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Abstract The increasing proportion of agricultural lands
worldwide makes it necessary to intensify the research
concerning the carbon exchange at agricultural sites. In order
to determine the Net Ecosystem Exchange (NEE) in an agri-
cultural landscape in the province of Buenos Aires, Argentina,
we carried out eddy covariance measurements with a flux
tower, which was placed between two agricultural fields.
Therefore, the measured CO2 flux represents the accumulated
flux from both areas, i.e., from different crop types. We here
present an analysis method which attributes the flux to the two
crop types. For this analysis, we applied the Hsieh footprint
model to identify the contributing source area to the flux
measurement. We then applied a multiple regression analysis
to calculate the NEE in the growing season 2011/2012 for
each field separately. The pronounced differences in the time
courses of the CO2 fluxes in the two fields can be explained by
the different sowing times and different growth stages of both
cultivations. The time courses furthermore show that the CO2

uptake of the plants was strongly affected by the drought
which lasted from December 2011 to January 2012. For the
growth cycle of maize (216 days), the NEE was −240 g C m−2

and for the growth cycle of soybean (154 days) −231 g Cm−2.
In order to obtain the NEE of a complete agricultural cycle

(from harvest to harvest), we also considered the NEE of
autumn and winter 2011. Uncertainties of the spatially
partitioned NEE are quantified and discussed.

Keywords Carbon dioxide flux . Eddy covariance
measurements . Footprint model . Heterogeneous land cover .

Maize . Soybean . Drought

1 Introduction

The increase of CO2 and other greenhouse gas (GHG) con-
centrations in the atmosphere led to many activities with the
aim to quantify and to mitigate the increase of GHG emis-
sions, e.g., establishment of the Intergovernmental Panel on
Climate Change (IPCC) in 1988 and implementation of the
Kyoto Protocol in 1997. The measurement of GHG fluxes in
ecosystems and the identification of the environmental vari-
ables, which determine the interaction between biosphere and
atmosphere, are one of the activities which contribute to an
understanding of the interaction between GHG and climate.
Nowadays, the carbon balance between atmosphere and bio-
sphere is studied worldwide with around 500 flux towers
(http://www.fluxnet.ornl.gov), which use the eddy
covariance technique [e.g., 1–3] to measure CO2 fluxes
[4–6]. The advantage of the technique is that it measures the
carbon flux of an ecosystem as a whole and that it, due to its
high temporal resolution, allows the integration of fluxes over
timescales of hours to an entire growing season. Most of the
towers are installed in North America and Europe in
ecosystems with different vegetation types, such as forests,
croplands, grasslands, shrublands and permanent wetlands. In
South America, most of the towers are in the Amazonian rain
forest and the tropical climate region.

The interest in managed ecosystems has increased in the
last years [7–10]. Although fossil fuel combustion has been
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the major cause of increasing CO2 in the atmosphere, land use
modifications are also a significant CO2 source. The expan-
sion of annual cropping systems into forest and grasslands are
suspected to be responsible for 20–25 % of the increase in
atmospheric CO2 that occurred over the last 150 years [11]. It
has been recognized that farm management (cultivated crop
types, crop sequences, application of fertilizers) is a principal
factor that may explain the controls of source/sink of carbon
[12]. For example, no-tillage practice is more carbon conser-
vative than traditional management, and maintaining a year-
round green cover is more beneficial [13]. Agricultural eco-
systems deserve special attention because agricultural lands
occupy about 37% of the earth’s land surface [14] and the area
is expected to increase to meet rising food demand [15]. In
Argentina, more than 30 million hectares are dedicated to
agricultural cultivations of soybean, wheat, maize and other
cereals and oil plants. A broad spectrum of crop types is in
particular found in areas with very fertile soils, as in the
Pampas region, with the consequence that there agricultural
fields with different crops often lie close together.

The eddy covariance technique integrates CO2 fluxes from
a source area which are upwind of the flux tower. Agricultural
fields which are smaller than the footprint may pose a problem
for the evaluation of the eddy covariance fluxes [16]. The
issue of CO2 fluxes measured with flux towers in areas with
mixed vegetation, covered by different crop types or by for-
ests, agriculture and pasture, has been addressed by some
authors [17–20] and different methods to spatially attribute
fluxes measured with flux towers or aircrafts have been pro-
posed [e.g., 21–24]. The principal objective of our work is to
present a methodology that allows the determination of indi-
vidual fluxes of a specific land cover in a heterogeneous area
from a continuous single point measurement. First, we tested
the reliability of the methodology by using two synthesized
CO2 flux time series, which were superposed according to the
footprint source area. We then applied the methodology by
using our eddy covariance measurements in an agricultural
area where two different crops were cultivated on adja-
cent fields, namely maize (Zea mays L.) and soybean
(Glycine max (L.) in order to obtain the spatially
partitioned fluxes and the net ecosystem exchange (NEE)
of each field for the considered period (from September 2011
to April 2012). The study was completed with an error con-
sideration of the NEE values.

2 Material and Methods

2.1 Study Site

The fields where this research was conducted are at a private
property located 2 km from Mercedes city (Buenos Aires
province, Argentina), 59° 28′ 31.7″ W; 34° 38′ 29.7″ S, and

110 km West of the city of Buenos Aires. The terrain of the
area is nearly flat, at 35 m asl, and the soil group is phaeozem
(FAO soil classification). The two fields are directly adjacent,
separated only by a wire fence (Fig. 1). The metallic tower
with the eddy covariance instruments was located on the
borderline of the two fields. Both fields have not been tilled
for at least 15 years, with a region-typical 4-year crop rotation
of soybean, maize, wheat and oat. In the season 2010/2011
soybean was cultivated on both fields and harvested on April
15, 2011. In the following wintertime the fields were not
managed and weeds appeared. The weeds were removed with
an herbicide (glyphosate), which was applied on August 15,
2011. Maize and soybeans were sown on September 19, 2011
and November 12, 2011 on the northwestern and southeastern
field, respectively. A severe drought affected both cultivations
and the maize plants withered. Soybeans were harvested on
April 14, 2012, while the maize was not harvested due to poor
plant development.

For the period between September 1 and April 30 the
historical mean temperature is 19.8 °C and the total precipita-
tion is 786 mm (climatic statistics 1971–2000, INTA). The
precipitation in this period for 2011/2012 was 532 mm,
254 mm lower than the mean of the historical record. Mean
temperature was 19.9 °C, almost the same as the his-
torical record. The daily maximum of the air tempera-
tures in the measurement period was between 15 °C and
34 °C. There were only 11 days with precipitation.
Measurements of PAR (photosynthetically active radia-
tion) were carried out with a GaAsP photodiode
(Cavadevices.com, Buenos Aires, Argentina) installed
at 1.5 m height and 4 m from the tower. Global radiation
has been estimated by multiplying the photosynthetic photon
flux density with 0.5 J μmol−1 [25, 26].

Fig. 1 Scheme of the measurement arrangement. The flux tower is
placed between a maize field and a soybean field. The footprint portions
hmaize and hsoybean of the two cultivations can adopt values between 0 and 1.
The values depend on the wind direction (indicated by the exemplary
arrows) and are calculated with a footprint model. If hmaize=1, then h-
soybean=0 and vice versa. If hmaize=hsoybean=0.5, then the wind comes along
the borderline
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2.2 Eddy Covariance Instruments and Data Processing

The eddy covariance instruments used were a 3D sonic
anemometer (USA-1, Metek, Elmshorn, Germany) and a
LI-7500 Open Path CO2/H2O Infrared Gas Analyzer
(Li-Cor Inc., Lincoln, Nebraska, USA). The instruments
were mounted on a 6-m-high scaffold tower at a height
of 3.5 m. Due to the filigree structure of the tower, it is
assumed that flow distortion is negligible. The raw data
from the anemometer and the analyzer were stored with
a Panel PC (Sysmedia S.r.l., Italy) at a frequency of
20 Hz. The data were processed using an in-house
software, which successfully passed an intercomparison
test with golden files (carried out by the Oak Ridge
National Laboratory, Tennessee, USA, http://public.ornl.
gov/ameri f lux/gold-open_path.shtml) . The data
processing included standard procedures such as de-
spiking [27], block averaging for the covariance calcu-
lations, maximizing of the covariance magnitude to cor-
rect for the time-lag between anemometer and analyzer
and two-dimensional rotation [28] of the anemometer
coordinate system. The data of the anemometer type
(Metek USA-1) require a further correction due to lat-
eral wind [29]; the sonic temperature was converted to
air temperature [30]. A frequency response correction
was applied [31, 32] and the fluxes were calculated by
taking into account the fluctuation of air densities due
to water vapor and temperature [33, 34]. The flux values were
flagged to assess the condition of steady state within a half-
hour measurement period [35]. The random error of CO2 flux
measurement was calculated with the method described by
Hollinger and Richardson [36].

For the present study we used a measurement period
that comprises the whole growing season of maize and
soybean and is therefore appropriate for the application
of a methodology that attributes measured fluxes to
different crop types. The data included in the present
study corresponded to 60 % of the analysis period. The
missing data were caused by sensor failures and by elimina-
tion of data: data that did not pass the steady state test were
eliminated, as well as nighttime fluxes at non-turbulent con-
ditions based on a u*-criterion [1, 37] with a u*-threshold of
0.1 m s−1.

2.3 Footprint in the Maize and Soybean Field

Since the sensors were at the borderline of two fields
cultivates with different crop species, the CO2 flux
measured represents the accumulated flux from both
areas, i.e., two different cultivations in agricultural
areas. A source area or footprint analysis was carried
out to determine the area and the spatial distribution
of the source strength which influences the fluxes measured

at the tower. The flux Fmeasured at the coordinates (xm,ym,zm)
can be related to the footprint f(x,y,zm) by (e.g., [38, 39]):

F xm; ym; zmð Þ ¼ ∫
−∞

∞

∫
−∞

∞

Q x0; y0ð Þ⋅ f x0−xm; y0−ym; zmð Þdx0dy0ð1Þ

Here, (xm,ym) are the horizontal coordinates of the tower and
zm is the measurement height.Q(x′,y′) is the source strength (or
surface flux) at (x′,y′), given as g m−2 s−1. The footprint
(in m−2) is factorized with fx(x,zm) and describes the
footprint in the mean wind direction x and a Gaussian
distribution that describes the dependence on the lateral com-
ponent y (e.g., [40]):

f x; y; zmð Þ ¼ f x x; zmð Þ
ffiffiffiffiffiffi

2π
p

σy

⋅exp −
y2

2σ2
y

 !

ð2Þ

with x=x′−xm, y=y′−ym and σy being the standard deviation of
the lateral dispersion, which can be related to the standard
deviation in the lateral wind fluctuations measured by the
anemometer [21, 41]. The flux measured over a heteroge-
neous area with different land cover types is the sum of the
surface fluxes Fi weighted by the corresponding footprint
portion:

F xm; ym; zmð Þ ¼
X

i¼1

n

Fi⋅
Z

Area ið Þ

f x; y; zmð ÞdA ¼
X

i¼1

n

Fi⋅hi ð3Þ

with

Fi ¼
Z

Area ið Þ

Q x0; y0ð ÞdA
.

Z

Area ið Þ

dA i ¼ 1;…; n ð4Þ

being the mean surface flux of the area with land cover type i,
and

hi ¼
Z

Area ið Þ

f x; y; zmð ÞdA≈
X

x;yð Þ∈Area ið Þ
f x; y; zmð Þ⋅ΔA x; yð Þ i ¼ 1;…; n

ð5Þ
being the dimensionless footprint portion of the land cover
type i. The sum of all hi, i=1,…, n equals unity. In order to
determine the surface fluxes corresponding to the different
land cover types, the footprint area is subdivided into grid
elements ΔA(x,y) with (x,y) indicating the position of the grid
elements. To each grid element is assigned a land cover type i.
The integral is approximated by a sum over all grid elements
which belong to the land cover type i. Since the flux tower is
surrounded by two different cultivations, the number of land
cover types n=2. Consequently, there are two values for the
footprint portions, h1 for the maize field and h2 for the soybean
field, which obey the relationship h1+h2=1.

Attribution of Carbon Dioxide Fluxes to Crop Types 363

http://public.ornl.gov/ameriflux/gold-open_path.shtml
http://public.ornl.gov/ameriflux/gold-open_path.shtml


In this study, the footprint calculations were made with an
approximate analytical model [42], which computes the foot-
print at a horizontal coordinate x aligned with the mean wind
direction. The model uses an explicit algebraic footprint ex-
pression and considers atmospheric stability, measurement
height, and surface roughness within the surface layer. It is
based on a hybrid approach that fits an analytic solution to
results from a numerical stochastic Lagrangian dispersion
model. The surface roughness of that field was used where
the footprint had its maximum.

2.4 Spatial Partitioning of the Measured CO2 Fluxes

The flux measured over two fields (i=1, 2) is given according
to Eq. (3) by:

Fk ¼ F1;k ⋅ h1;k þ F2;k ⋅ h2;k ð6Þ

Here, k is the time index of a half-hour in the measurement
period, which runs from k=1 to Nt=10,848 (226 days). Fk is
the measured flux (in mg CO2 m−2 s−1) and the footprint
portions h1,k and h2,k are known from the footprint analysis.
The fluxes F1,k and F2,k in the maize and the soybean
fields are unknown CO2 fluxes. The surface fluxes
depend on meteorological variables, such as solar radi-
ation, temperature, humidity and other environmental
variables such as phenological state, leaf area, metabolic
velocity (photosynthesis and respiration rate) of each
species cultivated. Equation (6) states that the temporal
variation of the measured flux is caused by these envi-
ronmental conditions which determine the fluxes F1,k
and F2,k, but also by the variables which determine the
footprint. Our interest is to estimate the fluxes F1,k and F2,k in
order to obtain for each field a complete CO2 flux time
series. To obtain the estimations of the fluxes on the
maize field (S1,k) and on the soybean field (S2,k), a set of
equations is formed:

F ℓ ¼ S1;k ⋅h1;ℓ þ S2;k ⋅h2;ℓ ð7Þ

There are N equations where the subset of N indices ℓ is a
selection out of all half-hour indices. Those half-hours ℓ are
selected for which measured fluxes are available and the
meteorological conditions are similar to those at half-
hour k (as will be described in the following section). In
order to determine the optimal value of S1,k and of S2,k
for the set of equations, a multiple regression analysis is
applied. The multiple regression analysis is carried out
for each half-hour k in the considered period. The NEE

of the entire period can then be estimated for the two
land cover types i=1, 2 (maize and soybean) with:

NEEi ¼ Δt ⋅
X

k

Si;k ð8Þ

where the fluxes of all half-hours k are summed up for the
maize and the soybean field and where Δt=1,800 s.

2.5 Selection of the NMeasurements

The multiple regression analysis is carried out with a set of
measured fluxes which have been measured at similar meteoro-
logical conditions within a given time window that refers to the
half-hour k. This means that a trend is imposed to the selected
measurements in dependence on the footprint portions which is
as much stronger the more the fluxes of the two fields differ (see
Fig. 2). The measurements used in the regression analysis are
selected according to a scheme (see Fig. 3), which has similarly
been presented by Reichstein et al. [37] for the gap filling of
missing CO2 fluxes, not only for forest and scrubland sites, but
also for agricultural sites. The therein described gap filling
strategy bases on works by Falge et al. [43, 44] and has been
evaluated positively by Moffat et al. [45]. As proposed by
Reichstein et al. similar meteorological conditions are assumed
to be present when the global radiation, the air temperature and
the vapor pressure deficit do not deviate by more than
50 W m−2, 2.5 °C, and 500 Pa, respectively, within a time
window of ±7 days. If not enoughmeasurements can be selected
under these conditions then the requirements are eased accord-
ing to the above mentioned scheme. The selection of the fluxes
and its corresponding footprint portions is aborted when (a) the
number of measurements is equal or greater than a minimum
numberNmin andwhen (b) themean footprint portion is less than
0.95 in one of the fields. The first condition assures that the
multiple regression analysis is carried out with a reasonable
number N of equations. The second condition is used to avoid
that the N footprints are all in the same field. If all footprints
were in the same field, there is no information about the flux in
the other field and themultiple regressionwould therefore not be
possible. Since the multiple regression is carried out for all half-
hours of the analyzed period the spatially partitioned fluxes S1,k
and S2,k are not only calculated for the half-hours when mea-
surements are available but also for those half-hours when CO2

fluxes are missing. Thus the procedure carries out spatial
partitioning as well as gap filling of fluxes.

2.6 Estimation of the NEE Error

In order to estimate the NEE error, i.e., the error of the sum of
the flux series, we first consider the random error of the flux
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measurement, σr (see e.g., [36]). The determination of this
standard deviation bases on differences between CO2 fluxes
measured on consecutive days, at the same time of the day and
under similar environmental conditions of radiation, tempera-
ture and wind speed. In our analysis the wind direction has
additionally been taken into account (difference in the foot-
print portions less than 0.05). Similar to an uncertainty anal-
ysis described by Richardson and Hollinger [46] for gap
filling we then applied the spatial partitioning methodology
100 times. At each time random errors based on σrwere added
to the measured half-hour fluxes by using a double-
exponential error distribution function. We obtain 100 NEE
values, which are used to calculate the standard deviation,
σNEE, and use the 2 σNEE value to indicate the NEE error.

Further aspects of the uncertainty of the NEE values are
addressed in the sections 3 and 4.

The scheme of the spatial flux partitioning methodology is
shown in Fig. 4. The methodology has been implemented in a
Geographical Information System (ArcGIS, Redlands, CA)
which enables programming with Visual Basic and
ArcObjects [47].

2.7 Test with Synthesized Fluxes

In order to verify the methodology two flux series were
generated by using a non-rectangular hyperbolic light-
response function [48] using parameter values given by
Gilmanov et al. [49] and the measured radiation. The

Fig. 2 Schematic representation
of gap filling in a homogeneous
area (according to Reichstein
et al. [37]) and of flux partitioning
and gap filling in a heterogeneous
area as presented in this study.
The footprint portions h1,k and h2,k
of the two fields impose a trend of
the CO2 fluxes which can be
utilized to determine the fluxes on
the two fields, S1,k and S2,k

Fig. 3 Flow diagram of the
selection of measuremesampling
fluxes used for the multiple
regression analysis.
Abbreviations FCO2CO2 flux, Rg
global radiation, Tair temperature,
VPD vapour pressure deficit, |dt|
absolute difference in time. The
condition ACON is true if the
number of selected fluxes is equal
or greater than a minimum
number Nmin and if the mean
footprint portions are less than
0.95 for all land cover types.
Quality of selection: A, high; B,
medium; C, low
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calculated fluxes were weighted by trapezoidal functions in
order to simulate growth and senescence of the plants. More-
over, a random error was added to the fluxes by using a
double-exponential probability density function [36, 50] with
a standard deviation of 0.1 mg CO2m

−2 s−1. For each half-
hour the two flux values were multiplied with corresponding
footprint portions in order to obtain a CO2 flux that is consid-
ered as the measured flux. The simulation period has the same
length as the period of flux partitioning (226 days) and 40 %
of the calculated fluxes were eliminated to simulate missing
flux data. This flux series with gaps and the footprint portions
serve as input for the multiple regression analysis. The two
spatially partitioned series of fluxes, which are the output of
the regression analysis, can then be compared with the two
synthesized flux time series (see accumulated fluxes in Fig. 5).
The sums of the synthesized fluxes are −464 and
−140 g C m−2 for the first and second field, respectively.
The application of the spatial partitioning leads to fluxes of
−455±26 and −147±27 g C m−2. The coefficient of determi-
nation R2 is 0.87 for the first half-hour time series and 0.85 for
the second half-hour time series. In a further test we assumed
that there are no CO2 fluxes at all in the area of the second
field (e.g., an asphalted area).We obtain −456±26 g Cm−2 for
the first field and −6±27 g C m−2 for the second area. The
accumulated daily fluxes for the second field never deviate
from the zero-line by more than 11 g C m−2 (data not shown).

Both examples demonstrate that there is a good agreement
between the synthesized fluxes and the fluxes obtained by
application of the presented methodology and that the calcu-
lated NEE errors do not underestimate the deviation of the
calculated NEE from the NEE of the synthesized fluxes.

3 Results

3.1 Net Ecosystem Exchange Before the Growing Season

After the previous harvest of soybean (on both fields, on April
15, 2011) the dominating process was respiration with NEE
values between 3 and 4 g C m−2 per day. Weeds began then to
grow on the uncultivated fields, so that in early June the
assimilation of CO2 exceeded the respiration. In July and until
mid-August the NEE was approximately −2 g C m−2 per day.
On August 15, 2011 an herbicide was applied to remove the
weeds. As a consequence in early September the NEE adopted
again positive values. The spatial flux partitioning has not
been carried out for the fluxes measured in this period because
of the same vegetation on both fields and because of two
longer measurement gaps (12 days in May/June and the last
20 days in August). Based on the available measured fluxes
we estimated a NEE for the wintertime period, from April 16
until August 31, 2011, of 65 g C m−2. Due to the longer gaps
this value is associated with some uncertainty.

3.2 Footprint During the Growing Season

The footprint portions were calculated for each half-hour be-
tween September 1, 2011 and April 13, 2012. The point of
maximum contribution of the footprint was at a distance of up
to 150 m in 98 % of the footprints to the tower and the distance
including 80 % of the footprint value was mostly less than
400 m. The measured fluxes can therefore be considered as

Fig. 4 Scheme of the procedure for partitioning measured CO2 fluxes in
a heterogeneous landscape (maize and soybean field) in order to deter-
mine the NEE of the individual land cover types

Fig. 5 Spatial flux partitioning of an aggregated flux data series. The data
series is the sum of two synthesized flux data series weighted with its
corresponding footprint portions; 40 % of the weighted fluxes was
eliminated to simulate missing values. The figure shows the synthesized
fluxes for both fields and the result of flux partitioning
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predominantly caused by the two fields, since other vegetation is
beyond these distances. The prevailing wind direction was from
northwest to south during daytime as well as during nighttime.
Due to this preference in wind direction, the wind came from the
maize field in 33 % of the half-hours, and consequently, the
wind came from the soybean field in 67 % of the half-hours. In
70 % of the half-hours, either h1,k or h2,kwere greater than 0.95.
This indicates that the decrease in the footprint in lateral direc-
tion is so strong that the footprint portions depend more on the
wind direction than on the lateral footprint distribution.

The CO2 flux differences between both fields become
obvious when the fluxes are compared for 3 days of Decem-
ber. On December, 10 and 11 the wind came predominantly
from the maize field and on December, 12 from the soybean
field. Although the meteorological conditions on December
10 and 12 days were similar (maxima of integrated global
radiation 33.5 and 34.6 MJ m−2, respectively), the temporal
courses of the CO2 flux were noticeably different, with stron-
ger fluxes in the maize field (Fig. 6). This example already
indicates that in December 2011 the CO2 sequestration of the
maize field was stronger than that of the soybean field.

3.3 Net Ecosystem Exchange in the Growing Season
2011/2012

The spatial flux partitioning, carried out with the data from
September 1, 2011 to April 13, 2012 (226 days) leads to a

half-hour time series of CO2 fluxes for the maize and the
soybean field. The spatially partitioned fluxes, multiplied by
the corresponding footprint portions can be compared with the
measured fluxes (see Fig. 7). The deviations of the data points
from the 1:1 line are a measure of the flux partitioning uncer-
tainty at the half-hour time scale. The root mean square error is
0.15 mg CO2m

−2 s−1, the mean deviation is only 0.8 μg CO2

m−2 s−1. The random error of the half-hour flux, σr, calculated
as described in section 2.5, accounts for 0.10 mg CO2 m

−2 s−1.
Exemplary time courses of the partitioned CO2 fluxes are

shown for different days in Fig. 8. The maximum of the CO2

flux magnitude on the soybean field in the course of the day is
around 1.5 mg CO2 m

−2 s−1, a value which is similar to those
found in other studies [51, 52]. The daily fluxes, shown in
Fig. 9, exhibit a characteristic time course for each type of
cultivation. Peaks which occur for some days in the series of
the daily CO2 fluxes are caused by low radiation due to cloudy
sky and rainy weather. The strongest NEE was
−8 . 9 g C m − 2 day− 1 f o r t h e ma i ze f i e l d and
−9.2 g C m−2 day−1 for the soybean field. The mean NEE
error of the daily fluxes is 1.0 and 0.5 g C m−2 day−1, respec-
tively. The total sums for all 226 days accounted for −226±
48 g C m−2 for the maize field and −107±23 g C m−2 for the
soybean field (± 2 σNEE error). The difference of the carbon
uptake in this period, and consequently also in the complete
agricultural cycle from harvest to harvest, accounts for 119±
58 g C m−2. Soybean was sown 54 days after maize and
therefore during a long time was measured the respiration of
the uncultivated southeastern field. The NEE between sowing
and harvest accounts for −240±48 g C m−2 (216 days) for the

Fig. 6 a Total global radiation at three summer days in Mercedes,
Argentina, and b temporal course of the CO2 flux on the 3 days. The
filled and open circles represent fluxes measured at wind directions
predominantly from the maize field and the soybean field, respectively

Fig. 7 Comparison of the measured CO2 fluxes (Fk) with fluxes calcu-
lated by weighting the spatially partitioned flux on the maize and on the
soybean field with the corresponding footprint portions (h1,kS1,k+h2,kS2,k).
The deviation from the 1:1 line represents the noise caused by the
application of the flux partitioning methodology at the half-hour level.
The coefficient of determination (R2) is 0.87, the root mean square error is
0.15 mg CO2m

−2 s−1, the mean deviation is 0.8 μg CO2m
−2 s−1
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maize field and −231±16 g C m−2 (154 days) for the soybean
field. Therefore, during the respective growth cycles the mean
daily carbon uptake on the soybean field has been higher

(NEE=−1.5 g C m−2 day−1) than the mean daily carbon
uptake on the maize field (NEE=−1.1 g C m−2 day−1). The
cumulative net carbon exchange of both fields is shown in
Fig. 10.

4 Discussion

The presented methodology, which consists of a footprint
model and a multiple regression analysis, allowed identifying
the individual CO2 fluxes of the two land cover types in an
agricultural landscape. The methodology exploits the infor-
mation given by all available fluxes, also of those fluxes
which have beenmeasured when the footprint covers different
vegetation types. The flux partitioning methodology bases on
fluxes which have been measured at similar meteorological
conditions. In a homogeneous area the CO2 fluxes would be
similar. In a heterogeneous area however a trend is imposed—
in dependence on the footprint portions—if the fluxes in the
individual areas are different.With the presentedmethodology
the strength of the dependence on the footprint portions is
quantified which allows computing the CO2 fluxes of individ-
ual areas. It should be noted that the methodology represents a
framework with features that may be modified. For example,
the footprint model may be replaced by another one, e.g., by
one of those described by Schmid et al. [53] or developed by
Kljun et al. [54] or other footprint models which take into
account surface heterogeneities in complex terrains (e.g.,

Fig. 8 Partitioning CO2 fluxes averaged over a 7-day-period in Novem-
ber 2011 and in February 2012. In November, the maize field is growing,
while the soybean has not yet been sown. In February, both fields show a
similar CO2 uptake

Fig. 9 Spatially partitioned
carbon fluxes per day on the
maize field and on the soybean
field during the measurement
period, from September 01, 2011
until April 13, 2012. On the top is
shown the integrated global
radiation per day. Harvest took
place on April 14, 2012 for
soybean crop
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[55]). In our experimental set-up, the eddy covariance system
has been installed at a relatively low height and the footprint
portions are mainly determined by the wind direction. If the
eddy covariance instruments are installed at tall towers in a
pronouncedly heterogeneous area the footprint can be consid-
erably larger than the size of, e.g., a single agricultural field
and footprint modeling may demand higher require-
ments to obtain accurate values of the footprint por-
tions. Another feature which may be modified is the
scheme used to obtain measured CO2 fluxes under similar
conditions. In our study this scheme is strongly related to that
given by Reichstein et al. [37].

The difference in the sowing times of maize and soybean is
reflected in the daily CO2 fluxes during October and Novem-
ber, when maize was already growing and soybean was not
yet sown or in an early growth phase. This earlier develop-
ment of maize made it more susceptible to the lack of water in
the soil occurred during the first months. The rainfall recorded
during September, October, November, and December was
11.8, 62.5 and 36.3, and 30.5 mm. In January, the rainfall was
103.5 mm and in February 140 mm. The decline of CO2

assimilation of the maize field and the slow increase of CO2

assimilation of the soybean field, see Figs. 9 and 10, can
therefore be attributed to the drought. The precipitations reg-
istered during January and February have been closer to the
mean long-time records and allowed the soybean plants to
recover. This explains why from February 2012 on the CO2

assimilation on the soybean field tends to be stronger than on
the maize field. Without the drought we would have expected
that maize as a C4 plant and a high biomass captures more
CO2 than soybean, as similarly has been found by Hollinger
et al. [56]. The lowest CO2 flux (i.e., the highest CO2 uptake)
registered for the maize field was −8.9 g C m−2 day−1, similar
to values found by Jans et al. [57]. Such strong flux rates could
be observed only during 1week. A substantial biomass of maize
plants was therefore not built up, with the consequence that the
farmer did not harvest themaize field. The lowest daily CO2 flux
of the soybean field occurred in February and March 2012
during the maximum plant development and at maximum

canopy height, with values around −8 g C m−2 day−1, which is
a value similar to those shown by Hollinger et al. [56]. Later the
soybean plants, and also the maize plants, entered into the senes-
cence period, with the effect that about 3 weeks before harvest the
fields did not any more sequestrate CO2. Some sequestration
found on the maize field was due to the appearance of green
weeds that occupied the ground between dry maize plants.

The methodology of spatial flux partitioning has its best
performance when the wind comes randomly from both fields.
The more random the wind direction, the more information is
available about the different fields. In a period of several days
with the footprint in one of the field only, fluxes of the other
field have to be used, which were measured beyond this
period. In our study the wind came with higher frequency
from the soybean field. The longest period with no footprint in
the maize field occurred in October 2011 and lasted 4 days.
Therefore, in this case measured fluxes beyond this period had
to be used to determine the CO2 flux for the maize field. The
higher NEE error of the northwestern field can be attributed to
the fact that the wind came less frequently from this field, so
that there is less information about the fluxes in this field
available which could be used for the spatial flux partitioning.
The advantage of the application of the footprint is that even
when the footprint maximum is in one of the field, the infor-
mation given by the measured flux can also used for the other
field if the footprint is partially in this other field.

The error estimation described in section 2.5 treats the
errors associated with the applied methodology. It does not
consider systematic errors which may be associated with, e.g.,
a different footprint modeling, different correction methods of
the eddy covariance data or different specifications of the
conditions, under which flux data are eliminated from the time
series. Based on the comparison of measured and calculated
half-hourly fluxes (see Fig. 7), the mean of the deviations can
be calculated which turns out to be quite small. The small bias
of the calculated weighted fluxes is a hint that the unknown
and not directly accessible biases of the two individual NEE
are not very large. The standard deviation of the random error
of flux measurement is in the range of those reported

Fig. 10 Accumulated carbon
assimilation on the maize field
and on the soybean field during
the measurement period, from
September 01, 2011 until April
13, 2012
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elsewhere for agricultural sites [50]. In order to obtain the
NEE complete agricultural cycle from harvest to harvest, i.e.,
between April 16, 2011 and April 13, 2012 (364 days), we
sum up the NEE of the winter period 2011 and of the period
for which the spatial flux partitioning has been carried out and
obtain thus NEE values of −161 and −42 g C m−2 for the
northwestern field (maize cultivation 2011/2012) and the
southeastern field (soybean cultivation 2011/2012),
respectively.

There are different approaches to attribute measured fluxes
to the land cover types in a heterogeneous study area. An
approach is to calculate the footprint in order to determine the
land cover which controls most the measured fluxes. A sim-
plification of this approach in suitable study areas is to classify
the fluxes according to wind direction sectors, where each
sector corresponds to a land cover type, and to calculate the
mean diurnal course for each sector. This sector approach has
been applied by Rogiers et al. [24] to attribute CO2 fluxes in a
complex terrain with meadow and pasture as predominant
land covers. The sector approach avoids the application of a
footprint model and the consideration of the underlying as-
sumptions for the footprint calculation, but dependent on the
wind direction a misclassification of the fluxes may be intro-
duced [24]. Yet another approach is the combination of foot-
print models with photosynthesis and respiration models.
Such an approach has been applied by Aubinet et al. [58],
for a heterogeneous forest with beech and fir forests, and by
Fox et al. [22], for a heterogeneous arctic tundra with different
vegetation. This approach bases on ecosystem models for
which a parameter adaptation is needed so that the models
can describe the diurnal and long-term variation of the CO2

fluxes. Detto et al. [21] used a similar approach for sensible
and latent heat fluxes. They applied models for the sensible
and latent heat fluxes, for each land cover type separately, and
the weighted modeled fluxes were compared with measured
values. As in this footprint/ecosystem model approach, our
methodology uses a footprint model, but unlike this approach,
our methodology does not require an ecosystem model.

The methodology of spatial flux partitioning could be
validated ideally by a comparison with three eddy covariance
systems (a second tower on the maize field and a third one on
the soybean field). This would however require a costly
experimental set-up, which in the present study has not been
possible. Instead we used synthesized flux data with known
input and output under similar environmental and experimen-
tal conditions (radiation and number of gaps) to assess the
performance of the methodology. The good agreement which
is achieved with the tests of the synthesized flux series con-
firmed a reliable quality of the spatial flux partitioning meth-
odology. The reliability of the methodology is also supported
by the two very plausible CO2 flux series of maize and
soybean which are closely related to the growth and pheno-
logical stages of the cultivations.

5 Conclusions

The increasing proportion of agricultural lands worldwide makes
it necessary to intensify the research concerning the carbon
exchange at agricultural sites. Eddy covariance measurements,
when carried out with flux towers in a heterogeneous area, pose
the problem to attribute the measured flux to the different land
covers in the area. The problem arose for an agricultural land-
scape in Argentina, where the flux tower was placed between
two fields with different cultivations (maize and soybean), and
the objective has been to determine theNEE of both fields during
thewhole growing season. The result of a proposedmethodology
in this work, consisting of a footprint model and multiple regres-
sion analysis, are two time series of the NEE, each for one field.
These spatially partitioned flux time series are noticeably differ-
ent, what is explainable by the different sowing times and the
growth stages of the maize and soybean plants. The time series
exhibit furthermore the effect of a 2-month lasting drought on the
two cultivations. Both fields are carbon sinks if the export of
carbon by the harvest is not taken into account. In the complete
agricultural cycle (from harvest to harvest, in this study 364 days)
the carbon uptake in the field with maize cultivation in
2011/2012 has been higher than the carbon uptake in the field
with soybean cultivation by approximately 119 g C m−2 due to
the longer duration of the growing of maize. On the basis of the
plausible flux time series and tests with synthesized data, we
conclude that the presentedmethodology is an appropriate tool to
identify the individual CO2 fluxes of two land cover types in an
agricultural landscape andmay be extendable to other evenmore
heterogeneous landscapes. In future works it may be fruitful to
compare results of the presentedmethodologywith those of other
approaches that aim at attributing measured CO2 fluxes to areas
with different land cover.
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