5000 – 5000
0.01 – 5
-99 999 – 99 999
0 – 20
0 – 360
0 – 1000
0 – 30

47

Table 4.3 Outputs of the ART footprint tool and corresponding units or dimensions where L = length and T = time (Spirig & Neftel,
2007).
Output
Zo
Phitot
Field_x
Umaj
Kmaj
M
N
A,B,C,D,E
KM_p01a
KM_p01b
KM_p01c

Description
Zero displacement height
Integral of footprint function over considered domain
Footprint contribution of field x
U, Constant in power-law profile of the wind velocity
K, Constant in power-law profile of the eddy diffusivity
Exponent of the wind velocity power law
Exponent of the eddy diffusivity power law
A-E parameters defining footprint function
Intersection point of 1%- ellipse nearest to sensor
Intersection point of 1%- ellipse farthest from sensor
Half width of 1%-ellipse

Units/dimensions
m
%
%
L1-m T-1
L1-m T-1
m
m
m
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4.2.4 Surface energy balance
4.2.4.1 Determination of surface energy balance components
For the rice crop, additional components of G (see Section 3.3.2) were
incorporated to account for the heat storage in the floodwater (W) as
well as the soil heat storage (S), adapted from Tsai et al. (2007), i.e.
(13)

therefore

𝑮= 𝑺+𝑾

(14)

where

𝑹𝒏 − (𝑺 + 𝑾) = 𝑯 + 𝑳𝑬

and

𝑺 = 𝝆𝒈 𝒄𝒈 𝒛𝒈

𝝏𝚻𝒈

𝑾 = 𝝆𝒘 𝒄𝒘 𝒛𝒘

𝝏𝒕

𝝏𝚻𝒘
𝝏𝒕

(15)

(16)

where ρg and ρw represent the density of wet soil and water
respectively; cg and cw represent the heat capacity of wet soil and
water respectively; zg and zw are the depth of the soil heat flux plates
in relation the soil surface and the depth of the floodwater
respectively; and dTg/dt and dTw/dt represent the rates of change in
soil temperature and water temperature respectively. In the absence of
water temperature data, the average air temperature as measured by
the EC system was used to estimate W based on the assumption that
mean water temperature is similar to mean air temperatures, after De
Datta (1987).
4.2.4.2 Determination of surface energy balance closure
When using eddy covariance systems, the sum of sensible and latent
heat (Hs + LE) is generally less than the available energy (Rn – G)
(Leuning et al., 2005). Research has shown that annual temporal
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coverage of surface energy fluxes can be underestimated by 25 – 35%
(Falge et al., 2001a; Falge et al., 2001b) with an average
underestimation of 20% based on the findings of Wilson et al.
(2002a), who investigated 22 FLUXNET sites varying in topography
and land cover (including agriculture, grasslands and coniferous
forests). Therefore, it is considered necessary to conduct an audit of
the energy balance to assess the overall performance of the
instruments and to obtain an independent assessment of the scalar flux
estimates under these particular conditions. In this study, an
evaluation of the energy balance closure was determined specifically
by using the Energy Balance Ratio (EBR; see Section 3.3.2) to
average over random errors in the measurement of the independent
variables over longer timescales (Tsai et al., 2007; Wilson et al.,
2002b). The EBR was calculated for all 30 min fluxes over the entire
observation period.

4.3 Flux partitioning to determine ecosystem
respiration and gross primary productivity
4.3.1 Determination of friction velocity threshold
The friction velocity (or u*) threshold (see Section 3.4.2) is used to
determine stable atmospheric conditions and can be used to correct for
the underestimation of night-time CO2 fluxes and determine
ecosystem components of carbon metabolism (GPP, NEE and Re).
The u* threshold can be found by plotting night-time values of u*
against corresponding CO2 fluxes; the u* threshold is located at the
point where the fluxes begin to decrease as u* decreases (Jans et al.,
2010). To determine the u* threshold, rank-ordered night-time u*
values and corresponding CO2 fluxes were divided into 25 groups. The
average values of each group were then calculated and plotted to
evaluate the relationship between u* and CO2 flux (Long, 2008).
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4.3.2 Determination of an empirical model to partition
carbon dioxide fluxes
Eddy covariance systems, whilst providing estimates of net ecosystem
exchange (NEE, measured as CO2 fluxes), cannot directly measure
ecosystem respiration (Re) or gross primary productivity (GPP).
Instead, models are required to partition NEE into Re and GPP (see
Section 3.3.1; Baldocchi et al., 2001; Stoy et al., 2006).
At night, GPP is equal to zero, hence NEE is equal to total Re.
Therefore, the difference between daytime NEE and night-time NEE
can be used to calculate GPP using an empirical model to extrapolate
night-time respiration (Rocha & Goulden, 2009; Wohlfahrt et al.,
2005). To determine the components of carbon metabolism (i.e. NEE,
Re and GPP), the approach used by Leuning et al. (2005) and Saito et
al. (2005) was adopted for this study. At night, it was assumed that
photosynthetic activity, and therefore GPP, was zero. Based on this
assumption, Re at night was considered to be equal to night-time NEE
(Fc). As Re is sensitive to temperature (Lloyd & Taylor, 1994), nighttime CO2 fluxes are plotted against corresponding soil or air
temperatures, and a simple exponential function is fitted to the data.
This equation is given by:
𝑹𝒆 = 𝑨𝐞𝐱𝐩(𝑩𝑻)

(17)

where A and B are empirical constants determined by regression and T
represents temperature. This exponential function can then be used to
deduce daytime estimates of Re and thus, GPP, where the sign
convention is such that positive NEE is a flux of CO2 into the
atmosphere and both Re and GPP are positive (Davis et al., 2003).
The application of this methodology also enables the correction of
night-time carbon dioxide fluxes that may be underestimated due to
periods of atmospheric stability (as indentified by the u* threshold) by
adjusting fluxes according to the same exponential function (as nighttime Fc (NEE) is equal to night-time Re.
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4.4 Examining the relationship between water and
carbon dioxide fluxes
4.4.1 Water and carbon dioxide flux response to
environmental drivers
Gross primary productivity (GPP) is the key indicator of ecosystem
functions such as respiration and biomass accumulation (Suyker &
Verma, 2012), which is primarily affected by local hydrology (Alberto
et al., 2009). It is, therefore, important to understand the extent to
which certain environmental factors influence ETa and GPP rates,
particularly in the CIA where in-depth studies using EC methods are
yet to be reported.
ETa, and thus GPP, are controlled by a number of climatic factors,
including net radiation (Rn), air temperature (Ta), vapour pressure
deficit (VPD), wind speed (U), rainfall (P) and soil moisture (Zha et
al., 2010). The degree to which ETa and GPP are influenced by these
factors is highly dependent upon the general climatic conditions of a
given region (Matsoukas et al., 2011). For example, ETa in tropical
regions is controlled primarily by monsoonal winds during the
monsoon season (Rao, 2008). Other studies have shown that in semiarid climates the magnitude and distribution of precipitation control
energy partitioning and thus, ETa (Krishnan et al., 2012).
The relationships between ETa, GPP and the aforementioned
environmental variables (excluding soil moisture) were investigated
through the application of geostatistical regression based on model
selection methods (specifically, Bayes Information Criterion; BIC).
For more information, see Section 3.4.2.
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4.4.2 Water and carbon dioxide flux response to
biophysical crop characteristics
As well as being governed by climatic variables, ETa and thus, GPP,
are also controlled by a number of biophysical crop characteristics
(Allen, 1988) which is best represented by measurements of leaf area
index (LAI). LAI is leaf area per unit ground area. Moreover, it
amalgamates the key structural and architectural (e.g. gap-size and
light-interception) elements of a plant canopy that regulate many of
the biophysical processes of atmospheric land-surface interactions,
including photosynthesis, respiration, and ETa (Chen et al., 1997). As
LAI changes over time according to different phenological stages of
the plant, it is a useful variable to investigate the response of ETa.

4.4.3 Biophysical water productivity
Water productivity (WP) is the ratio of net benefits to the amount of
water used to produce goods and services (Cai et al., 2011). From a
hydrological perspective, WP is often expressed as either the grain
yield per unit of water lost through ETa or the grain yield per unit of
irrigation water supplied (Alberto et al., 2011; Zwart et al., 2010). In
terms of this study, the benefits are measured by the amount of total
biomass accumulation (represented by GPP, or above-ground
biomass) per unit of water lost through ETa over the growing season
(Suyker & Verma, 2010), given by the equation:
𝑾𝑷𝑬𝑻𝒐 =

∑ 𝑮𝑷𝑷

∑𝑬𝑻𝒂 ⁄𝑬𝑻𝒐

(18)

This will then provide an indication of the relationship between water
and carbon dioxide fluxes of these cropping systems. To better
compare values of WP for different cropping systems, daily ETa
values are normalised by daily reference evapotranspiration values
(ETo) (Suyker & Verma, 2010).
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4.5 Regional estimation of fluxes
4.5.1 Land cover/land use classification
A land cover and land use (LCLU) classification was performed to
determine the locations and total area of maize, rice, wheat and other
various crops throughout the CIA for both the summer and winter
growing seasons. To do this, cloud-free satellite imagery (specifically,
LANDSAT 5 TM) was downloaded from the USGS website
(http://glovis.usgs.gov/) and processed by employing a supervised
classification procedure using standard ENVI 5.0® and ArcGIS 10.1®
software. The accuracy of each classification was assessed through a
confusion (or error) matrix whereby the classified image was
compared to ground-truthing information gathered each field visit
during the campaign and seasonal water orders provided by CICL.
The seasonal water orders provide information regarding the amount
of water requested per farm and per crop and the actual amount of
water delivered to the property.

4.5.2 Regional upscaling of water and carbon fluxes
Without conducting an extensive field campaign, the most costeffective method to estimate water vapour and carbon dioxide at a
regional scale is to use remote sensing/geographic information system
technologies in conjunction with ground-based information. In this
case, LCLU classification maps (see Section 4.6.1) were used to
identify areas within the CIA where similar crops were grown. Soil
maps derived from an electromagnetic survey were used to identify
areas of similar soil type; the survey was originally commissioned by
the CICL to determine areas within the region where crop production
may be inefficient due to insufficient quantities of clay in the soil
profile, particularly for rice production. Both maps were analysed
using standard geoprocessing methods in ArcGIS® to ascertain where
agricultural fields of a single cultivar were being grown on similar
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soils, based on the assumption that each individual cultivar (i.e. maize,
rice or wheat) grown on similar soils will have a similar response to
micrometeorological drivers of mass and energy exchange. Once these
areas had been identified, the point-based estimates of water and
carbon fluxes derived from the flux towers were directly extrapolated
across the region. Extrapolation was a simple multiplication of total
area by total cumulative fluxes for maize, rice and wheat, with the
acknowledgement that this approach does not provide an accurate or
detailed assessment of water and carbon fluxes at this scale.

4.6 Ancillary data and additional calculations
4.6.1 Leaf area index and determination of phenological
growth stages
Leaf area index (LAI) is a key structural characteristic of an
ecosystem given that the associated green leaf matter plays a major
role in controlling many of the biological and physical processes
between atmospheric and land-surface interactions (Chen et al., 1997).
Estimates of LAI can provide useful information with respect to the
photosynthetic and transpiration potential of a canopy as well as
providing a remote sensing measure of surface reflectance within the
canopy. In this study, LAI was measured indirectly through the use of
a commercially-available optical instrument, LAI-2000 (LI-COR, Inc.
USA), which operates on the premise that the amount of foliage
within a canopy can be deduced from how much radiation passes
through it (LI-COR, 1992). LAI measurements were taken throughout
the growing season for maize and rice (summer 2010/11) every 7 – 28
days, weather permitting. LAI measurements for the growing season
of winter 2011 were not made due to budgetary restrictions.
The phenological stages for each crop were determined through
observations made during each site visit in conjunction with
information relayed by the landholder. These data were augmented
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with analogous phenological data from the NSW Department of
Primary Industries (Yanco) for the same period.

4.6.2 Soil sampling and analysis
Two soil samples, one 25 m directly west of the flux tower and the
other directly 10 m south of the flux tower, were taken from the top
profile (0 – 0.3 m) at each site at the time of the flux tower
installation. Each sample was tested for moisture content (%), total
organic carbon (mg/kg) and bulk density (mg/m3). These values were
then incorporated into the data processing program as default values
or variables required to calculate ground heat fluxes. It is
acknowledged that this methodology is flawed as the default values,
particularly soil moisture content, are not representative of real-time
conditions; therefore estimates of G are a loose approximation at best.

4.6.3 Harvest index and yield data
The harvest index (HI) is the ratio of the yield of grain to the
biological yield (Donald & Hamblin, 1976), or, put simply, the ratio
of seed mass to the total above-ground plant biomass (Lecoeur &
Sinclair, 2001). It is commonly expressed as:
𝑯𝑰 =

𝒕𝒐𝒕𝒂𝒍 𝒈𝒓𝒂𝒊𝒏 𝒚𝒊𝒆𝒍𝒅
𝒕𝒐𝒕𝒂𝒍 𝒅𝒓𝒚 𝒘𝒆𝒊𝒈𝒉𝒕

(19)

Just prior to harvest, samples of each crop were taken from 1 m2 sites
to determine the harvest index; the total number of samples was
proportional to the total area planted to each variety at each site, and
each sample was selected at random. These samples were oven-dried
at 80°C over 3 – 4 days. The dried material was then thrashed to
separate the grain from the remaining organic matter and both
components were weighed individually to determine the harvest
index. Overall yield data were obtained directly from the landholder
post-harvest.
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4.6.4 Calculation of zero-plane displacement and surface
roughness length
The zero-plane displacement height (d0) and aerodynamic (or surface)
roughness length (z0) of a given canopy are two of the key parameters,
based on canopy height and structure, that influence land-surface
interactions (Yang & Friedl, 2003). Zero-plane displacement is the
mean height at where momentum is absorbed by the canopy (Thom,
1975). The surface roughness length is the height above the surface at
which the mean logarithmic profile is zero (Zhou et al., 2006).
At each scheduled maintenance or site visit, crop heights of 20
randomly located individual plants were measured. These values
provided an average canopy height (h) which was then used to
determine the zero-plane displacement, commonly defined as:
𝒅𝟎 = 𝟐⁄𝟑 𝒉

(20)

The average canopy height was also used to calculate the surface
roughness length throughout the growing season, based on Brutsaert
(1982):
(𝒉⁄𝒛𝟎 ) = 𝟑𝒆

(21)

where e is a constant number which is often referred to as Euler’s
number and is equal to approximately 2.72.This information was then
used to set parameters within the data processing program to estimate
the fluxes over a given crop.

4.6.5 Calculation of reference and potential crop
evapotranspiration
Reference crop evapotranspiration (ETo) is the evapotranspiration of a
hypothetical grass reference crop 0.12 m tall, with a fixed surface
resistance of 70 s/m and an albedo of 0.23. It was developed as a
means of investigating the atmospheric evaporative demand regardless
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of crop type, crop development or agricultural management practices
and was calculated by the equation (Allen, 1988):
𝑬𝑻𝒐 =

𝟎.𝟒𝟎𝟖∆(𝑹𝒏−𝑮)+ 𝜸�

𝟗𝟎𝟎
�𝒖 (𝒆 − 𝒆𝒂 )
𝑻+𝟐𝟕𝟑 𝟐 𝒔

∆+ 𝜸(𝟏+ 𝟎.𝟑𝟒𝒖𝟐 )

(22)

Where Rn is the net radiation (MJ/m2/day); G is the soil heat flux
(MJ/m2/day); T is the mean air temperature measured at 2 m height
from the soil surface (°C); es is the saturation vapour pressure (kPa);
ea is the actual vapour pressure (kPa); Δ is the slope vapour pressure
curve (kPa/°C); γ is the psychrometric constant (kPa/°C); u2 is the
wind speed at 2 m height (m/s); and (es – ea) is the vapour pressure
deficit (Kpa).
Because ground cover, canopy properties and thus, aerodynamic
resistances, differ from crop to crop, a method of calculating potential
crop evapotranspiration (ETc) was developed. ETc is the amount of
water lost through evapotranspiration of different crops grown under
standard conditions and is calculated by multiplying the ETo with a
specific crop coefficient (Kc) and is given by the formula (Allen,
1988):
𝑬𝑻𝒄 = 𝑲𝒄 × 𝑬𝑻𝒐

(23)

The MIA experiences similar climatic conditions to the CIA, therefore
the crop coefficients used to determine ETc in the former region were
used to estimate ETc in the CIA. The Kc values are presented in Table
4.4.
In addition to calculating ETc, ETo was also used to calculate
biophysical water productivity (see Section 4.4.3).

.

58

Table 4.4 Crop coefficients (Kc) used to determine potential crop evapotranspiration (ETc) in the CIA (adapted from Meyer et al., 1999;
Wu et al., 2000).
Crop

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Rice
Maize
Wheat

1.1
0.85
–

1.1
0.85
–

1
0.6
–

0.4
0.3
–

–
–
0.4

–
–
0.6

–
–
0.9

–
–
1.05

–
–
1.05

1
0.35
0.8

1.1
0.5
0.5

1.1
0.7
–
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4.6.6 Irrigation and crop specific data
Land preparation, sowing dates, seeding rates, fertilisation and
pest/disease/weed management strategies and irrigation schedules
were collated through information received directly from the
landholders for each particular site and crop. Any irrigation
information that was incomplete was supplemented with water
delivery statements to each farm (per crop) obtained from CICL
records for each season.

4.6.7 Instrument maintenance and calibration
EC systems are often deployed in remote locations and are exposed to
the natural elements (e.g. electrical storms, strong winds) and animals.
Exposure to these elements may damage the sensors to varying
degrees, thus affecting their performance and potentially resulting in
large data gaps. Data sets requiring a large amount of gap-filling will
reduce the integrity of the time series (Burba & Anderson, 2010).
Regular calibration of the sensors is also necessary to maintain
measurement accuracy. This is particularly important for the
successful operation of the open-path gas analyser where the signal
response can be significantly affected by temperatures greater than
30°C as well as periods when the temperature difference is greater
than 10 °C or when a large pressure change occurs (> 40 kPa),
especially when measuring H2O concentrations (LI-COR, 2001). For
the duration of this study routine maintenance was carried out every 4
– 6 weeks; this involved cleaning of the gas analyser optical windows
to ensure the automatic gain control values were less than 55 – 65% as
per recommendations (LI-COR, 2001); cleaning of sonic anemometer
to remove any foreign objects (e.g. spider webs and bird droppings)
that may distort airflow); and cleaning of solar panel to ensure optimal
performance of battery array/power supply. Individual calibration of
the LI-COR 7500 sensors occurred every 2 – 5 months during the flux
tower installations. Calibration was performed according to the
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recommendations of the manufacturer (see LI-COR, 2001). The EC
sensors were not cross-calibrated during this study; the implications of
this are discussed in Section 7.3.
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5

ASSESSMENT OF QUALITY CONTROL
PARAMETERS AND
MICROMETEOROLOGICAL DRIVERS
5.1 Specific crop and site selection

Crop selection was based on the three major broad-acre crops
produced in the area: rice and maize grown over the summer months
and wheat, the predominant winter crop. Adequate fetch (or footprint)
upwind of sensors was the primary consideration to ensure that mostly
all observed fluxes were representative of the single cultivar of
interest. The willingness of the landowner to participate in the
experiment was also an important consideration.
With the benefit of having two complete EC systems, two cropping
systems were monitored over the summer and winter growing seasons
of 2010/11. The locations of the flux tower in relation to one another
are depicted in Figure 5.1.

Figure 5.1 Location and crop varieties of experimental flux tower
sites within the CIA – 2010/11.
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5.1.1 Summer 2010/11 - Maize
A flux tower situated in the north-east of the CIA (Lat. -34.760, Long.
146.015, Elevation 120 m; see Figure 5.1) was erected to monitor
carbon, water vapour and energy fluxes over a maize crop. This site is
largely rectangular in shape (~ 900 x 700 m) and approximately 60 ha
in area. The soil type is classified as transitional red-brown earth.
These soils have an average bulk density of 1369 kg/m3 at a depth of
0.1 m (for more information, see Hornbuckle et al., 2008).
Landform preparations for the maize crop included a pass with a
chisel plough, a bed maker ripper and a bed shaper. The crop was
sown at a rate of 80 000 seeds/ha (Pioneer 32P55) on October 7, 2010
and harvested on April 4, 2011, yielding ~12 t/ha and a harvest index
of 0.52. Nitrogen fertiliser (urea) was aerially top-dressed on
November 18, 2010 at a rate of 100 kg/ha. Surface irrigation water
totalling 5.6 ML/ha was applied to the crop via a furrow system over
the course of the growing season.
The flux tower was placed in the field on October 27, 2010 and
remained in-situ until May 17, 2011, 42 days post harvest. At the time
of the initial installation the crop had emerged and was nearing the
end of the early stages of juvenile growth (i.e. 4 leaves present, as
defined by Jans et al., 2010), as illustrated by Figure 5.2.
The sonic anemometer, gas analyser and temperature/relative
humidity probe were placed at a height of 3.1 m above the ground
surface. The rain gauge, wind vane/cup anemometer and net
radiometer were located 1.0 m, 5.1 m and 2.0 m above the ground
surface, respectively. As pollen shed began, when the crops were
averaging a height of 2.5 m, the sensor masts were extended so that
the sonic anemometer, gas analyser and temperature/relative humidity
probe were 5.05 m above the ground surface whilst the rain gauge,
wind vane/cup anemometer and net radiometer were placed at 4.4 m,
7.1 m and 4.0 m above the ground surface, respectively. The initial
flux tower installation is depicted in Figure 5.3.
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Figure 5.2 Leaf emergence of the maize crop at the time of the flux
tower installation.

Figure 5.3 Initial flux tower installation over the maize crop.
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5.1.2 Summer 2010/11 - Rice
A second flux tower was erected in the south-west of the CIA (Lat. 34.925, Long. 145.821, Elevation 120 m; see Figure 5.1). This site is
an irregular polygon in shape. It is approximately 100 ha in area with
soil properties similar to those listed for the maize crop.
Prior to planting, the earth was cultivated with a chisel plough.
Phosphorus and nitrogen were also applied at rates of 14 kg/ha and
150 kg/ha, respectively, to improve potential biomass and yield. The
crop was aerial sown at a rate of 188 kg/ha (Quest) on November 12,
2010 and harvested the week beginning April 20, 2011 with a yield of
10.1 t/ha (dry weight) and a harvest index of 0.50. Surface irrigation
water was applied from November 6 – 12, 2010 at an average rate of
7.6 ML/ha. Water levels of 0.05 m were maintained prior to panicle
initiation and 0.30 m thereafter; the water was drained on March 28,
2011.
The flux tower was installed in approximately the middle of the field
prior to planting on November 3, 2010 and remained in place until
May 16,

2011.

The

sonic anemometer,

gas analyser

and

temperature/relative humidity probe were placed at a height of 2.6 m
above the ground surface. The rain gauge, wind vane/cup anemometer
and net radiometer were placed at 1.0 m, 3.2 m and 1.9 m above the
ground surface, respectively. The flux tower installation is depicted in
Figure 5.4.
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Figure 5.4 Flux tower installation over the rice crop.
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5.1.3 Winter 2011 - Wheat
The flux tower that was used to monitor the carbon, water and energy
fluxes of the maize crop was used to monitor wheat that was sown
into the same field the following season (Lat. -34.760, Long. 146.015,
Elevation 120 m; see Figure 5.1). The crop was planted on May 6,
2011 and harvested on December 3, 2011 with a yield of 5.0 t/ha and a
harvest index of 0.61. Yield data and fertiliser application details of
this particular crop were not made available by the landowner. Total
surface irrigation water supplied through the furrow system over the
growing season was applied at a rate of 2.6 ML/ha.
Based on anecdotal evidence of the region, the predominate winter
winds in the CIA generally originate in the south-west; therefore the
flux tower was repositioned on May 17, 2011 to improve fetch for
winds approaching from this direction. The flux tower remained in
place until it was decommissioned on December 13, 10 days after
harvest. The sonic anemometer, gas analyser and temperature/relative
humidity probe were placed at a height of 3.6 m above the ground
surface. The rain gauge, wind vane/cup anemometer and net
radiometer were placed at 1.9 m, 5.0 m and 2.0 m above the ground
surface, respectively. The flux tower installation is depicted in Figure
5.5.
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Figure 5.5 Flux tower installation over the wheat crop.

5.1.4 Winter 2011 - Mixed Cropping System (Wheat,
Canola and Faba Beans)
In the south-west of the CIA, the second flux tower was relocated
(Lat. -34.903, Long. 145.762, Elevation 120m; see Figure 5.1) to
monitor a mixed cropping system comprised of wheat, canola and
faba beans. This site is an irregular polygon in shape and is
approximately 118 ha in area. The soil types are almost equal
distributions of red brown earths and transitional red brown earths.
Land preparations prior to harvest included a burn to remove the
stubble of the previous maize crop. The field was then sprayed with
herbicide. The wheat was sown via direct drilling methods on May 17,
2011 at a seed application rate of 80 kg/ha (Merinda) and harvested on
December 7, 2011 with a yield of 5.5 t/ha. The harvest index was
0.68. Two applications of fertiliser were made; 250 kg/ha was
incorporated with the seed at sowing and a further 90 kg/ha broadcast
on July 17, 2011. A total of 2.3 ML/ha of surface irrigation water was
delivered to the wheat crop through a furrow system over the growing
season, whilst the canola crop and faba bean crop received a total of
0.5 ML/ha and 2.0 ML/ha, respectively.
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The flux tower was installed on May 18, 2011 and remained in-situ
until it was decommissioned on December 13, 2011, 5 days after
harvest. The sonic anemometer, gas analyser and temperature/relative
humidity probe were placed at a height of 3.8 m above the ground
surface. The rain gauge, wind vane/cup anemometer and net
radiometer were placed at 1.0 m, 5.3 m and 2.0 m above the ground
surface, respectively. The flux tower installation is depicted in Figure
5.6.

Figure 5.6 Flux tower installation over the mixed cropping system.
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5.2 Micrometeorology
5.2.1 Wind speed and direction
A wind rose illustrating wind speed and direction was produced for
each flux tower location using a Matlab© function (fcnwindrose;
Schultz, 2011) requiring inputs of wind direction and intensity for
each 30 min period.
Figure 5.7 illustrates the distribution of 24 hr daily wind speed and
direction of the maize crop throughout the observation period. As
indicated, the prevailing winds originated mostly from the south-west
(180°– 215°) at speeds of 0 – 7 m/s.

Figure 5.7 Maize – Daily wind vector distribution.
The wind rose indicates that there was a significant secondary wind
run from the north-east. It was also from the north-east that winds of
the greatest intensity originated. For example, the maximum wind
speed reached was 8.3 m/s on October 31, 2010 at 00:30 AEST from a
bearing of 8°. This coincided with a low pressure trough and a cold
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front that passed through the region during the period (see Figure 5.8
for the synoptic pressure map showing approximate location of the
CIA).

Figure 5.8 Mean sea level pressure analysis for the Australian
region valid at 0000 UTC October 30, 2010 (Bureau of
Meteorology, 2010a). The coloured star indicates the location of
the CIA.
Figure 5.9 and Figure 5.10 illustrate the daytime and night-time wind
profiles experienced at the maize site, respectively. Daily wind
profiles were similar to the daily distributions except for greater
instances of winds at speeds of 2 – 4 m/s. Generally, the night-time
wind distribution followed the daily trend although the night-time
wind speeds were much less and ranged mostly between 0 – 2 m/s.
This is to be expected given that more stable atmospheric conditions
generally occur at night. Another point of difference for night-time
conditions is the stronger influence of winds originating in the eastnorth-east, reaching speeds of 4 – 5 m/s.
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Figure 5.9 Maize – Daytime wind vector distribution.

Figure 5.10 Maize –Night-time wind vector distribution.
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The distribution of the 24 hr daily wind directions over the rice crop is
presented in Figure 5.11. As illustrated, the prevailing winds
originated from a south-south-easterly direction (145° – 175°) at
speeds of 0 – 8 m/s.

Figure 5.11 Rice - Daily wind vector distribution.
Like the maize crop, there was also a strong influence of winds
originating from the north-east. Again, winds of greatest intensity
originated from the north (bearing 324°) and reached a maximum
speed of 10.8 m/s. This occurred on December 8, 2010 at 10:30 AEST
and coincided with a low pressure trough that had moved over the
region (see Figure 5.12).
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Figure 5.12 Mean sea level pressure analysis for the Australian
region valid at 0600 UTC December 7, 2010 (Bureau of
Meteorology, 2010b). The coloured star indicates the location of
the CIA.
Figure 5.13 and Figure 5.14 illustrate the daytime and night-time wind
profiles experienced at the rice site, respectively. During the day, the
wind directions were more evenly distributed. At night, more than
20% of the wind originated from the south-south-east. At this
particular site, night-time atmospheric conditions were less stable than
what was experienced at the site of the maize crop. For example,
winds greater than or equal to 4.0 m/s accounted for 7.4% of the
night-time dataset over the rice crop; for the maize crop, this figure
was only 2.4%.
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Figure 5.13 Rice – Daytime wind vector distribution.

Figure 5.14 Rice – Night-time wind vector distribution.
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Considering both summer flux tower locations, it is apparent that the
dominate winds were different. For example, the majority of winds
swung from the north-east to the south-west over the maize crop; for
the rice, the winds swung from north to south-east. This may be
attributable to differences in topography and/or physical barriers that
may affect wind flow between the sites. For instance, Figure 5.15 and
Figure 5.16 present the rate of change of elevation (slope) calculated
from a digital elevation model (spatial resolution = 1’’) produced by
Geoscience Australia (2011), further modified using ArcGIS 10.1® for
this analysis. These figures illustrate the slope of the terrain
immediately surrounding the maize and rice crops, respectively.

Figure 5.15 Slope of area immediately surrounding the maize
crop. The location of the flux tower is marked with an 'x'.
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Figure 5.16 Slope of area immediately surrounding the rice crop.
The location of the flux tower is marked with an 'x'.
As illustrated, there was no significant topographic variation
immediately surrounding the maize and rice crops, therefore the
difference in airflow is most likely attributable to the presence of tall,
dense vegetation located directly to the north and east of the flux
tower (see Figure 5.17 and Figure 5.18). The nature and breadth of
these tree plantings may have forced the airflow through a north-east
and south east corridor.
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Figure 5.17 Tall, dense vegetation (highlighted by white ellipse)
located to the north of the flux tower.

Figure 5.18 Tall, dense vegetation (highlighted by white ellipse)
located to the east of the flux tower.
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Figure 5.19 presents the daily wind vector distribution over the winter
wheat cropping system. As illustrated, the daily wind distribution over
the winter growing season was similar to that of the maize crop over
the summer growing season, with the prevailing winds originating in
the south-west (bearing 180° – 245°), however, winter wind speeds
were greater. For instance, winds speeds of 6.0 m/s or greater
accounted for 3.3% of the total data set during the winter period. For
the summer crop, winds 6.0 m/s or greater represented only 0.5% of
the total dataset.

Figure 5.19 Wheat – Daily wind vector distribution.
The maximum wind speed reached was 9.6 m/s and occurred on July
4, 2011 at 14:30 AEST. This originated from a westerly direction
(bearing 291°) and coincided with the presence of a complex trough
over the region (see Figure 5.20).
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Figure 5.20 Mean sea level pressure analysis for the Australian
region valid at 0000 UTC July 4, 2011 (Bureau of Meteorology,
2011). The coloured star indicates the location of the CIA.
Daytime and night-time wind profiles of the wheat crop are presented
in Figure 5.21 and Figure 5.22. The daytime wind run was similar to
that observed over the 24 hr period whilst night-time wind runs were
different. For example, 32.0% of daily winds originated in the southwest and 28.2% originated in the north-east. At night, the reverse was
true, with 27.4% originating in the south-west and 33.4% originating
in the north-east.
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Figure 5.21 Wheat – Daytime wind vector distribution.

Figure 5.22 Wheat – Night-time wind vector distribution.
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Figure 5.23 illustrates the daily wind vector distribution over the
winter mixed cropping system. At this location, the daily wind speed
and direction were more evenly distributed, although the prevailing
wind direction followed the general trend seen at the three other sites.
At this site, winds blew predominately from the south-west (31.7%)
with a strong influence from the east-north-east (15.8%). Most wind
speeds occurred between 1 – 4 m/s. The maximum wind speed
reached was 9.8 m/s on July 5, 2011 at 12:00 AEST with airflow from
a westerly direction (bearing 278°). This was influenced by the same
pressure systems depicted in Figure 5.20.

Figure 5.23 Mixed cropping system – Daily wind vector
distribution.
The daytime and night-time wind profile over the mixed cropping
system is depicted in Figure 5.24 and Figure 5.25, respectively. As
shown, the daytime and night-time wind directions were similar.
During the day, the majority of the wind (82.9%) occurred at speeds
equal to or less than 5.0 m/s. At night, there was a stronger influence
of winds originating in the east-south-east (12.6%) which was not
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seen during the day (7.1%). The majority of night-time wind speeds
(80.6%) occurred at speeds equal to or less than 3.0 m/s.

Figure 5.24 Mixed cropping system – Daytime wind vector
distribution.

Figure 5.25 Mixed cropping system – Night-time wind vector
distribution.
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5.2.2 Air and soil temperature
The mean daily air temperature (at an elevation of approximately 120
m), mean soil temperature (at depth 0.02 – 0.06 m) and
maximum/minimum air temperature bounds for the flux tower sites
for both summer and winter are presented in Figure 5.26 and Figure
5.27, respectively.
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Figure 5.26 Mean daily air and soil temperatures observed during the summer for (a) maize and (b) rice. The grey shaded area depicts
the maximum/minimum air temperature bounds. The error bars represent the standard deviation in soil temperatures.
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Figure 5.27 Mean daily air and soil temperatures observed during the winter for (a) wheat and (b) the mixed system. The grey shaded
area depicts the maximum/minimum air temperature bounds. The error bars represent the standard deviation in soil temperatures.
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Over the observation period, the mean air temperature for maize was
21.3°C and the mean soil temperature was 21.7°C. The standard
deviations, represented by the error bars, illustrate the daily variability
in soil temperatures. Generally, soil temperatures followed the daily
fluctuations of daily air temperatures throughout the growing season.
Soil temperature variability was greatest during the early stages of
vegetative growth (October 29 – November 24, 2010), prior to canopy
closure. After closure, the canopy intercepted most of the sunlight (>
90%, see Figure 5.28) with minimal penetration to the soil surface,
resulting in decreased variability in soil temperatures (from 22.8 ±
3.6°C on November 9, 2010 to 20.9 ± 0.1°C on February 16, 2011).

Figure 5.28 Sunlight interception after canopy closure.
The mean air temperature over the rice crop was 20.3°C, more than
1°C less than that experienced over the maize crop. Soil temperature
variability for the rice crop was also different to that of the maize
crop, where the mean daily soil temperature was 20.5°C. As Figure
5.26 illustrates, daily soil temperature fluctuations did not occur under
the rice crop and soil temperatures exhibited very little variability
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between January 5, 2011 and April 2, 2011. This coincided with the
closing of the canopy and thus near full shading of the soil surface at
panicle initiation, which occurred on January 7, 2011.
For the wheat crop, the mean air temperature experienced over the
observation period was 14.6°C. The minimum air temperature
observed was 5.9°C and occurred on July 8, 2011. The maximum
temperature was 30.2°C and occurred on November 29, 2011. Like
the maize crop, soil temperatures generally followed the daily
fluctuation of air temperatures over the growing season, whilst soil
temperature variability, with a daily average of 13.4 ± 5.0°C, was
greater than that of maize. This was likely the result of less sunlight
interception by the canopy cover, thus allowing greater penetration of
sunlight to the soil surface. The minimum soil temperature was 6.2°C
and occurred on July 15, 2011. The maximum soil temperature
occurred on November 29, 2011 and reached 25.8°C.
The mean daily temperature observed over the growing season for the
mixed cropping system was 13.3°C. The minimum air temperature
was 5.4°C and occurred on June 8, 2011. The maximum air
temperature was 30.0°C, which occurred on November 29, 2011. Like
the maize and wheat crops, mean soil temperatures followed the daily
fluctuations of mean air temperatures. Variability in soil temperatures
was very similar to that reported for the wheat crop with a mean of
13.5 ± 5.0°C. The minimum soil temperature was 6.6°C and the
maximum soil temperature was 26.0°C, which corresponded with the
dates where maximum and minimum air temperatures were recorded.

5.2.3 Precipitation and solar radiation
Total precipitation, total incoming solar radiation and mean daily
incoming solar radiation values observed at each flux tower location
are given in Table 5.1
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Table 5.1 Total rainfall, total incoming solar radiation (SR) and
mean daily incoming solar radiation over the observation period.

Crop
Maize
Rice
Wheat
Mixed

No. days of
observation

Rainfall
(mm)

Total SR
(MJ/m2)

Mean daily SR
(MJ/m2/day)

158
160
211
204

480
471
204
238

5598
5504
2159
2540

35.4
34.4
10.2
12.5

According to the Bureau of Meteorology (2012b), the CIA
experienced the highest total rainfall on record during the observation
period. Over the summer growing season (October – March), the
maize crop received 480 mm of rainfall, well above the long-term
average (1957 – 2012) of 185 mm for the same period. The total
rainfall observed by sensors located in the rice crop was similar to that
of the maize crop and received 471 mm over the observation period.
During the winter months, total rainfall received was 204 mm for the
wheat crop and 238 mm the mixed system. Whilst this was much less
than that observed during the summer months, total rainfall at both
sites was also greater than the long-term average, which is 136 mm for
the same period.
Total incoming solar radiation over the summer growing season was
similar at both flux tower locations. Likewise, the total incoming
radiation observed at the two sites over the winter growing season was
also similar. In the summer, as expected, incoming solar radiation
values were much greater than those observed during the winter
months. For the maize crop, the total incoming solar radiation was
5598 MJ/m2 with an average of 35.4 MJ/m2/day. For the rice, total
incoming solar radiation was 5504 MJ/m2 with an average of 35.6
MJ/m2/day. For the winter crops, total incoming solar radiation was
much less. For the wheat crop, total incoming solar radiation was
2159 MJ/m2 and 2540 MJ/m2 for mixed cropping system. The mean
daily incoming solar radiation values were also very similar for both
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winter sites which were 10.2 MJ/m2/day and 12.5 MJ/m2/day, for the
wheat crop and the mixed crop, respectively.
Figure 5.29 and Figure 5.30 present daily precipitation and the amount
of incoming solar radiation observed at each site during the summer
and winter growing seasons, respectively. Despite experiencing
similar climatic conditions at each flux tower location for each
growing season, the rainfall varied greatly between the sites. For
example, on November 13, 2010, total rainfall received at the maize
site was 53.9 mm whilst the rice crop received only 15.0 mm. For the
winter crops, the wheat crop received a total of 11.4 mm of rain on the
November 9, 2011 whereas total rainfall observed at the mixed
cropping site on the same day was almost twice as much (26.4 mm).
Spatio-temporal variation in rainfall impact levels of plant water
availability and volumetric soil water content. Ultimately, this impacts
on the way the radiative energy budget is partitioned, particularly in
semi-arid regions, thus affecting the distribution of turbulent fluxes of
sensible heat, latent heat and carbon dioxide (Krishnan et al., 2012;
Liu et al., 2010). Water and carbon dioxide flux response to various
environmental variables is discussed in detail in Section 6.3.
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Figure 5.29 Daily precipitation and incoming solar radiation observed for (a) maize and (b) rice during the summer growing season.
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Figure 5.30 Daily precipitation and incoming solar radiation observed for (a) wheat and (b) the mixed system during the winter growing
season.
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5.3 Data processing and analysis
5.3.1 Zero-plane displacement and surface roughness
length
Knowledge of the zero-plane displacement height (d0) and
aerodynamic (or surface) roughness length (z0) was required to set
parameters within the flux data processing program to estimate fluxes.
Based on data recorded over the growing seasons, whereby the canopy
height of 20 randomly located plants was measured, both d0 and z0
were calculated according to the equations listed in the Section 4.6.4.
The calculated values of d0 and z0 for both summer and winter crops
are presented in Table 5.2 and Table 5.3, respectively. Where crop
height measurements were unavailable, d0 and z0 could not be
calculated (N/A).

Table 5.2 Zero-plane displacement (d0) and surface roughness
lengths (z0) of summer crops; all measurements are in metres.

Date
29/10/2010
18/11/2010
22/11/2010
25/11/2011
16/12/2011
18/01/2011
22/02/2011
13/03/2011
04/04/2011

Maize

Rice

d0

z0

0.12
0.29
0.45
0.52
1.67
1.96

0.02
0.05
0.08
0.09
0.31
0.36
N/A
N/A
N/A

d0

z0
N/A

0.00

0.005
N/A
N/A

0.27
0.46
0.70
0.70
0.65

0.05
0.09
0.13
0.13
0.12

93

Table 5.3 Zero-plane displacement (d0) and surface roughness
lengths (z0) of winter crops; all measurements are in metres.
Wheat

Date
30/05/2011
16/06/2011
06/07/2011
10/08/2011
15/09/2011
20/10/2011

Mixed

d0

z0

d0

0.06
0.11
0.15
0.22
0.38
0.52

0.01
0.02
0.03
0.04
0.07
0.10

z0
N/A

0.06

0.01
N/A

0.21
0.44
0.62

0.04
0.08
0.11

5.3.2 Cospectral analysis
Within the flux community, it is often standard practice to use a 30
minute averaging period when processing and analysing eddy
covariance data (Leuning et al., 2005). However, research has shown
that significant contributions of flux can occur at lower frequencies,
particularly over complex or inhomogeneous terrain and tall canopies
(Finnigan et al., 2003). Therefore a comprehensive cospectral analysis
was performed to determine the optimal averaging period for irrigated
broad acre crops within the CIA. This was achieved by conducting an
ogive test (for details of this test, see Burba & Anderson, 2010; Foken
et al., 2006; Oncley & Friehe, 1996) whereby the raw 10 Hz data was
processed

using

EdiRe©

(an

open-source

software

package

specifically designed to assist in eddy covariance data processing;
Clement, 1999) over a 120 minute averaging period to provide
cospectra of the sensible heat flux (w’Tsonic’; where w is vertical wind
speed and Tsonic is sonic temperature) for each dataset. To avoid bias,
only days with complete records, where possible, were included in the
analysis. The ogives constructed for each crop during the vegetative
growth stage are presented in Figure 5.31. The ogives produced for
the remaining phenological stages are not presented as they conveyed
the same information, regardless of crop type, growing season or
phenological stage.
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It was found that all significant low-frequency eddies were captured
within a 10 – 30 minute period for all four cropping systems as
illustrated by the ogive curves reaching an asymptote within this
timeframe (Moncrieff et al., 2004). However, for standard processing
methods consistent with the wider flux community, a 30 minute
averaging period was selected for further processing and analysis in
this study.
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(a)

(b)

(c)

(d)

Figure 5.31 Ogives (°C m/s) for each crop during the vegetative
stage. (a) maize, (b) rice, (c) wheat and (d) the mixed system.
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5.3.3 Spike detection, corrections and gap-filling
The 30 minute averaged time series for each dataset was processed
according to the criteria stipulated in Section 4.2.2. Once gap-filled,
the quality control flags were examined to determine the amount of
data that was either missing from the original dataset, or removed
according to the parameters set in the post-processing program. Table
5.4 illustrates the percentage of flux data removed and subsequently
gap-filled for each experimental site in this study.

Table 5.4 Percentage (%) of flux data that required gap-filling.
Crop
Maize
Rice
Wheat
Mixed

Fc

LE

Hs

Rn

G

46.9
50.7
45.7
47.7

32.7
37.1
39.9
41.9

4.0
3.9
19.1
6.2

0.4
4.9
4.2
1.2

0.1
25.5
4.7
5.6

The average percentage of Fc data that removed from all four timeseries datasets was 47.8% with a range of 45.7% – 50.7%. The
average amount of LE data removed was 37.9% and the range was
32.7% – 41.9%. During the day, the quality control flags indicated
that the majority of the data was removed as a result of gas analyser
and sonic anemometer failure. These gaps generally coincided with
rainfall events, which are known to affect the operation and accuracy
of EC sensors (Burba & Anderson, 2010). The incidence of rainfall
often resulted in sensor diagnostic flags and spikes in the time series
that were subsequently removed during the QC process. Given the
atypical amount of rainfall received in the CIA in 2010/11, a larger
amount of Fc and LE data than was originally anticipated required
gap-filling. As presented in Table 5.4, gaps in Fc were greatest in all
four datasets as a result of a large number of night-time CO2 fluxes
that registered below the u* threshold (see Section 4.3.2).
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The percentage of sensible heat flux (Hs) gap-filled data was similar
for all flux tower sites (4.0%, 3.9% and 6.2%) with the exception of
the wheat crop (19.1%). This can partially be attributed to instrument
failure during the first week of the observation period at the wheat
site. Whilst the amount of gap-filling required for each dataset was
typical of EC studies where gaps are generally found to account for 20
– 60% of an annual dataset (Moffat et al., 2007), their existence is a
cause for concern. A significant proportion of the turbulent flux data
has been interpolated; therefore the results reported in this study may
be heavily influenced by random and systematic bias error.

5.3.4 Flux Footprint
Table 5.5 presents the distance from which approximately 90% of the
flux contributions originated upwind of the sensors for both day time
and night-time conditions. Sensor height, maximum canopy height,
maximum zero-plane displacement and the minimum distance to the
boundary are also presented here.

Table 5.5 Effective fetch (Daytime and Night-time), maximum
crop heights, sensor heights, maximum zero-plane displacement
(d0) and the minimum distance to the boundary for each crop; all
measurements are in metres (m).

Crop

Daytime
Fetch

Nighttime
fetch

Max.
Crop
Ht

Sensor
Ht

d0

Min.
Distance

Maize
Rice
Wheat
Mixed

112
153
175
320

210
235
432
334

2.94
1.05
0.78
0.92

5.05
2.55
3.55
3.75

1.96
0.65
0.52
0.62

217
325
187
385

There are a number of factors that influence the size of the flux
footprint (or effective fetch). As a general rule, the instrument height
should be twice the height of the canopy (2:1) to ensure that the
sensors are located above the roughness sub layer and within the
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boundary layer (Burba & Anderson, 2010). In each instance, this rule
was satisfied, with the exception of the maize crop. To ensure the
sensors were well within the boundary layer, the ideal sensor height
would have been 5.8 m, given that the maximum crop height was 2.9
m.
Measurement height will also have an effect on the length of the flux
footprint and sensor height should ideally be 100 times less than the
desired fetch (i.e. 1:100) to ensure all fluxes transported by very small
eddies occurring at very high frequencies are registered by the sensors
(Burba, 2013; Burba & Anderson, 2010). Strictly speaking, the
measurement height should be referenced from the height of zeroplane displacement, rather than the soil surface (Burba, 2013). The
desired fetch in this instance is the minimum distance to the boundary
(from the flux tower). For both the rice crop and mixed cropping
system, this rule is satisfied (i.e. the ratio of sensor height to minimum
distance is < 0.01). For the maize and wheat crop, the ratio was only
marginally worse (0.014 and 0.016, respectively).
Figure 5.32 – Figure 5.35 depict the location of the flux tower and the
90% cumulative probability of the source emissions in relation to the
boundaries of the experimental sites. As demonstrated, the effective
fetch during the night at each experimental site was greater than what
it was during the day. This can be attributed to the greater proportion
of low wind speeds and more stable atmospheric conditions that
generally occur at night (Burba & Anderson, 2010).
For both summer crops, the effective fetch was representative of the
field of interest (i.e. within the boundaries of the paddock) for day
time and night-time conditions. During the winter, the day time and
night-time flux footprints of the mixed cropping system were also
within the field of interest. This was not the case for the winter wheat
crop, where the night-time flux footprint extended beyond the field
boundaries. In this instance, fluxes may have been influenced by the
presence of Eucalypt trees that lined the north-eastern boundary as
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well as the adjacent block of fallow land, directly east of the crop.
However, at night, the majority of the winds (approximately 73%)
originated between compass bearings of 90° – 360°. Additionally, all
fluxes originating from a bearing of 45° – 135° were filtered from the
time series as part of the quality control process (see Section 4.2).
Therefore the cumulative flux contribution that originated from the
north east to south east at distances greater than 187 m (the shortest
distance to the boundary) was considered negligible.

Figure 5.32 Flux footprint of the maize crop. Note that the blue
circle represents the effective fetch during the day; the grey circle
represents the effective fetch at night.
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Figure 5.33 Flux footprint of the rice crop. Note that the blue
circle represents the effective fetch during the day; the grey circle
represents the effective fetch at night.

Figure 5.34 Flux footprint of the wheat crop. Note that the blue
circle represents the effective fetch during the day; the grey circle
represents the effective fetch at night.
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Figure 5.35 Flux footprint of the mixed cropping system. Note that
the blue circle represents the effective fetch during the day; the
grey circle represents the effective fetch at night.

5.3.5 Determination of energy balance closure
The degree of energy balance closure at each site was determined by
calculating the energy balance ratio (EBR), which is the ratio of the
sum of sensible and latent heat (Hs + LE) to the amount of available
energy (Rn - G). The EBR was calculated for each 30 minute interval
over the observation period for each flux tower location, the results of
which are presented in Table 5.6.

Table 5.6 EBR values calculated from the 30 minute averaged
time series data at all flux tower locations.
Crop
Maize
Rice
Wheat
Mixed

EBR
0.80
0.71
0.65
0.48
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As demonstrated, the EBR ranged between 0.48 – 0.80. The greatest
amount of energy balance closure was achieved at the site of the
maize crop. The closure of the energy balance was least successful
over the mixed cropping system. In each case, the lack of energy
balance closure could be partially attributed to the underestimation of
the turbulent heat fluxes. This generally occurs as a result of the
failure to include one or more of the storage flux components in the
air column beneath the EC instrumentation (Kilinc et al., 2012). This
includes not only soil heat storage, but also heat storage within the
plant biomass, heat storage within the canopy air mass and
biochemical photosynthetic energy consumption (Kilinc et al., 2012;
Oncley et al., 2007). To incorporate these components would require
the

observation

of

additional

meteorological

and

biometric

parameters, which, due to resource limitations, were unable to be
measured during this study.
Further underestimation of storage heat flux (G) may also be
attributed to the failure to measure volumetric soil water content at
each flux tower location, which is required to calculate the specific
heat capacity of soil to accurately determine soil heat storage (Oncley
et al., 2007). In this study, a default value based on soil samples taken
at each site was used to calculate G. Therefore, the variation in soil
moisture and thus G, as a result of precipitation and irrigation events
was unaccounted for.
In addition to the omission of the aforementioned storage components,
the energy balance observed over the rice crop was further impacted
by the need to account for an additional component of G, i.e. the
energy stored in the water column (W) required for rice production in
the CIA (see Section 4.2.4). This also requires additional observations
of temperatures in the water column, which were not measured during
the course of this study. Instead, the average air temperature measured
by the EC system was used to calculate W based on the assumption
that daytime water temperature fluctuation is minimal and that mean
water temperature is similar to mean air temperatures, after De Datta
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(1987). This approximation of temperatures in the water column may
have led to an overestimation of G, increasing the energy imbalance at
this site.
The energy balance can also be affected by air flow distortion as a
result of edges or obstacles and heterogeneities (e.g. albedo and
surface roughness length) between the land cover (Kidston et al.,
2010). It is for these reasons that the EBR value at the flux tower
located within the mixed cropping system was the lowest. Figure 5.36
illustrates the location of the flux tower in relation to its proximity to
the different crops, as well as the proximity of the EC sensors in
relation to other structures including a wire fence that lines the
internal boundary (note that the sonic anemometer is facing due west,
away from the canola crop). Here, the presence of the fence between
the wheat and canola plantings may have exacerbated the degree of
flow distortion, and thus the degree of energy imbalance compared to
that of the other three sites. Additionally, dynamic and thermal
heterogeneities between land surfaces can modify the air flow in the
ABL (Inagaki et al., 2006). Thermal heterogeneities, in particular,
have a strong impact on the flow structure that can lead to inhomogenous surface heating, creating a horizontal pressure gradient
that can then lead to generate eddies at greater timescales (mesoscale
circulations) that are not measured by the EC system (Foken et al.,
2010; Foken et al., 2006; Inagaki et al., 2006). Therefore the
difference between the surface roughness and spectral properties
between the two crops pictured here would have almost certainly
distorted air flow in the ABL, further impacting on the energy
balance.
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Figure 5.36 Location of wire fence dividing the wheat and canola
plantings. The presence of the wire fence is highlighted by the
annotated white ellipse.
Regardless of the degree to which the energy balance could not be
closed, the mean EBR of all for sites (0.66 with a range of 0.48 – 0.80)
were within the bounds of typical EC studies. For example, Stoy et al.
(2013) conducted a synthesis of 173 FLUXNET sites of various plant
functional

types

(including

forests,

wetlands,

savannas

and

agricultural crops) which showed that the mean energy balance
closure was 0.84 with a range of 0.28 – 1.67. With respect to the
energy balance closure of agriculture, Stoy et al. (2013) also showed
that cropping systems were among the worst performers (mean EBR =
0.78), alongside wetlands and mixed forests. At flux tower sites of
uniform vegetation types, greater energy balance closure was achieved
(e.g. the mean EBR of evergreen broadleaf forests was 0.94). These
results re-emphasise the influence that landscape heterogeneity had on
the degree of energy balance closure in this study.
It is important to note that the level of energy balance closure will also
add to the uncertainty of the results reported; i.e. the greater the
energy balance imbalance, the less certainty in the flux measurement.
Some researchers choose to adjust CO2 fluxes proportionally to the
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loss of other turbulent fluxes and others do not (Foken et al., 2004),
which will have an implication on how flux measurements are
interpreted (Wilson et al., 2002a). For instance, if known
measurement errors are modest and EBR is between 0.7 – 1.0, then the
energy balance should be forced to close and the CO2 fluxes adjusted
according to the proportion of original turbulent flux loss (Hs and LE)
(Foken et al., 2004; Twine et al., 2000). Generally, these datasets are
considered reliable and are often used for model calibration and
simulation of atmospheric-land surface interactions. If EBR < 0.7,
forcing the energy balance closure greatly reduces the reliability of
flux datasets; this data should be used with caution if modelling
studies are intended (Twine et al., 2000; Wilson et al., 2002a).
Moreover, failure to close the energy balance could have significant
impacts at an operational level. For instance, an under estimation of
ETa may be a cause for concern for irrigation managers who are
required to schedule adequate water applications to ensure optimal
plant growth and maximise yield (Twine et al., 2000).
Whilst there are a number of methods to force energy balance closure
e.g. Bowen Ratio closure (see Twine et al., 2000) and the energyclosure fraction (Barr et al., 2006), there is no general solution or
approach within the scientific community of addressing the energy
balance problem (Wohlfahrt & Widmoser, 2013). As this study does
not include a modelling component, the energy balance has not been
forced to close; therefore, no adjustments to CO2 fluxes were made.
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6

ESTIMATION OF ENERGY, WATER VAPOUR
AND CARBON DIOXIDE FLUXES
6.1 Seasonal distribution of energy balance
components

The cumulative totals of the energy balance components observed at
each flux tower location are presented in Table 6.1.

Table 6.1 Seasonal distribution of energy balance components
(MJ/m2).

Crop
Maize
Rice
Wheat
Mixed

No. Days of
Observation

Rn

G

Hs

LE

158
160
211
204

2556
2931
2035
2350

21
259
-34
-46

504
-19
388
384

1530
1920
954
1016

As illustrated, there is a distinct seasonal distribution of energy
balance components between the summer and winter crops. The
magnitude of latent heat exchange observed during the summer
growing season was almost twice that of the latent heat exchange
observed during winter. For example, the cumulative total of LE for
the summer rice crop was 1920 MJ/m2 and for the winter wheat crop it
was only 954 MJ/m2.
The nature of ground heat flux contributions (G) were also very
different between the summer and winter growing seasons. During the
summer months, the cumulative total of G was positive indicating that
heat was being absorbed by the surface. During winter, the cumulative
total of G was negative; an indication that heat was being lost from the
surface. The contribution of G to the total available energy was small
and ranged between ~ 0.8 – 2.0% for both summer and winter crops
with the exception of the rice crop where G accounted for 8.8% of the
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available energy. Maximum daily average values of ground heat
storage observed at the maize, wheat and mixed cropping systems did
not exceed 2.6 MJ/m2. This indicated that there was significant
shading beneath the canopy that did not allow for direct heating of the
soil (Kilinc et al., 2012). For the rice crop, the maximum rate of G
observed was 12.6 MJ/m2. This is directly related to the additional
components of G that must be incorporated to account for the heat
storage in the permanent irrigation water application (W) as well as
the soil heat storage (S) (see Section 4.2.4.1)
The partitioning of available energy (Rn – G) into sensible (Hs) and
latent heat (LE) fluxes was also very similar at each flux tower
location, except for the rice crop location. For all but rice, Hs
accounted for 13.2% – 19.9% of the total heat fluxes (Hs + LE),
regardless of season or crop.
The rice crop displayed very different behaviour, where Hs accounted
for less than 1% of total heat flux, indicating that the energy balance
was predominately driven by latent heat exchange. The difference in
energy partitioning is most likely the direct result of the different
water management strategies adopted for each crop. For example, for
the maize crop, a total of 5.6 ML/ha of irrigation water was supplied
intermittently throughout the growing season; for the rice crop, a
permanent application of water (7.6 ML/ha) was required to maintain
levels of 0.05 – 0.3 m above the soil surface throughout the majority
of the growing season. The presence of the permanent water led to
greater rates of evaporation from the surface and hence, latent heat
exchange. This is particularly relevant during the early vegetative
growth stages when the water surface was directly exposed to
atmosphere (see Figure 6.1).
Hs is further suppressed by the dense rice plant canopy during the
warmest period of the growing season (Hatala et al., 2012b). Figure
6.2 illustrates the density of the canopy during the reproductive stage
of growth when leaf area index is generally at its greatest (Alberto et
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al., 2011). Figure 6.3 also presents Hs in relation to mean air
temperature and phenological growth stage of the rice crop. As
illustrated, Hs was least during the reproductive stage of growth,
especially between December 23, 2010 and January 29, 2011. During
this particular interval, the average air temperature was 29.4°C. The
average sensible heat flux was -1.6 MJ/m2/day with a range of -5.0 –
1.4 MJ/m2/day. In contrast, the average air temperature during the
entire vegetative stage was 27.0°C and the average sensible heat flux
was 0.4 MJ/m2/day with a range of -5.0 – 3.5 MJ/m2/day.
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Figure 6.1 The flux tower installation over the rice crop during
the early vegetative stages of growth.

Figure 6.2 Image of the dense plant canopy during the
reproductive growth stage of rice.
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Figure 6.3 Daily fluxes of sensible heat in relation to mean air temperatures and phenology of the rice crop.
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6.2 Evapotranspiration
6.2.1 Seasonal distribution of evapotranspiration
Table

6.2

presents

the

cumulative

totals

of

reference

evapotranspiration (ETo) calculated from meteorological data by the
Penman-Monteith equation, potential evapotranspiration (ETc) as a
function of crop coefficients and ETo and the actual evapotranspiration
(ETa) observed at each of the flux tower locations during the
observation period.

Table 6.2 Cumulative totals of reference evapotranspiration (ETo),
potential
crop
evapotranspiration
(ETc)
and
actual
evapotranspiration (ETa) observed at each site (mm).

Crop
Maize
Rice
Wheat
Mixed

No. Days of
Observation

ETo

ETc

ETa

158
160
211
204

716
808
771
837

490
834
575
605

624
783
389
414

As mentioned in the previous section, the cumulative totals of ETa (i.e.
latent heat flux) during the summer growing season were almost
double those of the winter growing season. As illustrated in Figure 6.4
and Figure 6.5, increased evapotranspiration rates were generally
driven by higher levels of incoming solar radiation during the summer
months, which led to an increase in evaporation from soil surfaces and
transpiration from plant material (Hatala et al., 2012b).
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Figure 6.4 Average daily actual evapotranspiration rates and levels of incoming solar radiation observed at the flux tower locations of
the summer (a) maize and (b) rice crops.
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Figure 6.5 Average daily evapotranspiration rates and levels of incoming solar radiation observed at the flux tower locations of the
winter (a) and (b) mixed cropping systems.
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Furthermore, the cumulative ETa totals for the two summer crops were
quite different (624 mm and 783 mm for the maize and rice crop,
respectively), despite having experienced similar climatic conditions
over the growing season. For example, the average incoming solar
radiation observed over the maize crop was 35.4 MJ/m2/day and
ranged between 9.2 and 48.7 MJ/m2/day. These observations were
comparable to those observed over the rice crop where the average
incoming solar radiation was 34.6 MJ/m2/day with the same range.
Additionally, the range of average daily ETa rates over the observation
period was also similar for both summer crops (~ 0.5 – 8 mm/day).
Despite this, the seasonal evapotranspiration budget of the rice crop
exceeded that of maize by 25%. This can be attributed to the
difference in the average ETa rates at both sites, e.g. the average daily
ETa rate observed over the rice crop was 4.9 mm/day, whereas the
average daily ETa rate of maize was 3.9 mm/day. As discussed in
Section 6.1, this is primarily related to the exposure of the permanent
water surface to the atmosphere, resulting in increased evaporation
from the surface and thus, increased ETa rates.
The average daily rates and cumulative season totals of ETa of the two
winter cropping systems were similar (1.8 mm/day and 389 mm; and
2.0 mm/day and 414 mm for the wheat and mixed cropping system,
respectively). The similarities can be partially attributed to the large
proportion of fluxes originating upwind of the sensor, representative
of the wheat planted within the mixed cropping system.
Cumulative potential crop evapotranspiration rates (ETc) of the
summer maize crop underestimated ETa by ~ 11%. This could be an
indication that either the latent heat fluxes were being overestimated,
or that the hypothetical calculation of ETo by the Penman-Monteith
method, which is required to determine ETc, was underestimated.
Conversely, the ratio of cumulative ETc/ETa of the winter crops was ~
1.5. This indicated that ETc determined as a function of crop
coefficients and reference evapotranspiration were overestimated. In
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addition, the Kc values used to estimate ETc were originally developed
through the measurement of ETa using a weighing lysimeter. As ETa
was estimated using EC systems which are able to provide a direct
measure of latent heat fluxes, the Kc used here may not be suitable for
this analysis.
It is important to note that evapotranspiration rates for the two
summer crops were atypical of those usually observed in the CIA. For
example,

Evans (1971)

found

that

average daily rates of

evapotranspiration of rice grown in the region ranged between 1.8 –
14 mm/day. Humphreys et al. (1994) also found that rice water use
(i.e. irrigation + rainfall - deep percolation - surface drainage) varied
between 9.0 – 15.4 ML/ha, depending on the climatic conditions
experienced during the growing season. Figure 6.6 also illustrates the
annual average rice water use in the Murrumbidgee Irrigation Area,
which experiences a similar climate to the CIA. As depicted, total rice
water use was lowest in 2010/11 (approximately 10.7 ML/ha) and
greatest in 2006/07 (approximately 17.8 ML/ha).

Figure 6.6 Seasonal comparison of rice water use (ML/ha) in the
Murrumbidgee Irrigation Area (Murrumbidgee Irrigation Ltd,
2013).
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Generally, for rice production in the CIA, 2 ML/ha of irrigation water
is required to fill the soil profile; surface drainage accounts for an
additional 2 ML/ha (Smith, 2013). In this particular study, total input
was 7.6 ML/ha (irrigation) + 4.7 ML/ha (rainfall) = 12.3 ML/ha.
Subtracting deep percolation and drainage losses, total rice water use
was 8.3 ML/ha. The results of the study showed that the cumulative
total of ETa for the rice crop was 783 mm (or ~ 7.8 ML/ha).
According to these figures, there is a remaining 0.5 ML/ha
unaccounted for (8.3 – 7.8 = 0.5 ML/ha). Given that this 2010/11
marked the end of a ten year drought in the region, this additional
water was most probably lost through deep percolation required to fill
very dry soil profiles (Smith, 2013).
Previously published values of monthly ETo and ETc of maize were
also greater than those estimated in the CIA in 2010/11(see Table 6.3).
In both cases, ETo was calculated using the Penman-Monteith method
(Allen, 1988) and ETc was calculated using crop factors (Kc)
developed by Meyer et al. (1999). Except for November, the monthly
evaporative demand of the atmosphere (represented by ETo) reported
by Edraki et al. (2003) was ~ 10 – 20% greater than what it was in
2010/11. Additionally, crop water use (represented by ETc) in 1998/99
was almost double that of crop water use in 2010/11. As presented in
Table 6.3, the total observed rainfall in 2010/11 was much greater
than in 1998/99, particularly during the months of November and
February.

117

Table 6.3 Monthly reference, potential evapotranspiration (ETo
and ETc; mm) and rainfall (P; mm) of maize grown in the CIA in
1998/99 and 2010/11 (adapted from Edraki et al., 2003).

Month
November
December
January
February

1998/99

2010/11

ETo

ETc

P

ETo

ETc

P

215.2
306.9
319.3
243.0

107.6
214.8
271.4
206.6

48.0
16.0
15.0
2.0

273.0
280.4
264.0
222.9

73.0
110.0
126.1
104.0

113.5
24.4
56.1
203.5

Whilst evapotranspiration values of the two summer crops grown in
the CIA in 2010/11 were consistently higher than previously reported
values, it is difficult to say whether or not the values of
evapotranspiration of wheat observed in the CIA in 2011 were typical
of wheat grown in the area in other years. Table 6.4 presents the
monthly ETo and ETc values of wheat grown in 1999 (Edraki et al.,
2003) and 2011. As illustrated, monthly ETo and ETc values of wheat
grown in 2011 were greater than those reported for 1999 in the first
few months of the growing season (June – September), and less in the
latter part of the season.

Table 6.4 Monthly reference, potential evapotranspiration (ETo
and ETc; mm) and rainfall (P; mm) of wheat grown in the CIA in
1999 and 2011 (adapted from Edraki et al., 2003).

Month
June
July
August
September
October
November

1999

2011

ETo

ETc

P

ETo

ETc

P

30.0
36.9
62.5
103.8
155.6
209.2

18.0
33.2
68.8
114.2
124.5
104.6

51.0
8.0
45.0
24.0
42.0
38.0

93.3
92.7
90.6
119.8
129.4
154.3

56.0
83.4
95.2
125.7
103.5
77.1

14.2
29.0
62.0
34.3
18.52
38.6
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6.3 Carbon Dioxide Fluxes
6.3.1 Partitioning of carbon dioxide flux into gross primary
productivity and total ecosystem respiration
Whilst eddy covariance methodologies provide a direct measure of
carbon dioxide flux (Fc) between the land surface and the atmosphere,
further modelling of EC data is required to partition Fc into its
constituent fluxes that are associated with distinct biophysical
processes (Scanlon & Kustas, 2010). By partitioning Fc into its
assimilatory (gross primary productivity; GPP) and respiratory (total
ecosystem respiration; Re) components, a greater understanding of the
processes that drive carbon cycling within the irrigated agricultural
environment can be achieved.
Firstly, a friction velocity (u*) threshold for each dataset was set to
ensure turbulence intensity, whereby any data not meeting the
criterion was deemed unreliable and removed from the dataset. The u*
threshold and the percentage of the 30 minute averaged CO2 flux data
that was subsequently selected for further analysis are given in Table
6.5.

Table 6.5 The u* threshold and percentage of night-time data
used to determine the empirical model for each flux tower
location.
Crop
Maize
Rice
Wheat
Mixed

u* (m/s)

% Data Selected

0.15
0.17
0.33
0.17

32.3
16.5
3.0
19.3

The remaining data were then used to determine the empirical
exponential models required to partition CO2 fluxes by fitting an
exponential function to night-time CO2 fluxes plotted against
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corresponding night-time soil temperatures. Furthermore, previous
studies of CO2 fluxes of rice crops reveal that it is necessary to
separate flooded periods from drained periods, because CO2 transport
from the soil surface to the atmosphere is diffused during periods of
permanent irrigation water application (e.g. Miyata et al., 2000; Saito
et al., 2005). However, in this study it was difficult to establish a
meaningful relationship between Fc and Ts during drained conditions
given the small sample set of data representative this period (n = 5).
Secondly, an exponential function was fitted to the data. The resulting
empirical models and corresponding coefficients of determination (r2)
for each flux tower location are given by:
𝑭𝒄 𝒎𝒂𝒊𝒛𝒆 = 𝟎. 𝟎𝟒𝟕𝟏𝐞𝐱𝐩 (𝟎. 𝟎𝟓𝟕𝟔𝑻𝒔);

r2 = 0.14 (24)

𝑭𝒄 𝒘𝒉𝒆𝒂𝒕 = 𝟎. 𝟎𝟖𝟎𝟕𝐞𝐱𝐩 (𝟎. 𝟎𝟔𝟓𝟖𝑻𝒔);

r2 = 0.53 (26)

𝑭𝒄 𝒓𝒊𝒄𝒆 = 𝟎. 𝟎𝟎𝟏𝟐𝟕𝐞𝐱𝐩 (𝟎. 𝟐𝟑𝟒𝑻𝒔);

r2 = 0.14 (25)

𝑭𝒄 𝒎𝒊𝒙𝒆𝒅 = 𝟎. 𝟎𝟓𝟎𝟐𝐞𝐱𝐩 (𝟎. 𝟎𝟒𝟎𝟒𝑻𝒔);

r2 = 0.61 (27)

Based on these results, the empirical models developed to determine
the relationship between carbon dioxide flux and soil/air temperature
represent a marginal fit of the data, as emphasised by the low values
of r2. This is not uncommon in eddy covariance studies where the r2 is
often reported to be less than 0.2 (Baldocchi, 2003). In this study, the
relationship between carbon flux and Ts of all cropping systems was
weak to moderate (r2 = 0.14 – 0.61). Therefore, it is likely that the
computed values of Re and GPP contain considerable error. This is
not unexpected, given the multiple number of processes not included
in standard respiration models that may influence CO2 flux, e.g. the
physical displacement of CO2 following a rainfall event or the
biological activity of both aboveground and belowground autotrophic
biomass (Scott et al., 2006).
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6.3.2 Cumulative totals and seasonal distribution of net
ecosystem exchange, gross primary productivity and
total ecosystem respiration
The cumulative totals of partitioned CO2 fluxes are given in Table 6.6.
In this case, a negative value of NEE represents a flux of CO2 from the
atmosphere (i.e. carbon uptake).

Table 6.6 Cumulative totals of partitioned CO2 fluxes.
Crop
Maize
Rice
Wheat
Mixed

NEE (g C/m2)

GPP (g C/m2)

Re (g C/m2)

-1327
-826
-388
-674

1952
1514
1367
1247

625
689
979
572

In addition to climatic drivers of CO2 flux, which are discussed in
detail in Section 6.3, the magnitude of atmospheric carbon uptake or
release of a plant is influenced by the nature of the photosynthetic
pathway. As a C4 plant, maize has a greater photosynthetic capacity
compared to its C3 counterparts such as rice, wheat and canola
(McGinn & King, 1990; Suyker et al., 2005). As such, the maize crop
exhibited the greatest capacity for carbon uptake (NEE = -1327 g
C/m2) over the respective observation periods. In contrast, the winter
wheat crop had the least capacity for net carbon capture with a
cumulative NEE total of -388 g C/m2.
The daily distribution of average daily rates of NEE, GPP and Re for
the summer and winter crops are presented in Figure 6.7 and Figure
6.8, respectively. Maize exhibited the greatest rate of net carbon
capture, as the average rate of NEE peaked at -21.3 g C/m2/day on
December 14, 2010. The winter wheat crop had the least affinity for
net carbon capture where maximum average rate of NEE reached only
-8.7 g C/m2/day on October 10, 2011.
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Figure 6.7 Seasonal distributions of NEE, GPP and total Re of the summer (a) maize and (b) rice crops.
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Figure 6.8 Seasonal distributions of NEE, GPP and Re of the winter (a) wheat crop and (b) mixed cropping system.
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Whilst all four cropping systems acted as a carbon sink for the
majority of the growing season, positive values of NEE (i.e. carbon
release) were experienced at the beginning of the growing season for
rice, wheat and the mixed cropping system, thus becoming a net
carbon source during this period. This is due to the relatively small
amount of photosynthetic material available for carbon assimilation,
particularly at the beginning of the growing season. Because of this,
respiration rates of CO2 (Re) directly from the soil surface to the
atmosphere account for the majority of the flux, especially at night.
For example, in June, 2011, the cumulative total of Re estimated over
the wheat crop was 105.6 g C/m2. In comparison, the cumulative totals
of NEE and GPP were 14.7 g C/m2 and 90.9 g C/m2, respectively.
The rate of NEE during the early vegetative growth stage of the two
winter cropping systems was further affected, because the ratio
between exposed soil surface and vegetation during this stage was also
relatively large. The land preparation prior to sowing also had an
influence on Re for these two sites. As illustrated in Figure 6.9 and
Figure 6.10, the wheat crop was sown directly into the stubble of the
previous maize crop. At the alternate winter site, the stubble of the
previous crop was burnt prior to sowing. This meant that there was a
larger volume of organic material available for decomposition at the
former flux tower location, which led to higher average daily rates of
Re during the vegetative stages of growth (3.6 g C/m2/day versus 2.3 g
C/m2/day).
Note that early growing season data for the maize crop was not
available. Therefore, an assessment of carbon uptake/release during
the early vegetative stages of growth was not made for this crop.
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Figure 6.9 Early vegetative stages of growth of the wheat crop.

Figure 6.10 Early vegetative stages of growth of the mixed
cropping system.
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As the crops grew, the volume of photosynthetic material increased
thereby increasing the rate of net carbon uptake. For all four cropping
systems the maximum average rate of NEE occurred during the
reproductive stage (see Table 6.7). The lowest average values
occurred once physiological maturity had been reached and leaf
senescence had begun to occur. Whilst acting as a net carbon sink
during this period, pulses of CO2 into the atmosphere were recorded
towards the end of the growing season for the maize, wheat and the
mixed cropping systems. These generally coincided with lower levels
of incoming solar radiation, as depicted by Figure 6.11, which
illustrates fluxes of NEE in response to incoming solar radiation levels
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for the maize crop in June, 2011.

Figure 6.11 Fluxes of NEE in response to incoming solar radiation
estimated for the maize crop in June, 2011.
Previous studies of CO2 fluxes of rice crops have found that daily
rates of NEE remained positive (i.e. a net carbon source) prior to
harvest, generally as a result of a rapid loss of CO2 from the soil
surface due to the draining of the rice field (e.g. Hatala et al., 2012a;
Miyata et al., 2000; Saito et al., 2005). In this study, daily rates of
NEE remained mostly negative after the rice field was drained (March
28, 2011).
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Table 6.7 Average daily and seasonal rates of partitioned CO2 fluxes per phenological period (g C/m2/day).

Vegetative

Crop
Maize
Rice
Wheat
Mixed

Physiological Maturity &
Ripening

Reproductive

Seasonal

NEE

Re

GPP

NEE

Re

GPP

NEE

Re

GPP

NEE

Re

GPP

-8.5
-2.7
-0.8
-1.2

4.0
5.7
3.6
2.3

12.5
8.4
4.4
3.5

-16.9
-9.0
-4.9
-7.5

4.1
5.6
5.0
3.0

21.0
14.6
10.0
10.5

-5.1
-4.1
0.5
-1.8

3.9
1.6
7.7
3.6

8.9
5.8
7.2
5.4

-8.4
-5.2
-1.8
-3.3

4.0
4.3
4.6
2.8

12.4
9.5
6.5
6.1
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The total amount of carbon fixed as biomass through photosynthesis
(represented as GPP) was similar the winter cropping systems,
ranging between 1247 – 1367 g C/m2 (see Table 6.6). The cumulative
total of GPP of rice was greater (1514 g C/m2) and can be attributed to
the greater amount of photosynthetic activity as a result of increased
solar radiation during the summer months. Overall, maize exhibited
the greatest affinity for carbon assimilation (GPP = 1952 g C/m2).
This is to be expected, considering maize is a C4 plant, therefore
having a greater capacity for carbon capture. This is also reflected in
the maximum average daily rates of GPP, which was 25.7 g C/m2/day
for maize compared to 18.2 g C/m2/day for the rice crop.
The wheat crop appeared to fix the least amount of CO2 having a
maximum daily GPP rate of only 13.1 g C/m2/day. This is also
reflected in the biometric measures, represented by the harvest index,
sampled just prior to harvest. For example, the harvest index for the
wheat crop was 0.61, whereas the harvest index of the wheat planted
within the mixed cropping system was 0.68. Decreased rates of GPP
of winter cropping systems can be partially attributed to lower
incoming rates of solar radiation and mean air temperatures. This is
discussed further in Section 6.3.
All four cropping systems exhibited similar temporal changes in GPP,
whereby the rate of increase in GPP was slow during the early stages
of vegetative growth and increased rapidly during the adult vegetative
and reproductive phases (see Figure 6.9 and Figure 6.10). Once
physiological maturity had been reached, GPP began to decline; this
was directly related to the decreased photosynthetic activity that
occurs as a result of decreasing chlorophyll content due to leaf
senescence (Rossini et al., 2010; Steduto et al., 2007; Suyker &
Verma, 2010).
Of the two summer crops, rice exhibited the greatest amount of
respiration over the observation period with a cumulative total of 689
g C/m2 and represented 45.5% of the carbon budget. For the winter
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wheat crop, the cumulative season total of Re was 979 g C/m2 which
represented 71.6% of the carbon budget. In contrast, maize had a total
cumulative total Re of 625 g C/m2 which accounted for 32.0% of the
carbon budget; this is reflected in the average daily rates of Re
throughout the growing season (see Table 6.7) where respiration rates
of rice and wheat were consistently higher than those of maize.
Decreased respiration rates of maize can be partially attributed to the
fact that photorespiration (i.e. respiration during the photosynthetic
process) is greatly reduced in C4 plants (e.g. maize) by inhibiting the
enzymatic oxygenation activity (Kennedy, 1976; Lara & Andreo,
2011).

6.4 Water and carbon dioxide flux response to
environmental drivers
The relationships between ETa, GPP and the various environmental
variables (Rn, Ta, VPD, U, P and ETa) were investigated through the
application of geostatistical regression based on model selection
methods (specifically, Bayes Information Criterion; BIC). The
� ) of each of the standardised covariates in
regression coefficient (𝜷
the geostatistical model of ‘best-fit’ for each flux tower location are

given in Table 6.8. The coefficient of determination (r2) of each model
is also presented. Note that each covariate has been standardised to a
mean of zero and a standard deviation of one, in order to compare the
regression coefficients of the covariates, as per Yadav et al. (2010).
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� ) of the best-fit geostatistical regression model and associated coefficient of determination (r2).
Table 6.8 Regression coefficients (𝜷
Flux

ETa

GPP

Rn

Ta

VPD

U

P

ETa

r2

Maize

6.62

10.59

—

5.37

-0.82

N/A

0.22

Rice

22.98

26.69

-16.00

15.29

4.63

N/A

0.67

Wheat

11.65

—

4.71

6.84

0.66

N/A

0.44

Mixed

-12.39

14.90

-10.36

5.32

1.27

N/A

0.46

Maize

0.59

—

—

-0.72

—

1.82

0.42

—

—

—

-0.90

—

1.41

0.39

Wheat

1.10

—

-0.46

—

—

—

0.33

Mixed

1.08

-1.09

—

—

—

—

0.18

Crop

Rice
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With respect to ETa flux response to the environmental drivers listed
in Table 6.8, the common variables selected for the GR model of
maize and rice were Rn, Ta, U and P. However, the extent to which
each variable influenced ETa varied between the two sites. This was
indicated by magnitude and sign convention of the regression
coefficient. For the maize crop, air temperature had the greatest
� = 10.6) and rain had
influence on daily ETa rates of the maize crop (𝜷

� = -0.8). For the rice crop, Ta also proved to have the
the least (𝜷

� = 26.9) and P also had the least (𝜷
�
greatest influence on ETa rates (𝜷

= 4.6). Note, however, that ETa of the rice crop was positively
correlated to P and negatively correlated with that observed over the
maize crop. This indicated that rates of ETa of the maize slightly
decreased following a rainfall event. The major difference between the
GR models of the two crops was that VPD was also selected as a
� = -16.0) and had a
covariate for the GR model of the rice crop (𝜷
negative influence on ETa rates.

For the winter crops, the common variables that influenced daily rates
of ETa were Rn, VPD, U and P. Ta appeared only to affect
evapotranspiration rates of the mixed cropping system where it also
� = 14.90). In this particular case, Rn and
had the largest influence (𝜷

VPD were negatively correlated to evapotranspiration rates. For the
wheat crop, all selected variables had a positive correlation to daily
� = 11.65).
rates of ETa and net radiation had the greatest influence (𝜷

Like the summer crops, P had the least influence on ETa rates of the
� = 0.66 and 1.27 for the wheat and mixed
winter cropping systems (𝜷
system, respectively).

In terms of CO2 flux response, ETa was included as an additional
variable to investigate GPP rates as a function of plant water use (see
Table 6.8). As shown, the two common variables selected for the GR
model at the two summer flux tower locations were wind speed and
evapotranspiration. Both variables had a comparable influence on
rates of daily GPP, having similar regression coefficients. In both
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cases, ETa was positively correlated to GPP, suggesting that an
increase in ETa rates generally led to an increase in carbon uptake for
both maize and rice crops. A negative correlation between wind speed
and GPP was also consistent at both sites. The GR model of the maize
crop included net radiation as an additional variable which was
positively correlated with carbon uptake. The results of the BIC/GR
analysis have also shown that ETa, having the largest regression
� = 1.8 and 1.4, respectively), had the greatest influence
coefficient (𝜷

on the variability of daily rates of GPP of both maize and rice.

For the winter crops, Rn was the only common variable selected for
the GR model at either site and its influence on daily GPP rates was
� = 1.10 and 1.08). GPP rates of the wheat crop were
similar (𝜷
� = -0.46). For the mixed cropping
negatively influenced by VPD (𝜷

system air temperature had a negative effect on the rate of carbon
� = -1.09). Unlike the summer crops, ETa was not selected as
uptake (𝜷

a variable for either winter cropping systems and therefore had no

effect on daily rates of GPP. This is most likely the result of lower
evaporative demand and increased residual moisture within the soil
during and the winter months.
At all four experimental sites, observed rainfall did not have an effect
on the rates of GPP, contrary to what would usually be expected in a
semi-arid climate (Krishnan et al., 2012) as plant water availability
was unusually high for the most part of the growing season due to
unusually high rainfall. This was also reflected in ETa flux response,
where, although rainfall did have an effect, it was minimal in
comparison to the other selected variables of each GR model.
In terms of model performance, the ability of the selected variables to
explain variability in daily rates of ETa and GPP was weak to
moderate (r2 values and ranged from 0.2 – 0.7).
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6.5 Water and carbon dioxide flux response to
biophysical crop characteristics in the CIA
Due to budgetary restrictions, accurate LAI measurements were
collated for the summer crops only. For the purpose of this exercise,
each phenological stage of growth of each crop, as determined by field
observations, was examined in relation to ETa and GPP rates; LAI
measurements were incorporated where available.
Figure 6.12 and Figure 6.13 present the average daily rates of ETa and
GPP per phenological stage of the crop. These stages have been
broken down into three broad categories of growth for comparative
assessment across each site. Figure 6.12 also includes LAI
measurements recorded for the maize crop. Note that the LAI data
recorded for the rice crop was not included as it was unreliable.
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Figure 6.12 Daily ETa and GPP rates and phenological stages of the (a) maize and (b) rice crops. The blue line in (a) represents the LAI
of maize.
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Figure 6.13 Daily ETa and GPP rates and phenological stages of (a) the wheat crop and (b) the mixed cropping systems.
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As illustrated in Figure 6.12 and Figure 6.13, ETa and GPP steadily
increased throughout the vegetative growth stage although the
magnitude between summer and winter crops was quite different. For
instance, the maximum average daily rate of ETa of the winter wheat
crop during this period was 3.5 mm/day whereas the maximum
average ETa during the vegetative stage of maize was 6.2 mm/day.
The increased rate of evapotranspiration can be attributed, in part, to
the increased amount of solar radiation and increased temperatures
and, thus, increased evaporative demand experienced during the
summer months in the CIA.
Generally, ETa and GPP were greatest during the reproductive growth
phase for all cropping systems with the exception the ETa of the maize
crop. According to previous studies (e.g. Jans et al., 2010; Suyker &
Verma, 2010), this largely coincides with maximum values of LAI
when the volume of photosynthetic and transpiring material is
generally greatest (Greco & Baldocchi, 1996). Although this cannot
be confirmed for all experimental sites in this study, Figure 6.12,
which illustrates maximum LAI values that corresponded with
maximum rates of ETa of the maize crop, is consistent with the
findings of the previous studies.
As mentioned previously, ETa rates generally reach a peak during the
reproductive phase of growth. According to the results displayed in
Figure 6.12, the maximum average rate of ETa reached during the
reproductive stage of maize was 7.7 mm/day. The maximum average
rate of ETa throughout the entire observation period was 7.9 mm/day
and occurred on February 10, 2011. At this point in time the crop had
reached physiological maturity, therefore it was expected that ETa
rates were less than those experienced during the reproductive growth
phase. Although this appeared to be an anomaly in the data, further
investigation revealed that this had been preceded by the largest
rainfall event during the growing season (77.7 mm was recorded on
February 5, 2011) which resulted in the majority of the energy being
partitioned as latent heat flux.
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For all four cropping systems, relatively high rates of ETa and carbon
accumulation persisted during the ripening period. For the summer
crops, it was for about three weeks and for the winter crops, it was for
approximately two weeks. Once physiological maturity had been
reached and leaf senescence (and thus decreasing levels of
chlorophyll) began to occur, ETa and GPP rates steadily decreased for
all four cropping systems due to decreased rates of photosynthesis.
Overall, the general trend in average daily rates of GPP followed that
of ETa.

6.6 Water Productivity
As a function of biomass production (i.e. that is related to
photosynthetic activity), WP can be defined as the amount of carbon
accumulated (as GPP or above-ground biomass) per unit of ETa over
the length of the growing season (g C/m2) (Suyker & Verma, 2010).
As above-ground biomass was not measured regularly at any of the
experimental sites throughout the growing season, therefore seasonal
water productivity was calculated by using estimated values of GPP
only. To better compare values of WP for different cropping systems,
daily

ETa

values

were

normalised

by

daily

reference

evapotranspiration values (ETo) and the crop water productivity
calculated for each cropping system is given in Table 6.9. Water
productivity of the winter mixed cropping system was not calculated
as irrigation and yield information for the canola and faba bean was
unavailable. Therefore, it was difficult to make a true assessment of
this particular system and was excluded from further analysis.
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Table 6.9 Crop water productivity (g C/m2) of maize, rice and
wheat for each growing season.
Crop
Maize
Rice
Wheat

WP (g C/m2)
14.4
8.1
2.1

With respect to carbon assimilation per unit of evapotranspiration of
the summer crops, maize displayed the greatest WP (14.2 g C/m2) and
rice displayed the least (10.2 g C/m2). Maize (and all C4 plants)
possess an enzyme, not evident in C3 plants, that has a greater affinity
for CO2 absorption (Keller & Seckler, 2005). As less efficient
assimilators of CO2, C3 plants’ stomata tend to be open for longer
under the same atmospheric conditions, increasing the amount of
water lost and subsequently decreasing water productivity (Keller &
Seckler, 2005). Of the three specific crops, winter wheat was the least
productive (WP = 2.1 g C/m2) which can be attributed to lower
biomass production of winter crops as a result of lower levels of
incoming solar radiation and mean air temperatures that occur during
the winter months.
It is difficult to comprehensively compare the WP of results obtained
in this study to other studies due to the non-standard methodology
used to compute WP. For example, most studies of irrigated crops
report WP in terms of yield per unit of irrigation water applied
(kg/ML) or yield per unit of evapotranspiration (kg/m3) (e.g. Molden
et al., 2010; Zwart & Bastiaanssen, 2004). This study estimates WP as
total biomass accumulation (GPP) per unit of evapotranspiration (g
C/m2). Where published results of photosynthetic WP were available,
it appeared that WP of irrigated maize in the CIA was less than
irrigated maize produced in Nebraska, USA. (mean WP ranged
between 17.6 – 18.6 g C/m2).
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6.7 Regional Estimation of Fluxes
6.7.1 Land cover/land use classification
In order to determine the regional estimation of atmospheric fluxes of
energy, water vapour and carbon dioxide it was necessary to obtain
information as to the land use of the CIA for each cropping season.
This was achieved by conducting a land cover/land use (LCLU)
classification of the region by incorporating satellite-derived
information with ground-truth data and other seasonal water delivery
information to identify the crops grown and their geographic location
within the boundaries of the CIA.
To accurately assess the land cover/land use characteristics, cloud-free
imagery was required. The specific Landsat 5 image acquisition dates
for the summer and winter growing seasons were January 5, 2011 and
September 18, 2011, respectively. A supervised classification
procedure was performed on each image. The accuracy of each
classified image was assessed using a confusion matrix built using
standard ENVI® 5.0 tools. For this, a combination of ground-truth
observations and water delivery information was used as a secondary
source of LCLU information.
The LCLU maps for summer 2010/11 and winter 2011 are illustrated
in Figure 6.14 and Figure 6.15, respectively. The confusion matrices
for each classification are presented in Table 6.10 and Table 6.11.
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Figure 6.14 Land cover/land use map for the CIA – summer
2010/11.

Figure 6.15 Land cover/land use map for the CIA – winter 2011.
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Table 6.10 Confusion matrix for CIA land cover/land use classification – summer 2010/11
Class
Rice
Maize
Soyabean
Sorghum
Cotton
Pumpkin
Viticulture
Irrigated Pasture
Sunflower
Horticulture
Olives
Overall accuracy:

95.72 %

Kappa coefficient:

0.89

Commission (%)

Omission (%)

Producers Accuracy (%)

Users Accuracy (%)

0.01
0.01
0.00
39.02
100.00
100.00
100.00
100.00
100.00
0.00
0.00

0.00
8.58
0.00
0.00
100.00
100.00
100.00
100.00
100.00
0.00
0.00

100.00
91.42
100.00
100.00
0.00
0.00
0.00
0.00
0.00
100.00
100.00

99.99
99.99
100.00
60.98
0.00
0.00
0.00
0.00
0.00
100.00
100.00
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Table 6.11 Confusion matrix for CIA land cover/land use classification – winter 2011
Class
Barley
Canola
Faba Beans
Oats
Onions
Peas
Triticale
Wheat
Overall accuracy:

68.10%

Kappa coefficient:

0.44

Commission (%)

Omission (%)

Producers Accuracy (%)

Users Accuracy (%)

29.28
0.16
99.96
0.00
100.00
0.00
0.00
4.51

72.85
22.36
98.91
100.00
100.00
100.00
100.00
25.90

27.15
77.64
1.09
0.00
0.00
0.00
0.00
74.10

70.72
99.84
0.04
0.00
0.00
0.00
0.00
95.49
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As illustrated in Figure 6.14, the major summer crop grown in the CIA
in summer 2010/11 was rice with total plantings of 13 509 ha. Maize
was second largest planting and accounted for 2454 ha. The major
crop grown in winter 2011 was wheat, with 8116 ha planted. Barley
and canola accounted for the second and third largest winter plantings
with 2129 ha and 1634 ha, respectively. Note that land dedicated to
winter pastures has not been identified due to the difficulty of
distinguishing between winter pastures and remnant winter vegetation.
Since pastures were not the subject of this investigation, identification
of these particular cropping systems was superfluous to the
requirements of this study.
The confusion matrices presented in Table 6.10 and Table 6.11
provide insight into the accuracy of the supervised classifications. As
demonstrated, the overall accuracy was greatest for the summer
classification (95.7%) and least for the winter classification (68.1%).
� is another measure agreement between the
The Kappa coefficient (𝐾)

classification and ground-truthing data (Jensen, 2005). The results of
Kappa analysis showed that there was good agreement between
�
ground-truthing information and the summer LCLU classification (𝐾

� = 0.44).
= 0.89) and moderate agreement for the winter LCLU (𝐾

Reasons for the lesser degree of accuracy and agreement of winter
LCLU classification can be partially attributed to the similarities
between spectral reflectance properties of winter crops and remnant
vegetation and native grasslands. Therefore, it is difficult to

distinguish between crops and other land covers.
With the exception of sorghum and barley, the classification
accuracies for each summer and winter crop were generally high, with
a reliability (or ‘Users Accuracy’) that ranged between 95.5% –
100.0%. The reliability of sorghum and barley was 61.0% and 70.7%,
respectively, and was most likely attributable to the lower quality of
the reference (or ground-truthing) data for these particular cultivars.
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6.7.2 Regional upscaling of water and carbon dioxide
fluxes
LCLU was further classified by identifying the maize, rice and wheat
crops that were grown on the dominate soil type, transitional redbrown earth (TRBE), found at each of the experimental sites. The area
of maize, rice and wheat planted on TRBE soils and the percentage of
the total area of crop plantings are given in Table 6.12. Cumulative
totals of the ETa and GPP based on the area of each crop planted on
TRBE soils are also presented here.

Table 6.12 Area and cumulative total of actual evapotranspiration
(ETa) and total carbon capture (represented by GPP given as
kiloton C; kt = 106 kg) of maize, rice and wheat planted on
transitional red-brown earth in the CIA 2010/11.

Crop

Area on
TRBE (ha)

Percentage
of total area
(%)

Cumulative
ETa (ML)

Cumulative
GPP (kt C)

943
7549
2978

38
56
37

5885
59 106
11 586

18
123
41

76 578

182

Maize
Rice
Wheat
Total

Figure 6.16 and Figure 6.17 illustrate the spatial distribution of
cumulative season totals of ETa proportional to planting area for the
summer crops (maize and rice) and the winter wheat crop
respectively.
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Figure 6.16 Distribution of cumulative totals of ETa (ML) of the
summer maize and rice crops.

Figure 6.17 Distribution of cumulative totals of ETa (ML) of the
winter wheat crops.
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The largest percentage of crops planted on TBRE soils in 2010/11 was
rice which accounted for ~ 56% of total rice plantings (see Table 6.12.
Maize and wheat had a similar proportion of total crop-specific
cultivation area whereby plantings on TBRE soils represented ~ 37 –
38%, respectively. As discussed in Section 6.2, rice had the greatest
cumulative season total of ETa over the growing season (783 mm).
Rice also represented the largest cultivation on TBRE soils during the
study period. As such, the total amount of ETa that resulted from rice
growing in the CIA in 2010/11 was 59 106 ML. In contrast, total
cumulative ETa of maize production on TBRE soils was only 5885
ML. In total, the amount water lost to the atmosphere through the
process of evapotranspiration of maize, rice and wheat production on
these particular soils was 76 578 ML.
Figure 6.18 and Figure 6.19 illustrate the spatial distribution of
cumulative season totals of GPP proportional to planting area for the
summer crops (maize and rice) and the winter wheat crop,
respectively.
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Figure 6.18 Distribution of cumulative totals of GPP (kt C) of the
summer maize and rice crops.

Figure 6.19 Distribution of cumulative totals of GPP (kt C) of the
winter wheat crops.
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Despite having the greatest capacity for carbon capture over the
observation period (GPP = 1952 g C/m2), the total cultivation of
maize crops grown on TBRE in the CIA in 2010/11 accounted for less
than 10% of the total carbon accumulated by all three crops (see Table
6.12). As presented in Table 6.12, further illustrated in Figure 6.18
and Figure 6.19, the number of plantings of maize was much less than
the plantings of both rice and wheat in the CIA in 2010/11 and
therefore contributed least to total GPP. Rice had the largest
percentage of total area planted on TBRE soils and subsequently
accounted for the greatest amount of total carbon accumulation (total
GPP = 123 kt C). In total, the three crops planted on the specified soil
type had a total carbon accumulation of 182 kt C over the summer and
winter growing seasons of 2010/11.
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7

DISCUSSION
7.1 Comparative analysis of eddy covariance studies

As a comprehensive review of land-surface interactions between
Australian irrigated broad-acre cropping systems and the atmosphere
through EC applications is yet to be reported, it is necessary to
compare the results of this study to those of similar studies conducted
elsewhere. As plant water use (evapotranspiration) and gross primary
production (carbon capture) are two of the major defining factors of
land-surface exchange (Gilmanov et al., 2003; Suyker & Verma,
2012), only these two components of mass and energy exchange will
be discussed in this section.

7.1.1 Actual evapotranspiration
7.1.1.1 Maize
Previous eddy covariance studies of irrigated maize grown in various
parts of the conterminous USA reveal that daily ETa rates and
cumulative season totals of ETa are similar to those found in this study
(see Suyker & Verma, 2008; Suyker & Verma, 2010, 2012). Irrigated
maize crops grown in the arid northwest regions of China were found
to have had a similar range of average daily ETa rates (0.4 – 7.0
mm/day), as found by Ji et al. (2011). The length of the growing
season was 162 days and the cumulative growing season total of ETa
was 562 mm. These values are less than those found in the CIA during
2010/11 despite the length of the growing season being similar.
Differences in ETa between the two studies are most likely related to
differences in net radiation due to latitudinal differences between the
study areas, although this cannot be confirmed as Ji et al. (2011) did
not report these specific values.
The cumulative totals of seasonal ETa of maize crops in Europe were
found to be significantly lower than the integrated total estimated in
the CIA. For instance, in the temperate climate of southwest France,
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Tallec et al. (2013) estimated the cumulative growing season ETa total
to be only 351 mm. The lower ETa can be partially attributed to lower
levels of incoming radiation, lower mean air temperature and lower
vapour pressure deficit (VPD). For example, the maximum air
temperature reported by Tallec et al. (2013) was 29.2°C and the
maximum values of VPD during the summer growing season in 2006
and 2007 were 2.8 kPa and 2.2 kPa, respectively. In comparison, air
temperatures reached a maximum of 40.0°C and VPD peaked at 4.9
kPa in the CIA during the summer growing season of 2010/11.
7.1.1.2 Rice
Recent studies of the mass and energy exchanges of irrigated rice in
the Philippines found the average rate of ETa to be 4.3 mm/day
(Alberto et al., 2011). Comparable values for rates of daily ETa have
been found for irrigated rice crops in both Taiwan (Tsai et al., 2007)
and Japan (Harazono et al., 1998). The average observed daily rate of
ETa in the CIA was 4.9 mm/day. Despite having similar average daily
rates of ETa during the cultivation period, the integrated season total
ETa in the CIA (783 mm) was significantly different to that found by
Alberto et al. (2011) which was 395 mm. Greater evaporative demand
was experienced in the CIA due to its drier, semi-arid climatic
conditions compared to the tropical, humid climate in the Philippines.
Cumulative ETa rates are further compounded by shorter growing
seasons of rice crops in tropical Asia. For instance, the average length
of the dry growing season in the Philippines in 2008 was about 102
days (Alberto et al., 2011); the cultivation period of rice grown in the
CIA in 2010/11 was 160 days.
In Bangladesh, Hossen et al. (2012) found that average daily rates of
ETa of rice grown during the summer period of 2007 ranged from 2.9
– 3.3 mm/day, depending on variety, which is lower than the daily ETa
average observed in the CIA. Again, the differences in ETa can be
attributed to differences in weather conditions, e.g., the peak rate of
daily ETa, as found by Hossen et al. (2012), was found to be just over
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6 mm/day. At peak ETa in the Bangladeshi study, net radiation
exceeded 800 W/m2, and VPD was greater than 2.0 kPa. In the CIA,
the peak average daily rate of ETa was estimated to be 8.1 mm/day. In
this case, net radiation also exceeded 800 W/m2 (Rn = 856 W/m2) but
VPD was greater (VPD ~ 3.0 kPa). Like the studies conducted in east
and south-east Asia, cumulative totals of seasonal ETa of rice crops
grown in Bangladesh were 307 – 370 mm (Hossen et al., 2012) and
were much less than those estimated in the CIA. Again, this is a result
of lower daily ETa rates experienced in the sub-tropics, shorter
growing seasons (n = 114 – 140 days) and variety selection.
7.1.1.3 Wheat
The cultivation period for winter wheat grown in the CIA in 2011 was
210 days. Recent studies of winter wheat cultivated in southwest
France found that the total number of days during the growing season
was 245 days (Tallec et al., 2013). Despite the reduced number of
days, the season total of ETa was similar to that estimated by Tallec et
al. (2013), e.g. the cumulative ETa in southwest France ranged
between 355 – 403 mm over the cultivation period; in the CIA, this
was 389 mm. This can be partly attributed to the difference in
meteorological conditions experienced at each site. For example, the
average winter temperatures in southwest France were 7.4° C and
4.6°C for the years 2007 and 2006, respectively. In the CIA, the
average air temperature over the cultivation period in 2011 was
14.6°C. In addition, the VPD observed during the French study peaked
at ~ 2.0 kPa. In the CIA, the maximum VPD was ~ 4.0 kPa. Although
the average daily rates of ETa are not given by Tallec et al. (2013),
increases in air temperature and VPD are generally associated with
greater rates of ETa. Because both mean air temperature and VPD
observed by Tallec et al. (2013) were less than those observed in the
CIA, one can assume that the daily rates of ETa of winter wheat crops
grown in southwest France are less than those estimated in this study.
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In the CIA, maximum daily rates of ETa were 5.0 mm/day. This is
slightly more than those observed in Thuringia, Germany where the
maximum values of ETa of winter wheat crops ranged between ~ 3 – 4
mm/day (Anthoni et al., 2004). Again, this can be directly related to
the cooler climatic conditions and the reduced amount of net radiation
observed in the northern latitudes of Europe compared to Australian
conditions.
Elsewhere, studies in the North China Plain during 2002 – 2004 found
that the average maximum daily rate of ETa was 5.0 mm/day (Zhao et
al., 2007). This is similar to that of winter wheat grown in the CIA in
2011. However, more recent findings have shown that, in 2009, the
daily rate of ETa had increased, peaking at 6.1 mm/day (Zhang et al.,
2011b). This increase in daily rates of ETa is consistent with the
findings of a 30 year study conducted in the same region, whereby
ETa has been gradually increasing since the 1980’s (Zhang et al.,
2011a). According to Zhang et al. (2011a), this increase can partly be
attributed to increased stomatal conductance of modern cultivars,
which have been genetically improved to increase the harvest index,
biomass production and, ultimately, grain yield.

7.1.2 Gross Primary Production
7.1.2.1 Maize
The maximum daily rate of GPP of the maize crop grown in the CIA
in 2010/11 was 25.7 g C/m2/day, comparable to the maximum daily
GPP values of irrigated maize grown in Western Europe. For
example, Jans et al. (2010) derived maximum GPP estimates of 24.7 g
C/m2/day. In the central parts of northern China, maximum daily
values of GPP during the growing season have been reported to be
slightly lower, with Wang et al. (2012) finding maximum GPP rates
of irrigated maize to be 21.0 g C/m2/day and 22.3 g C/m2/day in 2008
and 2009, respectively. As photosynthetic activity, and thus carbon
assimilation, is dependent on both light intensity and temperature
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(Farquhar & Sharkey, 1982), the lower GPP rates estimated by Wang
et al. (2012) can partially be attributed to the lower annual average
temperatures experienced in the northwest arid regions of China
which was 7.0°C in 2008 and 7.8°C in 2009. The average annual
temperature in the CIA is almost 10°C higher (17.7°C; Bureau of
Meteorology, 2012a).
With lower daily rates of GPP occurring in northern China, one would
also expect the integrated season total of GPP to be lower.
Comparisons of integrated GPP showed of irrigated maize grown in
northern China and the CIA proved this to be true. For instance, in
2003 and 2004, Yan et al. (2009a) found cumulative totals of GPP for
maize to be 789 g C/m2 and 1170 g C/m2, respectively. In addition to
the different mean air temperatures experienced, lower rates of GPP
can also attributed to lower levels of incoming radiation generally
experienced in northern China where the mean annual global solar
radiation was reported to be 5225 MJ/m2 (Yan et al., 2009a). In the
CIA, the mean annual global solar radiation is 6450 MJ/m2 (Bureau of
Meteorology, 2012b) .
In the north central regions of the USA, maximum daily rates of GPP
of irrigated maize crops are reported to be greater than irrigated maize
crops grown in the CIA during this study. For instance, peaks values
of GPP between 2002 and 2008 in Nebraska were 28 – 30 g C/m2/day
(Suyker & Verma, 2012). Similar results were found by Peng et al.
(2011) and Gitelson et al.(2012), with GPP values that peaked at ~ 31
C/m2/day. According to Wilhelmi et al. (2002), Nebraska experiences
similar semi-arid climatic conditions to the CIA; therefore the
increased rates of GPP in the aforementioned studies can be attributed
in part to increased planting density and thus, increased overall
biomass production in the USA. For example, Gitelson et al. (2012)
reported that the planting density of irrigated maize in these areas was
approximately 75,000 plants/ha. In the CIA, the planting density was
approximately 68,000 plants/ha. Despite this, the integrated season
totals were similar. In the CIA, the cumulative total of GPP was 1952
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g C/m2 in 2010/11 and in the USA, the average season total (2002 –
2008) was 1796 ± 92 g C/m2 (Suyker & Verma, 2012). Differences in
the distribution of LAI and photosynthetically active radiation (PAR),
which can be affected by the length of the growing season, cloud
cover and the effect of dry periods, effect these differences in GPP
(Suyker & Verma, 2012).
7.1.2.2 Rice
Maximum average daily rates of GPP for rice monitored in this study
(18.4 g C/m2/day) were greater than others reported for irrigated rice
crops elsewhere. In Japan, Saito et al. (2005) estimated the maximum
daily rate of GPP to be 13.6 g C/m2/day; in the Philippines, Alberto et
al. (2009) reported this to be 14.5 g C/m2/day. The difference between
maximum daily rates of GPP found in the CIA and those estimated in
the Asian studies can be directly related to the amount of increased
photosynthetically active biomass, as indicated by the difference in
crop yields. For instance, in this study the yield was 10.1 t/ha, whereas
studies conducted by Alberto et al. (2011; 2009) recorded yields of 5.1
– 7.3 t/ha for irrigated rice crops.
The difference between daily rates of GPP is also reflected in the
cumulative season GPP totals. In the CIA in 2010/11, the cumulative
total GPP was 1624 g C/m2. In the Philippines, total GPP was 778 g
C/m2 (Alberto et al., 2009), and in south western regions of Korea, the
integrated season total GPP was 567 g C/m2 (Kwon et al., 2010).
Similar to maize production, the increased GPP totals for rice in this
study can be attributed to increased photosynthetic activity because of
climatic conditions that are more favourable to rice production in
Australia. For instance, studies in Korea found monthly solar radiation
values averaged between 1971 and 2000 to have a maximum value of
approximately 18 MJ/m2/day (Kwon et al., 2010). In our study, the
average solar radiation value over the rice growing season was 35.2
MJ/m2/day. Additionally, increased yield potentials due to the genetic
composition of rice varieties grown in the CIA compared to rice
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varieties traditionally grown in Asia will also affect the amount of
carbon fixed as biomass.
7.1.2.3 Wheat
Studies of winter wheat grown in the western parts of Germany
showed that daily GPP rates and cumulative season totals were greater
than those found in the CIA, e.g. Schmidt et al. (2012) estimated the
maximum daily rate of GPP to be ~ 18 – 19 g C/m2/day and the
average cumulative season GPP total over two consecutive growing
seasons to be 1229 g C/m2. In the CIA, daily rates of GPP peaked at
13.1 C/m2/day and the cumulative total was 1367 g C/m2. A little
further afield, studies in Belgium have shown that cumulative season
totals of GPP are greater than those recorded in Germany. For
instance, a study of three winter wheat crops between 2004/05 and
2008/09 grown in Belgium revealed that seasonal GPP ranged from
1568 g C/m2 to 1716 g C/m2 (Dufranne et al., 2011). Similar results
were found by Aubinet et al. (2009), where the season GPP total
ranged between 1580 – 1680 g C/m2. As highlighted by Schmidt et al.
(2012), the difference in GPP totals for the two European countries is
quite

surprising,

considering

the

relative

proximity

of

the

neighbouring countries and the similarities between climatic
conditions, soil properties and grain yield. In terms of this study, the
difference between estimated GPP of the European studies and those
found in the CIA also remains unclear. Given the difference in mean
air temperatures and levels of incoming global solar radiation between
Western Europe (see, for example, Dufranne et al., 2011; Schmidt et
al., 2012) and south-eastern Australia during the winter, one can
assume that GPP levels would be greater in the CIA; however, this is
not the case. Therefore, the difference in GPP must be related to
biomass production through variety selection and planting density.
This can be partially confirmed by comparing the grain yield of the
winter wheat crops grown in both regions, e.g. in Germany, winter
wheat crops yielded 7.5 t/ha – 9.1 t/ha (see Schmidt et al., 2012). In
the CIA, winter wheat crops yielded 5.0 – 5.5 t/ha.
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With respect to integrated season totals of GPP, the values found in
the CIA were much greater than those found elsewhere in the world.
For example, Gilmanov et al. (2003) found that the season total of
GPP of winter wheat grown in Oklahoma, USA was 778 g C/m2.
Similar results have been found in China where the integrated total of
GPP over the cultivation period was 790 g C/m2 (Lei et al., 2011).
This large difference can be primarily related to the difference in
meteorological conditions experienced at each site, including air
temperature and net radiation, which, as mentioned previously, can
have a direct effect on photosynthesis rates, and thus carbon uptake of
a plant. For instance, the mean air temperature during the coldest
winter month (January) is 0.4°C in Ponca, City, Oklahoma, USA
(Gilmanov et al., 2003); in the CIA, the mean air temperature during
the coldest winter month (July) is 9.6°C (Bureau of Meteorology,
2012a).

7.2 Impact of increased rice production in a waterlimited irrigation area
In 2010/11, production levels of rice had increased by 93% from the
previous season and ranked third in terms of gross value of irrigated
agricultural production ($174 million; ABS, 2012a). As an industry,
increased rice production can have many positive socio-economic
impacts on regional communities where rice is grown (e.g. more direct
and in-direct employment opportunities, alternative income streams of
by-products, good return on investment), but environmentally, the
impacts of increased rice production may not be so attractive.
As discussed in Section 6.2, 6.3 and 7.1, rice is the largest consumer
of water of all three crops commonly grown in the CIA. Of the
summer crops, it is also the least productive in terms of total and net
carbon capture (GPP is ~ 20% less than GPP of maize; and NEE is ~
40% less than NEE of maize). In a water-short basin such as the CIA,
the decision to increase rice production in years where there is
adequate water supply could have negative effects on the system as a
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whole. From the quantitative empirical assessment of carbon capture
and water use in this study, the most obvious environmental impacts
of increased rice production compared to maize production are:
decreased carbon sequestration; and increased water loss to the
atmosphere.

7.3 Experimental impact evaluation
The potential sources of experimental and instrumentation error and
the consequences of failing to meet the assumptions of EC
methodologies have been discussed earlier (see Section 3.3.1 – 3.3.3).
However, there are a number of key elements of experimental design
and implementation identified it this study that could remarkably
decrease the uncertainty of CO2 and H2O flux estimates of future
studies of irrigated broad-acre crops in the CIA. The key sources of
error and the implications they may have had on flux estimation are
listed in Table 7.1. Except for the cross-calibration of EC sensors, all
suggestions made in this table should theoretically improve the degree
of energy balance closure; and thus the level of confidence in the
reported results.
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Table 7.1 Key sources of error identified in this study and the implications they have on EC flux estimation and energy balance closure.
Source of error

Implications
Sensors not suited to local conditions
can lead to large data gaps e.g. open
path sensors should only be used in
areas with low rainfall.

•

Appropriate gas analyser
selection to suit weather
conditions

•

Failure to cross-calibrate EC
sensors at each flux tower
location

Systematic bias of observations by site
and by crop.

Future considerations
If long-term weather forecasts of the CIA predict above average
rainfall, alternative gas analysers should be considered e.g. the
enclosed CO2/H2O analyser is able to make contiguous
measurements through rain, snow and fog (LI-7200, LI-COR Inc.,
USA).
Ensure all sensors are cross-calibrated so that results are
comparable across space and time.

•

Inaccurate placement of EC
sensors

•

Two dimensional rotation into
the natural wind coordinate

Flux footprint is not representative of
area of interest for all conditions;
therefore, an increased number of
contaminated fluxes must be removed
from the time series.
Impracticably large rotation angles in
periods of low turbulence and v'w'
¯ ≠0
(Lee et al., 2004a) which may
contribute to energy imbalance.

As identified in Section 5.2.1, there is no distinct prevailing wind
during the summer or winter growing seasons; instead, the winds
generally swing from NE – SW. Therefore, future placements of
the flux towers should aim to be centred within the field of
interest to minimise data loss.
Application of the planar fit method to compute a single set of
sonic anemometer tilt angles that are less likely to be affected by
sampling errors (Wilczak et al., 2001). This method may not be
suitable if the sonic anemometer requires re-positioning often.
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Table 7.1 (cont) Key sources of error identified in this study and the implications they have on EC flux estimation and energy balance
closure.
Source of error

Implications

Future considerations

•

Failure to measure soil
moisture content over time

Large errors in G as the isothermal latent
heat component is grossly neglected
(Mayocchi & Bristow, 1995).

Include additional sensors to accurately measure soil
moisture content over time.

•

Failure to measure temperature As above.
of standing water (rice crop
only)
Periods of low turbulence and Failure to measure low-frequency fluxes of
large eddies as a result of stable conditions;
advection
or generated by a change in land use or
temperature/moisture gradient between
irrigated and non-irrigated fields.
Site-specific systematic bias of Re and GPP
u* threshold used to estimate
estimations
Re and thus, GPP

•

•

Include additional sensors to accurately measure
temperatures of the standing water over time.
Direct measurement of advection terms based on the
CO2 mass balance equation (Aubinet et al., 2010)
which may be expensive and impractical.

Use an objective threshold determination (e.g.
Moving point test, Gu et al., 2005) ; or light-response
curves to calculate NEE (e.g. Lasslop et al., 2010;
Zhang et al., 2012).
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8

SUMMARY AND CONCLUSIONS

There are very few studies that have reported an integrated
quantitative assessment of energy, water vapour and carbon dioxide
fluxes of Australian irrigated broad-acre agricultural cropping
systems. For the first time, this study presents a detailed analysis of
the estimation and seasonal distribution of energy, water vapour and
carbon dioxide fluxes of three of the major irrigated crops grown in
inland Australia; maize, rice and wheat.
The first objective of this study was to determine whether irrigated
agro-ecosystems in Australian semi-arid climate zones are net sources
or sinks of carbon dioxide. Overall, it was found that all four cropping
systems acted as a net carbon sink over each growing season, although
small pulses of CO2 into the atmosphere were observed in the early
vegetative stages of growth and at times during leaf senescence.
Carbon uptake (NEE and GPP) of all four cropping systems was
greatest during the reproductive growth stage.
The second objective was to determine which of the common broadacre cropping systems (i.e. maize, rice and wheat) grown in these
environments were most productive. In terms of total carbon
accumulation per unit of evapotranspiration, it appeared that maize
was the most productive consumer of water. Rice was generally the
least productive consumer of water. This can be partially attributed to
the fact that the energy budget for rice was predominately driven by
latent heat exchange with a seasonal actual evapotranspiration budget
that was 25% greater than that of maize. This is directly related to the
water management strategies of both crops, i.e. a permanent water
application throughout the cultivation period versus intermittent
irrigation applications as required. The presence of the permanent
water applied to the rice crop, particularly during the early vegetative
growth stages prior to canopy closure led to increased rates of
evaporation from the directly exposed water surface.
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With respect to carbon capture, represented by the total amount of
carbon fixed as biomass (GPP), maize exhibited the greatest affinity
for carbon assimilation. The cumulative seasonal total GPP was ~ 20
– 40% greater than for rice, wheat and mixed cropping systems. This
is to be expected, given that maize has a C4 photosynthetic pathway.
As a crop species, maize exhibited the greatest seasonal net carbon
capture (NEE), followed by rice. Like GPP, this can be attributed to
the greater affinity of the C4 photosynthetic pathway of maize and the
reduced loss of carbon dioxide through greater stomatal control. As a
crop, wheat exhibited the least net carbon capture. This can be
attributed in part to the smaller amount of biomass production relative
to the summer crops as reflected by the smaller grain yield.
Based on crop varieties grown on soil types similar to those of the
experimental sites of this study, regional estimations of ETa during the
summer and winter growing seasons of 2010/11 revealed that the
largest proportion of the total of water lost through ETa was a result of
rice production; ETa of rice accounted for 59 106 ML of a total 76 578
ML). With respect to total carbon capture, the results revealed that
rice represented the largest component of net carbon capture. The
cumulative total GPP of rice (123 kt C) was three times that of wheat
(41 kt C), which was the second largest component. As both rice and
wheat were the predominant crops grown in summer and winter,
representing 13 509 ha and 11 040 ha, respectively, one would expect
that they would account for the largest distribution of net carbon
capture in comparison to other crops grown in the CIA. Maize had the
least representation (943 ha; 18 kt C).
Photosynthetic water productivity revealed that summer crops are
generally more productive than winter wheat (WP = 14.4 g C/m2, 8.1
g C/m2 and 2.1 g C/m2 for maize, rice and wheat respectively).
The third objective of this study was to investigate the flux response to
various environmental signals within the CIA. From the results of the
geostatistical regression analysis, it was found that air temperature, net
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radiation, wind speed and rainfall had an influence on the daily ETa
rates of both summer crops. However, the extent to which each
variable influenced ETa varied between the two sites. This was
indicated by the magnitude and sign of the regression coefficient. For
the maize crop, Ta had the greatest influence on daily ETa rates of the
� = 10.6) and rain had the least (𝜷
� = -0.8). For the rice
maize crop (𝜷

� =
crop, Ta also proved to have the greatest influence on ETa rates (𝜷

� = 4.6). Note, however, that ETa of
26.9) and P also had the least (𝜷

the rice crop was positively correlated to P and negatively correlated
with that observed over the maize crop, indicating that rates of E ETa
of the maize slightly decreased following a rainfall event. The major
difference between the GR models of the two crops was that VPD was
� =also selected as a covariate for the GR model of the rice crop (𝜷

16.0) and had a negative influence on ETa rates. For the winter crops,
the common variables that influenced daily rates of ETa were Rn,
VPD, U and P. Ta appeared only to affect evapotranspiration rates of
�=
the mixed cropping system where it also had the largest influence (𝜷
14.90). In this particular case, Rn and VPD were negatively correlated

to evapotranspiration rates. For the wheat crop, all selected variables
had a positive correlation to daily rates of ET and Rn had the greatest
� = 11.65). Like the summer crops, P had the least
influence (𝜷

� = 0.66 and
influence on ETa rates of the winter cropping systems (𝜷
1.27 for the wheat and mixed system, respectively).

In terms of CO2 flux response, ETa was included as an additional
variable to investigate GPP rates as a function of plant water use. In
conjunction with estimates of water productivity, this served to
partially satisfy the third objective to examine the relationship
between water and carbon dioxide flux. The two common variables
selected for the GR model at the two summer flux tower locations
were wind speed and evapotranspiration. Both variables had a
comparable influence on rates of daily GPP, having similar regression
�=
coefficients. In both cases, ETa was positively correlated to GPP (𝜷
1.82 and 1.41 for maize and rice, respectively), which suggested that
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an increase in ETa rates generally led to an increase in carbon uptake
for both maize and rice crops. A negative correlation between wind
� = -0.72 and -0.90,
speed and GPP was also consistent at both sites (𝜷

respectively). The GR model of the maize crop included Rn as an

additional variable which was positively correlated with carbon uptake
� = 0.59). The results of the BIC/GR analysis indicated that ETa,
(𝜷

� = 1.8 and 1.4,
having the largest regression coefficient (𝜷
respectively), had the greatest influence on the variability of daily
rates of GPP of both maize and rice.
For the winter crops, Rn was the only common variable selected for
the GR model at both sites, and its influence on daily GPP rates was
� = 1.10 and 1.08). GPP rates of the wheat crop were
similar (𝜷
� = -0.46). For the mixed cropping
negatively influenced by VPD (𝜷

� =system, Ta had a negative effect on the rate of carbon uptake (𝜷

1.09). Unlike the summer crops, ETa was not selected as a variable for

either winter cropping systems and therefore had no apparent effect on
daily rates of GPP, which may be attributable to lower evaporative
demand and increased residual soil moisture during the winter months.
In terms of model performance, the ability of the selected variables to
explain variability in daily rates of ET and GPP was weak to moderate
(r2 values ranged from 0.2 – 0.7).

8.1 Future research priorities
The results of this study serve to fill the knowledge gap with respect
to the mass and energy exchange of broad-acre cropping systems in
Australian dryland irrigation areas. By doing this we can begin to
understand the influence of irrigated agriculture on the daily fluxes of
carbon dioxide, water vapour and energy and the way in which it
affects the local and regional climate.
It is acknowledged that studies of atmospheric land-surface
interactions for single growing seasons or years are insufficient when
trying to understand the long-term processes that drive agro163

ecosystem functions. Therefore, it is necessary to conduct long-term
experiments using eddy covariance technologies to compare the
interannual variability of different cropping systems and the influence
of varying meteorological conditions and agricultural management
practices.
Furthermore, point-based eddy covariance methods can only provide
information regarding the atmospheric land-surface exchange within a
finite area. In order to quantify the mass and energy balance at greater
spatial scales, upscaling eddy covariance data via numerical modelling
in conjunction with remote sensing data from satellites designed
specifically to measure atmospheric water and carbon dioxide (e.g.
GOSAT) could assist in the closing of regional and global water and
carbon budgets. Information derived from these studies can then be
used to inform policy and shape current and future water-saving and
climate change adaption initiatives.
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