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Abstract The response of the carbon and hydrological
cycles of irrigated agro-ecosystems in semi-arid regions to
changes in temperature and increasing levels of atmo-
spheric carbon dioxide concentrations is unclear. Further-
more, the extent to which these systems contribute to the
carbon cycle as net sources or sinks of carbon dioxide
remains relatively unknown. In this study, eddy covariance
methodologies were employed to quantify mass and energy
exchange of maize, rice and wheat grown in an Australian
semi-arid irrigation-dependent agricultural region. It was
found that there was a distinct seasonal difference in the
magnitude of energy balance components. The latent heat
exchange observed during the summer growing season was
almost twice that observed during winter. Irrigation man-
agement practices significantly influenced the distribution
of turbulent fluxes. Over the permanently flooded rice crop,
the energy balance was predominately driven by latent heat
flux, which accounted for ~99 % of the energy balance.
For the crops irrigated intermittently (i.e. maize and
wheat), latent heat flux represented ~80 % of the energy
balance. In addition, all three crops acted as a net carbon
sink over the growing season. The rate of carbon assimi-
lation was impacted by the nature of the photosynthetic
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pathway of the plant and seasonality. Maize, a C4 plant,
exhibited the greatest capacity for carbon uptake
(-1,327 g C/mz) during the summer months, and winter
wheat, a C3 plant, exhibited the least (—388 g C/mz).
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Introduction

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 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 (Spiertz 2012) and has not been without cost. For
instance, at a continental scale, the annual area of Aus-
tralian 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 CO,_.
(Department of Climate Change and Energy Efficiency
2011). Associated land cover changes will affect local
surface mass and energy exchange by influencing the way
in which radiative fluxes are partitioned at the surface
(Foley et al. 2005; Scott et al. 2012). For example, changes
to surface albedo and wind field modification properties of
the land cover/land use will alter radiative forcing, result-
ing in surface temperature changes that will affect atmo-
spheric-land surface interactions of water and carbon
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dioxide fluxes (Kirschbaum et al. 2013), and thus fresh-
water availability.

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 pro-
duction and produce 45 % of the total global grain yield
(Intergovernmental Panel on Climate Change 2007; The
World Bank 2007). With a projected population increase of
9 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 1 billion
hectares of natural ecosystems will be lost to provide food
and fibre to the future global population (Khan and 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 to what extent 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 (Intergovernmental Panel
on Climate Change 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 productivity
through alterations to crop physiology and decreased
yields, particularly those of rice, wheat and maize (Khan
and Hanjra 2009; Yu et al. 2012) and future irrigated
agricultural production in these areas may be
unsustainable.

Furthermore, it is widely acknowledged that the land-
scape 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 agricul-
tural broad-acre cropping systems to the carbon cycle as a
source or a sink of atmospheric carbon dioxide remains
unknown. 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 cycles of irrigated broad-acre crops is required
(Kalfas et al. 2011; Yu et al. 2012). 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-
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to-date information regarding energy, water vapour and
carbon dioxide fluxes of the most commonly irrigated
broad-acre crops grown in semi-arid areas of Australia.
These irrigated farming systems are of particular impor-
tance to the Australian community due to the significant
economic value which contributes 31 % of the gross value
of agricultural production in the Murray Darling Basin
(MDB; Australian Bureau of Statistics 2012a); and account
for 54 % of the total national water consumption (Austra-
lian Bureau of Statistics 2012c). The objectives of this
study are to: quantify and examine the seasonal distribution
of energy, water and carbon fluxes of three major crops, i.e.
maize, rice and wheat, grown in an Australian irrigation
system located in the semi-arid regions of the southern
MDB; and to determine whether irrigated agro-ecosystems
in Australian semi-arid climate zones are net sources or
sinks of carbon dioxide.

General description of the study area

The Coleambally Irrigation Area (CIA) is a gravity-fed
irrigation system in the Riverina district of southern New
South Wales, Australia (see Fig. 1). This region is one of
two major irrigation areas located within the larger Mur-
rumbidgee catchment. In 2010/11, the total gross value of
agricultural commodities produced in the Riverina was
$1.8 billion, with broad-acre crops accounting for $1.4
billion (Australian Bureau of Statistics 2012b). The CIA, as
an agro-ecosystem, contains 79,000 ha of intensively irri-
gated land. A further 325,000 ha of the surrounding area is
serviced with stock, tank and opportunistic irrigation water
(Jackson et al. 2010). Summer (November—April) crop
production 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) (Coleambally Irrigation
Cooperative Ltd 2011). With a slope of close to 0°, the
topography of the area is considered ‘pan flat” (McVicar
and Van Niel 2012). Common soil types found in the CIA
consist predominately of self-mulching clays, red-brown
earths and transitional red-brown earths, each well suited to
irrigated crop production. Based on temperature and
humidity, the climate experienced within the CIA is clas-
sified as having hot, dry summers and cold winters (Bureau
of Meteorology 2005). The mean maximum January tem-
perature is 32.8 °C and the mean maximum July temper-
ature is 14.5 °C, which is consistent with temperate semi-
arid conditions (Bureau of Meteorology 2012). The aver-
age precipitation is 406.5 mm/year with no distinct sea-
sonal variability. Long-term average annual potential
evapotranspiration rates are 1,861 mm and mean annual
global solar radiation is 6,450 MJ/m? (Coleambally
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Irrigation Cooperative Ltd 2010; Bureau of Meteorology
2012). 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. The most common source of
irrigation water in the CIA is surface water, which accounts
for 98.7 % of total irrigation water supplied. In 2010/11,
rice was the largest consumer of irrigation water in the CIA
and accounted for 65.1 % of irrigation water delivered.
Maize and wheat accounted for 6.9 and 4.8 %, respec-
tively. The total areas of rice, maize and wheat plantings
were 14,512, 4,367 and 11 334 ha, respectively (Coleam-
bally Irrigation Cooperative Ltd 2011).

Site selection, flux measurement and micrometeorology

Site 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.
A number of factors, including wind speed and direction,
canopy height, surface roughness and instrumentation
height above the canopy were considered. The willingness
of the landowner to participate in the experiment was also
an important consideration.

The mass and energy exchanges of the selected cropping
systems were measured by employing EC technologies.

I MURRUMBIDGEE IRRIGATION AREA
I COLEAMBALLY IRRIGATION AREA
— MURRUMBIDGEE RIVER

Through the implementation of fast response sensors, direct
measurement of carbon dioxide, water vapour and energy
fluxes between the land surface and the atmosphere was
achieved. The EC instrumentation for the three installations
(hereby referred to as flux towers) was almost identical. Two
flux towers were placed in situ over each 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 and
the major winter crop, wheat. Both flux towers consisted of a
three-dimensional sonic anemometer (CSAT3, Campbell
Scientific Inc., USA), which measured fluctuations in longi-
tudinal, lateral and horizontal wind speed and direction (i, v,
w; m/s), and an open-path infrared gas analyser (LI-7500, LI-
COR Inc., USA) designed to measure CO,, water vapour and
momentum fluxes. Both the sonic anemometer and gas ana-
lyser were positioned to face into the expected prevailing
wind direction on a boom that extended 1 m horizontally
from the tower. To monitor water and carbon dioxide flux
response to micrometeorological drivers, instantaneous mea-
surements 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 Scien-
tific, Inc. USA). The fluxes (as a measure of the covariance
between the scalar (e.g. CO, or H,O) and the vertical wind
component) were then computed as an average of the 10 Hz
data over 30 min intervals. Both the 10 Hz data and the
30 min averaged data were recorded on a 2 GB Compact
Flash card which was downloaded on a monthly basis.
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
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Table 1 Flux tower locations

: e Crop  Flux Longitude Latitude Sown Harvested Crop Yield Irrigation water
and agricultural indices tower area (tha)  applied (ML/ha)
# (ha)
Maize 1 —347760  146.015  7/10/2010  4/4/2011 60 12.0 5.6
Rice 2 —34.925 145.821 12/11/2010 20/4/2011 100 10.1 7.6
Wheat 1 —34.760  146.015 6/5/2011 3/12/2011 60 5.0 2.6

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 (R,,)
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 (HFPO1SC, 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 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 main-
tained by Coleambally Irrigation Cooperative Limited
(CICL). These weather stations were located within dis-
tances of 20 km or less of the flux towers. Details of flux
tower location, crop area and other agricultural indices are
given in Table 1.

Data processing and gap-filling
Cospectral analysis

The application of EC technologies to determine mass and
energy balances has not yet been reported within an Aus-
tralian 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 be accounted for. This can be
achieved through an ogive test, represented by the cumu-
lative integral of the cospectrum, beginning with the
highest frequency (Foken et al. 2006). To perform the
ogive test, the raw, non-gapfilled 10 Hz data were pro-
cessed using open-source software, EdiRe©. Day-time data
were integrated over 120 min averaging periods between
the hours of 07:00 and 19:00 Australian Eastern Standard

@ Springer

Time (AEST) for both summer and winter crops to avoid
the influence of the daily cycle of fluxes and non-steady
state conditions; longer periods are generally not scrutin-
ised 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, inter-
vals 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
(W Tsonic’)- The main reason for doing so was because the
sonic temperature (T,,c) 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’Tonic” Was considered close to ideal, and the actual
scalar flux (water vapour or CO,) would lie somewhere
below this curve (Burba and Anderson 2010).

Spike detection, corrections and gap-filling

The flux data that were averaged over each 30 min interval
was post-processed using standard EC protocols and soft-
ware developed through the OzFlux community (Isaac and
Cleverly 2011), further modified to suit the needs of this
study. For instance, additional calculations were incorpo-
rated into the programme to account for the heat storage in
the water column to calculate storage heat flux (G) for the
rice crop (see “Determination of energy balance compo-
nents”). Detailed information regarding the specific cor-
rections is presented in Table 2. Once all data had been
processed, a gap-filling procedure was implemented
whereby data gaps of less than 60 min were filled using
simple linear interpolation techniques and larger gaps were
filled using daily climatologies calculated for the same
observation period.

Flux footprint analysis

Due to limited water supplies, crops grown in the CIA are
limited in their spatial extent and are often grown alongside
non-irrigated fallow lands and remnant vegetation. Given
the heterogeneous nature of irrigated farmland in the CIA,
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Table 2 Corrections and calculations applied to flux data to produce a non-gap-filled dataset

Correction/calculation

Purpose

Primary references

Two dimensional co-ordinate rotation

Calculate air temperature (7,) from virtual
temperature (7), 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

To align the mean lateral and vertical velocities to zero i.e.
a=w=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

To compensate for fluctuation effects of temperature and water
vapour on LE and CO, 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 F. fluxes (see
“Determination of friction velocity threshold”)

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

Lee et al. (2004)

Loescher et al. (2005)

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

Lee et al. (2004)

Leuning (2004); Webb
et al. (1980)

Campbell Scientific Inc.
(2007)

Zhang et al. (2013)

it is necessary to ensure that the source emissions are
representative of the area of interest. The effective fetch (or
flux footprint) was modelled using the Microsoft® Excel
based ART (Agroscope Reckenholz-Tdnikon) Footprint
Tool designed by Neftel et al. (2008).

Surface energy balance
Determination of energy balance components

Based on the first law of thermodynamics, the sum of the
sensible heat flux (H,) and latent heat flux (LE) is equal to
the available energy (i.e. the net radiation minus the ground
heat flux, R, — G), given by the equation (modified from
Brutsaert 1982):

R,—G=H;+LE
For the rice crop, additional components of G were
incorporated to account for the heat storage in the flood-

water (W) as well as the soil heat storage (S), adapted from
Tsai et al. (2007), i.e.

R,—S—W=H;+LE
where
oT,

S = PgCelg H
and
0Ty,

ot
where p, and p,, represent the density of wet soil and
water, respectively; ¢, and c,, represent the heat capacity of

W = pyCwiw

wet soil and water, respectively; z, and z,, are the depth of
the soil heat flux plates in relation the soil surface and the
depth of the floodwater, respectively; and dTy/dt and dT.,/
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).

Energy balance closure

An audit of the energy balance is required to assess the
overall performance of the EC instruments and to obtain an
independent assessment of the scalar flux estimates under
any given conditions. When using EC systems, the sum of
the estimated turbulent fluxes (H 4 LE) is generally less
than the estimated available energy (Leuning et al. 2005).
To date, studies have found that the average energy balance
closure of various ecosystems range from 0.75 to 0.87
(Stoy et al. 2013). In this study, an evaluation of the energy
balance closure was determined specifically by using the
Energy Balance Ratio (EBR) of the half-hourly averaged
flux estimates over the observation period (Tsai et al. 2007,
Wilson et al. 2002). The EBR is given by the equation:

H+LE

EBR = 72( +LE)
> (R, — G)

Evapotranspiration

Actual evapotranspiration (ET,) is represented by LE and
is directly measured by the EC system (see “Determination
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of energy balance components”). To compare how these
values perform against traditional methods of evapotrans-
piration estimation, reference crop evapotranspiration (ET,)
and potential crop evapotranspiration (ET,) were calculated
using the established methods described by Allen et al.
(1988). Crop coefficients defined by (Meyer et al. 1999)
that were used to determine ET, in the Murrumbidgee Irri-
gation Area (see Fig. 1) were also used to estimate ET, in the
CIA, given its proximity to the study area.

Carbon fluxes
Determination of friction velocity threshold

The friction velocity (or u*) threshold is used to determine
stable atmospheric conditions and can be used to correct for the
underestimation of night-time CO, fluxes and determine eco-
system components of carbon metabolism (GPP, NEE and Re).
The u* threshold can be found by plotting night-time values of
uw* against corresponding CO, 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 CO,
fluxes were divided into 25 groups. The average values of each
group were then calculated and plotted to evaluate the rela-
tionship between u* and CO, flux (Long 2008).

Partitioning of carbon dioxide fluxes to determine gross
primary productivity and total ecosystem respiration

EC systems can provide direct measurements of net eco-
system exchange (NEE, measured as CO, fluxes), but they
cannot directly measure gross primary productivity (GPP)
or total ecosystem respiration (Re). Instead, models are
required to partition NEE into GPP and Re (Baldocchi
et al. 2001) where NEE, as defined by Falge et al. (2002)
and Wohlfahrt et al. (2005) is given by:

NEE = Re — GPP

Based on the assumption that GPP is equal to zero at
night (as there is no photosynthetic activity), total Re is
equal to NEE. The difference between day-time NEE and
night-time NEE can be used to calculate GPP using an
empirical model to extrapolate nocturnal respiration
(Goulden et al. 2011). As Re is sensitive to temperature
(Lloyd and Taylor 1994), night-time CO, fluxes were
plotted against corresponding soil temperatures, and a
simple exponential function was fitted to the data (Leuning
et al. 2005). This equation is given by:

Re = A exp (BT)

where A and B are empirical constants determined by
regression and T is temperature. This exponential function
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was then used to deduce day-time estimates of Re. GPP
was then estimated as the difference between day-time Re
and NEE (Evrendilek et al. 2011; Falge et al. 2001;
Reichstein et al. 2005). The application of this methodol-
ogy 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 night-time CO, flux (NEE)] is equal to night-time Re.

Results and discussion
Climatic conditions

The long-term averages of rainfall and temperature expe-
rienced in the CIA (1958-2012) are presented in Fig. 2.
The mean air temperatures and rainfall observed at each
flux tower location are also presented here. The total
annual rainfall received in the CIA in 2010/11 was the
highest on record. The majority of this rain was observed
during the summer growing season where the total rainfall
from November—April was 476 mm. The observed winter
rainfall (May—October) was 204 mm. The observed mean
maximum air temperature over the summer and winter
growing season was 29.4 and 18.2 °C, respectively.

Cospectral analysis

The ogives constructed for each crop during the vegetative
growth stage are presented in Fig. 3. All significant low-
frequency eddies were captured within a 10-30 min period
for all three cropping systems as illustrated by the ogive
curves reaching an asymptote within this timeframe
(Moncrieff et al. 2004). Therefore, the 30 min averaging
period, consistent with standard processing methods of the
wider flux community was selected for further processing
and analysis in this study.

Spike detection corrections and gap-filling

Table 3 illustrates the percentage of flux data removed and
subsequently gap-filled for each experimental site in this
study. The average percentage of CO, flux data that was
removed from all three time series datasets was 47.8 %
with a range of 45.7-50.7 %. The average amount of LE
data removed was 36.6 % and the range was 32.7-39.9 %.
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 coin-
cided with rainfall events, which are known to affect the
operation and accuracy of EC sensors (Burba and Anderson
2010). Given the atypical amount of rainfall received in the
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Fig. 2 Total monthly rainfall and average monthly air temperatures observed at both flux tower locations for the period Nov 2010-2011. The

long-term averages are also given (Bureau of Meteorology 2012)

CIA in 2010/11, a larger amount of CO, and LE flux data
than was originally anticipated required gap-filling. Addi-
tional gaps in CO, flux data were the result of a large
number of night-time fluxes that registered below the u*
threshold and were subsequently corrected (see “Parti-
tioning of carbon dioxide fluxes to determine gross primary
productivity and total ecosystem respiration”).

The percentage of H gap-filled data was similar for all flux
tower sites (4.0 and 3.9 %) 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
etal. 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.

Flux footprint analysis

Figure 4 depicts 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 and 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 night-time flux
footprint over the wheat crop 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 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 com-
pass bearings of 90°-360°. Additionally, all fluxes origi-
nating from a bearing of 45°-135° were filtered from the time
series as part of the quality control process. 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.

Energy balance

The mean EBR of maize, rice and wheat was 0.80, 0.71 and
0.65, respectively, typical of EC studies of agricultural
crops conducted elsewhere. For example, Stoy et al. (2013)
conducted a synthesis of 173 sites of various plant func-
tional types (including forests, wetlands, savannas and
agricultural crops) that showed that the mean energy bal-
ance closure was 0.84 with a range of 0.28—-1.67. Stoy et al.
(2013) also showed that agricultural cropping systems were
among the worst performers (mean EBR = 0.78),
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Fig. 3 Ogives (°C m/s) for

maize, rice and wheat during the

vegetative stage
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alongside wetlands and mixed forests. The lack of energy
balance closure can be partially attributed to the underes-

timation of the turbulent heat fluxes. This generally occurs

Crop F. LE H R, G

Maize 46.9 32.7 4.0 0.4 0.1
Rice 50.7 37.1 39 4.9 25.5
Wheat 45.7 39.9 19.1 4.2 4.7

as a result of the failure to include one or more of the
storage flux components in the air column beneath the EC
instrumentation. This includes not only soil heat storage,
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but also heat storage within the plant biomass, heat storage



Environ Earth Sci (2015) 73:449-465

457

Maize X“Z;,

T 1 Kilometres
0 0.25 0.5 1
Rice
N
s,
s
T 1 Kilometres
0 0.35 0.7 14
Wheat
b
>
- —
s
T T 1Kilometres
0 0.25 0.5 1

Fig. 4 Flux footprint of the maize, rice and wheat crop. Note that the
blue circle represents the effective fetch during the day; the grey
circle represents the effective fetch at night

within the canopy air mass and biochemical photosynthetic
energy consumption (Kilinc et al. 2012). To incorporate
these components would require the observation of addi-
tional 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 irri-
gation events was unaccounted for. 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 “Determination of energy bal-
ance components”) which also requires additional obser-
vations of temperatures in the water column, which were
not measured in this study. Instead, the average air tem-
perature measured above the canopy by the EC system was
used to calculate W based on the assumption that day-time
water temperature fluctuation is minimal and that mean
water temperature is similar to mean air temperatures, after
De Datta (1987). This approximation of temperatures in the
water column may have led to an overestimation of G,
increasing the energy imbalance at this site. Furthermore,
dynamic and thermal heterogeneities between land surfaces
can modify the air flow in the atmospheric boundary layer
(Inagaki et al. 2006). Thermal heterogeneities, in particu-
lar, have a strong impact on the flow structure that can lead
to in-homogenous surface heating, creating a horizontal
pressure gradient that can then generate eddies at greater
timescales (mesoscale circulations) that are not measured
by the EC system (Foken et al. 2010; Inagaki et al. 2006).
Therefore the difference between the surface roughness
and spectral properties between two neighbouring fields
(fallow or otherwise) would distort air flow in the atmo-
spheric boundary layer, further impacting the energy
balance.

Seasonal distribution of energy balance components

The cumulative totals of the energy balance components
observed at each flux tower location are presented in
Table 4. 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
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summer growing season was almost 50-100 % greater than
that of the latent heat exchange observed during winter. For
example, the cumulative total of LE for the summer rice
and maize crop was 1,920 and 1,530 MJ/rnz, respectively;
LE of the winter wheat crop was only 954 MJ/m>.

The partitioning of available energy (R,—G) into sensi-
ble (H) and latent heat (LE) fluxes was also very similar
for the summer maize and winter wheat crop where H
accounted for 19.9 and 18.7 % of the total heat fluxes
(Hs + LE), respectively. The rice crop displayed very
different behaviour, where H, accounted for less than 1 %
of total heat flux, indicating that the energy balance was
predominately driven by latent heat exchange, consistent
with the findings of previous studies of energy exchanges
of rice (e.g. Hatala et al. 2012; Alberto et al. 2009, 2011).
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 inter-
mittently 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 (see
Table 1). 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. Hy is further sup-
pressed by the dense rice plant canopy during the warmest
period of the growing season (Hatala et al. 2012). For the
rice crop, this occurred during the reproductive growth
stage, especially between December 23, 2010 and January
29, 2011 (data not shown). During this particular interval,
the average air temperature was 29.4 °C and H; had an
average of —1.6 MJ/m?/day and a range of —5.0 to 1.4 MJ/
m?*/day. In contrast, the average air temperature during the
entire vegetative stage was 27.0 °C, and H, averaged
0.4 MJ/m*/day with a range of —5.0 to 3.5 MJ/m?/day.

The contribution of G to total available energy was
small and ranged between ~ 1.0 and 2.0 % for maize and
wheat with the exception of the rice crop where
G accounted for 8.8 % of the available energy. Maximum
daily average values of G observed at the maize and wheat
sites did not exceed 2.6 MJ/m”. This indicated there was
significant shading beneath the canopy that did not allow

Table 4 Seasonal distribution of energy balance components (MJ/
2
m°)

for direct heating of the soil (Kilinc et al. 2012). For the
rice crop, the maximum rate of G observed was 12.6 MJ/
m?. 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). Despite similarities in magnitude
of contribution, the nature of G was very different between
the seasons. During the summer months, the cumulative
total of G was positive, indicating 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.

Evapotranspiration

Table 5 presents the cumulative totals of ET,, ET, and ET,
observed at each of the flux tower locations during the
observation period. As mentioned in the previous section,
the cumulative totals of ET, (i.e. latent heat flux) during the
summer growing season were ~ 1.5-2.0 times greater than
those of the winter growing season. During the summer
months, atmospheric demand is generally greater due to
increased temperatures and higher levels of incoming
radiation, thus increasing rates of evaporation from soil
surfaces and plant material. Differences in water manage-
ment practices affect the partitioning of energy fluxes, and,
consequently, ET,, and is evident in the differences in the
ET, observed in the two summer crops. For instance, rice
had a seasonal ET, budget that exceeded that of maize by
25 %. The ongoing presence of water for the rice crops led
to an average ET, rate of 4.9 mm/day, whereas the average
rate of ET, for the maize crop was 3.9 mm/day. The
average rate of ET, of wheat was 1.8 mm/day. It is
important to note that the average daily rates of ET,, par-
ticularly for the rice crop, are 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 and 14 mm/day. In this
study, daily rates of ET, of the rice crop ranged between
~0.5 and 8.0 mm/day. Atypical rates of ET, can be par-
tially attributed to the unusually high precipitation.
Humphreys et al. (1994) also found that rice water use
(i.e. irrigation 4 rainfall — deep percolation — surface
drainage) varied between 9.0 and 15.4 ML/ha, depending

Table 5 Cumulative totals of reference evapotranspiration (ET,),
potential crop evapotranspiration (ET.) and actual evapotranspiration
(ET,) observed at each site (mm)

Crop No. of days of observation R, G H, LE Crop No. of days of observation ET, ET. ET,
Maize 158 2,566 21 504 1,530 Maize 158 716 490 624
Rice 160 2931 259 -19 1,920 Rice 160 808 834 783
Wheat 211 2,035 —34 388 954 Wheat 211 771 575 389
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Fig. 5 Seasonal comparison of rice water use (ML/ha) in the
Murrumbidgee Irrigation Area (Murrumbidgee Irrigation Ltd 2013)

on the climatic conditions experienced during the growing
season. Figure 5 also illustrates the annual average rice
water use in the Murrumbidgee Irrigation Area, which,
given its proximity to the study area (see Fig. 1), experi-
ences 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).
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 D,
personal communication, March 25, 2013). In this partic-
ular study, total input was 7.6 ML/ha (irriga-
tion) + 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 ET, 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 2010/11 marked the end of a
10-year drought in the region, this additional water was
most probably lost through deep percolation required to fill
very dry soil profiles (Smith D, personal communication,
March 25, 2013).

Previously published values of monthly ET,, and ET, of
maize were also greater than those estimated in the CIA in
2010/11 (see Table 6). Except for November, the monthly
evaporative demand of the atmosphere (represented by
ET,) reported by Edraki et al. (2003) was ~10-20 %
greater than what it was in 2010/11. Additionally, crop
water use (represented by ET.) in 1998/99 was almost
double that of crop water use in 2010/11. The total
observed rainfall in 2010/11 was much greater than in
1998/99, particularly during the months of November and
February.

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 7 presents the monthly ET,
and ET, values of wheat grown in 1999 (Edraki et al. 2003)
and 2011 (this study). As illustrated, monthly ET, and ET,
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.

Cumulative ET. rates of the summer maize crop
underestimated ET, by ~ 11 %. This could be an indica-
tion that either the latent heat fluxes were being overesti-
mated, or that the hypothetical calculation of ET, by the
Penman—Monteith method, which is required to determine
ET., was underestimated. Conversely, the ratio of cumu-
lative ET/ET, of the winter crops was ~ 1.5. This indi-
cated that ET, determined as a function of crop coefficients
and reference evapotranspiration was overestimated. The
K. values used to estimate ET. were originally developed
through the measurement of ET, using a weighing lysim-
eter. In this study, ET, was estimated using EC systems
which are able to provide a direct measure of LE, therefore,
the K. values used here may not be suitable for this par-
ticular analysis. Cumulative totals of ET, were greater than
the cumulative totals of ET, estimated for all three

Table 6 Monthly reference, potential evapotranspiration (ET, and
ET.; mm) and rainfall (P; mm) of maize grown in the CIA in 1998/99
and 2010/11 (adapted from Edraki et al. 2003)

Month 1998/99 2010/11

ET, ET. P ET, ET. P
November  215.2 107.6  48.0  273.0 73.0 113.5
December 3069  214.8 16.0  280.4 110.0 24.4
January 319.3 271.4 15.0 264.0 126.1 56.1
February 2430  206.6 20 2229 1040  203.5

Table 7 Monthly reference, potential evapotranspiration (ET, and
ET.; mm) and rainfall (P; mm) of wheat grown in the CIA in 1999
and 2011 (adapted from Edraki et al. 2003)

Month 1999 2011
ET, ET. P ET, ET. P

June 30.0 18.0 51.0 93.3 56.0 14.2
July 36.9 33.2 8.0 92.7 834 29.0
August 62.5 68.8 45.0 90.6 95.2 62.0
September 103.8 114.2 24.0 119.8 125.7 343
October 155.6 124.5 42.0 129.4 103.5 18.52
November 209.2 104.6 38.0 154.3 77.1 38.6
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Fig. 6 Scatter plots of CO, flux versus friction velocity (u*)

cropping systems. However, there were periods during the
summer growing season when daily rates of ET, exceeded
daily rates of ET, (data not shown). Advection may have
enhanced evaporative processes during these periods,
increasing evaporative demand (Alfieri et al. 2012; Alberto
et al. 2011). Advection was minimal during the winter
growing season because of greater levels of atmospheric
stability.

Partitioning of carbon dioxide fluxes

Firstly, a friction velocity («*) 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 percentage of the 30 min
averaged night-time CO, flux data that was subsequently
selected for further analysis of maize, rice and wheat was
32.3, 16.5 and 3.0 %, respectively. The relationship
between u* and CO, flux is presented in Fig. 6. As men-
tioned the u* threshold is located at the point where fluxes
begin to decrease as u* decreases, therefore, the u*
thresholds for rice, maize and wheat were arbitrarily
identified to be 0.15, 0.17 and 0.33 m/s, respectively. The
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empirical exponential models required to partition CO,
fluxes were then determined by fitting an exponential
function to remaining night-time CO, fluxes plotted against
corresponding night-time soil (7). Previous studies of CO,
fluxes of rice crops reveal that it is necessary to separate
flooded periods from drained periods, because CO, trans-
port from the soil surface to the atmosphere is diffused
during periods of permanent irrigation water application
(e.g. Saito et al. 2005). However, in this study it was dif-
ficult to establish a meaningful relationship between CO,
flux and 7 during drained conditions given the small
sample set of data representative this period (n = 5).

The resulting empirical models and corresponding
coefficients of determination (+*) for each flux tower
location are:

CO; fluXpaize = 0.047 exp (0.058 Ty) mg/m?/s; > = 0.14

CO; flux;iee = 0.0013exp(0.23T;) mg/m?/s; r* = 0.14
CO; fluXyheat = 0.050exp(0.040 Ty) mg/m?/s; r* = 0.53

Based on these results, the empirical models developed
to determine the relationship between carbon dioxide flux
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and soil temperature represent a marginal fit of the data, as
emphasised by the low values of 7*. This is not uncommon
in EC studies where the * is often reported to be less than
0.2 (Baldocchi 2003). In this study, the relationship
between carbon flux and 7 of all cropping systems was
weak to moderate (> = 0.14-0.53). Therefore, it is likely
that the computed values of Re and GPP contain consid-
erable error. This is not unexpected, given the multiple
number of processes not included in standard respiration
models that may influence CO, flux, e.g. the physical
displacement of CO, following a rainfall event or the
biological activity of both aboveground and belowground
autotrophic biomass (Scott et al. 2006).

Cumulative total of net ecosystem exchange, gross
primary productivity and total ecosystem respiration

Cumulative totals of partitioned CO, fluxes are presented
in Table 8. In this case, a negative value of NEE represents
a flux of CO, from the atmosphere (i.e. carbon uptake).
Overall, all three crops acted as a net carbon sink, as
indicated by the negative cumulative totals of NEE. The
magnitude of atmospheric carbon uptake or release of a
plant is partly influenced by the nature of the photosyn-
thetic pathway. As a C4 plant, maize has a greater photo-
synthetic capacity compared to its C3 counterparts such as
rice and wheat (Suyker et al. 2005). As such, the maize
crop exhibited the greatest capacity for net carbon capture
(NEE = —1,327 g C/m?) over the observation period,
whereas the cumulative total of NEE of the rice crop was
—836 g C/m”. For the wheat crop, the cumulative total of
NEE was —388 g C/mz, almost half that of its C3 summer
counterpart, rice. The affinity for carbon capture was also
reflected in the maximum average daily rate of NEE which
peaked at —21.3 g C/m*/day for maize and —8.7 g C/m?/
day for wheat (data not shown). This suggested that the
lower temperatures and decreased net radiation experi-
enced during the winter months had a direct effect on net
carbon uptake. Whilst all three 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 and wheat, thus
becoming a net carbon source during this period (data not
shown). 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 CO, (Re) directly from
the soil surface to the atmosphere account for the majority
of the flux, especially at night.

The total amount of carbon fixed as biomass through
photosynthesis (represented as GPP) of the two summer
crops was greater than the winter wheat crop and can be
attributed to the greater amount of photosynthetic activity
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Table 8 Cumulative totals of partitioned CO, fluxes (g C/mz)
Crop NEE Re GPP
Maize —-1,327 625 1,952
Rice —826 629 1,514
Wheat —388 1,367 979

as a result of increased solar radiation and mean air tem-
peratures during the summer months. Overall, maize
exhibited the greatest affinity for carbon assimilation
(GPP =1952 ¢ C/mz) and was to be expected, consider-
ing maize is a C4 plant, therefore having a greater capacity
for carbon capture. The cumulative totals of GPP of the
rice and wheat crop were 1,514 and 1,367 g C/mz,
respectively. This is also reflected in the maximum average
daily rates of GPP, which was 25.7 g C/m?*/day for maize
compared to 18.2 g C/m*/day for the rice crop. The max-
imum daily GPP rate for the wheat crop was only 13.1 g C/
m?/day. All three 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 (data not shown). Once physiological
maturity had been reached, GPP began to decline; this was
directly related to the decreased photosynthetic activity that
occurred as a result of decreasing chlorophyll content due
to leaf senescence (Steduto et al. 2007; Suyker and Verma
2010; Rossini et al. 2012).

The amount of carbon dioxide lost to the atmosphere
(represented by Re) was least for the maize crop which had
a cumulative total 625 g C/m* and accounted for 32.0 % of
the carbon budget. The cumulative total Re of the rice crop
was 689 g C/m? that represented 45.5 % of the carbon
budget. For the winter wheat crop, the cumulative season
total of Re was 979 g C/m? which represented 71.6 % of
the carbon budget. 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 by inhibiting the enzymatic oxygen-
ation activity (Kennedy 1976; Lara and Andreo 2011).
Increased respiration of the winter wheat crop can be partly
attributed to land preparation prior to sowing. For example,
the crop was sown directly into the stubble of the previous
maize crop which meant that there was a larger volume of
organic material available for decomposition which led to
greater proportions of Re throughout the growing season.

Summary and conclusions

There are very few studies that have reported an integrated
quantitative assessment of energy, water vapour and carbon
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dioxide fluxes of Australian irrigated broad-acre agricul-
tural cropping systems. For the first time, this study pre-
sents 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, using EC methodologies.

The first objective of the study presented in this paper
was to quantify and compare atmospheric fluxes of water,
carbon and energy of three commonly irrigated broad-acre
crops (maize, rice and wheat) within a semi-arid Australian
irrigated context over the summer and winter growing
seasons. There was a distinct seasonal difference in the flux
magnitudes of water, carbon and energy. The magnitude of
latent heat exchange of the two summer crops was 1.5-2.0
times greater than that of the winter wheat crop. In addi-
tion, irrigation management practices affected the distri-
bution of turbulent fluxes, as demonstrated by the energy
budget for rice which was predominately driven by latent
heat exchange. The seasonal budget of evapotranspiration
of rice was 25 % greater than that of maize.

The second 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 three cropping systems acted as a net carbon sink over
each growing season, although small pulses of CO, into the
atmosphere were observed in the early vegetative stages of
growth and at times during leaf senescence. Maize exhibited
the greatest affinity for carbon assimilation (i.e. the total
amount of carbon fixed as biomass; GPP). The cumulative
seasonal total GPP of maize was ~20-40 % greater than for
rice and wheat 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.

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. However, it is acknowledged
that studies of atmospheric-land surface interactions for
single growing seasons or years are insufficient when try-
ing to understand the long-term processes that drive agro-
ecosystem functions. Therefore, it is necessary to conduct
long-term experiments using EC technologies to compare
the interannual variability of different cropping systems
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and the influence of varying meteorological conditions and
Australian irrigated agricultural management practices.
Furthermore, point-based EC methods can only provide
information regarding the atmospheric-land surface
exchange within a finite area. To quantify the mass and
energy balance at greater spatial scales, upscaling EC data
via numerical modelling in conjunction with remote sens-
ing 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 car-
bon 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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