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ABSTRACT

An imrigated-maize agroecosystem is viewed as an open thermodynamic system upon which
solar radiation impresses a large gradient that moves the system away from equilibrium. Following
the imperative of the second law of thermodynamics, such agroecosystem resists and reduces
the externally applied gradient by using all means of this nature-human coupled system
acting together as a nonequilibrium dissipative process. The ultimate purpose of our study is
to test this hypothesis by examining the energetics of agroecosystem growth and development.
As a first step toward this test, we employed the eddy covariance flux data from 2003 to
2014 at the AmeriFlux NE1 imrigated-maize site at Mead, Nebraska, USA, and analyzed the
energetics of this agroecosystem by scrutinizing its radiation, energy and entropy exchange.
Our results showed: (1) more energy capture during growing season than non-growing season,
and increasing energy capture through growing season until senescence; (2) more energy flow
activity within and through the system, providing greater potential for degradation; (3) higher
efficiency in terms of carbon uptake and water use through growing season until senescence;
and (4) the resulting energy degradation occurred at the expense of increasing net entropy
accumulation within the system as well as net entropy transfer out to the surrounding
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environment. Under the drought conditions in 2012, the increased entropy production within
the system was accompanied by the enhanced entropy transfer out of the system, resulting in
insignificant net entropy change. Drought mitigation with more frequent irrigation shifted the
main route of entropy transfer from sensible to latent heat fluxes, yielding the production
and carbon uptake exceeding the 12-year mean values at the cost of less efficient use of

water and light.
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I. Introduction

The state of Nebraska is a part of the corn belt
in north America, where the maize production is the
third biggest in USA, accounting approximately 12%
of the annual total maize production (USDA, 2019).
The maize in Nebraska experienced a continental
climate characterized as subhumid in the east and
semiarid in the west (Wilhelmi and Wilhite, 2002).
Generally, most of the precipitation (on average, 447
mm) occurred during the growing season from May
to October (Rosenberg, 1987; Verma et al., 2005).

The growing seasons at Mead in eastern Nebraska
are characterized by high temperature, low humidity,
and strong winds, resulting in high evaporative demand
on the growing crops such as maize (i.e., Rosenberg,
1987). The opportune irrigation by farmer is essential
during this period to maintain the maize production.
In fact, irrigation land in Nebraska has increased and
represents about 14% of the irrigated land in USA
(Adegoke et al., 2003; NASS, 2007). In Mead, to
avoid yield reduction due to water stress, irrigation
continues from May to September but mostly concentrated
in July and August to replenish the soil moisture to
approximately 90% of the field capacity (Kranz et
al., 2008; Irmak et al, 2011; Suyker and Verma,
2012). In 2012, an exceptional and widespread
drought occurred in the Great Plains including
Nebraska (Grigg, 2014). The flash drought was the
most severe with decreased precipitation from May
to August (Force, 2013), resulting in quick depletion
of the available soil water content in Mead, Nebraska
(Yang et al., 2018). Accordingly, farmers applied

more frequent irrigations to alleviate the impact of

the drought (Suyker and Verma, 2008; 2010; 2012).

Irrigation affects the surface energy exchange in
agroecosystem. For example, irrigated water into the
system under drought condition increases latent heat
flux. The evaporative cooling of the canopy surface
by irrigation leads to a reversal of the temperature
gradient between the crop canopy and the overlying
ambient air, resulting in sensible heat advection that
provides an additional energy for evapotranspiration
(ET) (Rosenberg et al., 1983; Huber et al., 2014).

Such changes in system temperature as well as the
relative magnitudes of energy balance components
have immediate consequences in entropy change
(defined as dS = dQ/T, where dQ is change in a
system’s energy and T is the system temperature)
(Clausius, 1867). Entropy exchange (i.e. entropy
production within the system and entropy transfer in
and out of the system) is an important thermodynamic
indicator which can be used to measure the system’s
degradation or self-organizing capacity (associated
with system’s sustainability) (Steinborn and Svirezhev,
2000; Eulenstein et al., 2003; Patzek, 2008). Recently,
Cochran et al. (2016) reported that an irrigated maize
site during the drought in 2012 maintained non-
drought level carbon uptake and the production at the
cost of increased entropy production. They interpreted
this increase in entropy production as a sign of
reduced sustainability of the maize agroecosystem.
However, we argue that the thermodynamic assessment
of a system’s sustainability must take the evaluation
of complete entropy balance (including not only the
production term but also the transfer term) into
account (e.g., Brunsell et al., 2011).

The objective of our study is to ascertain and to
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document the radiation, energy, and entropy exchange
in an irrigated-maize agroecosystem. The ultimate
purpose is to better understand the thermodynamic
imperative and to test the hypothesis that growth and
development of agroecosystem increase energy
degradation thus following the imperative of the 2™
law of thermodynamics. Here, ecological growth is
the increase of energy throughflow and stored
biomass and ecological development is the internal
reorganization of energy and mass (i.e., information)
(Fath et al., 2004). We analyzed the energetics using
the eddy covariance flux data along with
micrometeorological, soil and plant observation from
2003 to 2014 at the AmeriFlux NE1 irrigated-maize
site at Mead, Nebraska, USA. Results and discussion
are presented based on the 12-year time series with
particular focus on 2012 when a prolonged severe
drought was encountered and mitigated by more

frequent irrigation management.

II. Materials and Methods

2.1. Study site
The study site is located at the experimental field

of the University of Nebraska-Lincoln near Mead,
Nebraska, USA. Among three sites in Mead, US-NE1
(NE1) site was managed with irrigation for maize
monoculture (41.165°N, 96.477°W, 361 m above
m.s.l.; 49 ha). Overall information on solar radiation
(Rs), air temperature (7,,), precipitation (P =
rainfall+irrigation) during the growing season and for
the entire year and irrigation and rainfall during the
growing season is shown in Table 1. The amount of
irrigation was over 300 mm to compensate the least
rainfall in 2012 and the irrigation times was the most
frequent in 2012. In our study, a fixed period for the
growing season (i.e., May to October) was used based
on the averaged planting date (2 May) and harvest
date (23 October) from 2003 to 2014 (Table 2).

Table 1. Growing season- and annually-integrated (given in parentheses) values of solar radiation (Rs), air
temperature (7,;,), precipitation (P = rainfall+irrigation) at NE1 site at Mead, Nebraska from 2003 to 2014

Year Rs Tuir P Irrigation Rainfall
MJ m?) (degree C) (mm) (mm) / (times) (mm)
2003 3654 (5601) 19.4 (10.0) 732 (886) 3487/* 384
2004 3487 (5491) 19.1 (10.5) 632 (823) 2267/* 406
2005 3678 (5590) 20.4 (11.0) 672 (873) 3327/* 340
2006 3570 (5526) 19.5 (11.3) 703 (922) 273%/% 430
2007 3546 (5663) 20.6 (10.5) 867 (1074) * *
2008 3613 (5618) 19.1 9.1 754 (843) 224" ) 7 530
2009 3427 (5449) 18.0 9.3) 572 (629) 1917 / 6 381
2010 3685 (5669) 19.5 (10.3) 743 (903) 1377 /5 606
2011 3745 (5801) 19.2 (10.0) 698 (830) 11775 581
2012 4064 (6329) 19.7 (12.0) 593 (715) 31577 10 278
2013 3681 (5763) 18.9 9.2) 763 (915) * *
2014 3689 (5800) 18.8 9.4) 796 (920) * *
AVG 3653 (5692) 19.4 (10.2) 710 (861) 240 / 7 437
SD 153 (221) 0.7 (0.9) 82 (106) 78 /2 105

* Irrigation (mm) during growing season (Suyker and Verma, 2010)

™ Irrigation (mm) during growing season

* Irrigation data are not available during growing season

All irrigation was conducted during growing season.
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Table 2. Tillage management, dates, growing season, and maize yield information at NE1 site from 2003 to 2014

Year Tillage Planting Emergence Harvest GSL Yield
& date date date (day) (Mg ha™)
2003 . 5/15 527 1027 166 12.1
No tillage
2004 5/5 5/15 10/17 166 12.2
2005 5/4 5117 10/13 163 12.0
2006 5/5 5/16 10/5 154 10.5
2007 5/1 5/10 11/5 189 12.8
2008 51 5/11 11/20 204 12.0
2009 . 4/20 5/5 11/9 204 134
Tillage
2010 4/19 5/4 9/21 156 2.0*
2011 5/18 5/26 10/26 162 12.0
2012 4/26 5/4 10/11 170 13.0
2013 4/29 5/14 10/22 177 *x
2014 4/21 57 10/28 191 **
AVG - 5/1 5/13 10/22 173 11.2
SD - 9 days 8 days 15 days 17 3.2
Source 2003-2012 (Nguy-Robertson et al., 2015)

2013-2014 (Yang et al.,

2018)

* Decrease in yield due to hail event in September 2010.

** Yield data are not available.

Information on tillage, growing season length (GSL),
and yield are summarized in Table 2 (Nguy-
Robertson et al., 2015; Yang et al., 2018). The study
site was maintained as no-till from 2001 to the harvest
of 2005. A conservation plow method was applied
as tillage operation since fall in 2005. After the
harvest, a conservation-plot tillage was operated. The
field has been fertilized and treated with herbicide and
pesticides following the best management practices
for Eastern Nebraska (Suyker and Verma, 2008).
Irrigation was conducted with center pivot system
when the soil moisture content decreased below a
certain point (~25%), mostly during the severe drought
conditions in 2012. The maize grew up to 2.5 m
during the harvest season in Autumn and one-third

of the crop remained after harvest (Suyker, 2016).

2.2. Flux measurement and data processing
The hourly time series data of energy, water vapor
and carbon exchange at the NE1 site were obtained

from the eddy covariance tower flux measurement (3

m above the ground surface when the canopy was
< 1 m; and later moved to 6 m above ground until
harvest) (Suyker et al., 2005). An omni-directional
sonic anemometer (R3, Gill Instruments Ltd., Lymington,
UK) was used to measure wind speed, wind direction,
and temperature, and a closed-path infrared gas
analyzer (LI 6262, Li-Cor Inc., Lincoln, NE) to
measure the fluctuations of H,O and CO, concentrations.
An open path gas analyzer (LI7500, Li-Corlnc.,
Lincoln, NE) was also used for monitoring CO,. Flux
corrections were applied for inadequate frequency
response of fast-response sensors and the sensor
separation (Moore and Knowles, 1989; Massman, 1991;
Suyker and Verma, 1993). Flux data were obtained
at 10 Hz. Data availability after quality control was
provided in Appendix 1. The missing data were filled
with combined measurement, interpolation, and empirical
data synthesis (e.g., Kim et al., 1992; Wofsy et al.,
1993; Verma et al., 2005). Ecosystem respiration
during daytime was estimated based on the relation

between night CO, exchange and temperature with~
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10% uncertainty (e.g., Flanagan et al., 2000; Desai
et al., 2008). More details can be found in Suyker
and Verma (2001), Suyker ez al. (2005), and Verma
et al. (2005).

2.3. Carbon and water use efficiency

Gross primary productivity (GPP) was used in
this study as the indicator for productivity at ecosystem
scale (e.g., Falge et al., 2002; Gitelson et al., 2006).
GPP was also used to calculate carbon uptake
efficiency (CUE) and water use efficiency (WUE).

Carbon uptake efficiency is defined as the ratio

of GPP to ecosystem respiration (RE):

GPP

CUE describes how efficiently an ecosystem manages
the carbon uptake for growth and development relative
to the maintenance (Odum, 1969).

WUE at the ecosystem level (e.g., Reichstein et
al., 2007; Kuglitsch et al., 2008) is defined as:

_ GPP
WUE= . (Eq. 2)

where ET is evapotranspiration which can be
calculated from the measured water vapor flux. Both
efficiencies were calculated by using the daily

integrated flux values.

2.4. Radiation, Energy and Entropy Balances

To evaluate entropy balance, understanding of
radiation and energy balance should be preceded. Let
us consider a maize agricultural system undergoing
state changes due to exchange of energy and matter
with its surrounding environment. If this is done
reversibly and thus the system is in balance, we can
express the radiation balance [W m™] within the
system as:

R’n - Rsl +RST +Rll +RM (Eq 3)

where Rn is net radiation; Rsi and Rst are incoming
and outgoing shortwave radiation, respectively; and
Ry and Rir are incoming and outgoing longwave
radiation, respectively. Sign convention is such that
flux going into (or away from) the system is positive
(or negative). Ry, is partitioned to various components
of surface energy balance as:

R,=H+LE+ G+ ST+M (Eq. 4)
where H is sensible heat flux, LE is latent heat flux,
G is soil heat flux, ST is heat storage (e.g., Wilson
and Baldocchi, 2000), and M is metabolic energy
associated with photosynthesis and respiration (e.g.,
McCaughey and Saxton, 1988). In our study, we
assumed that G, ST, and M are negligibly small on
a daily or greater time scale (e.g., Holdaway et al.,
2010).

In this system, the total change in entropy is
AS= [dQ/T, where T is the temperature of the
system and Q is the added energy. Here, [dQ/T is
called the entropy flux from the environment into the
system (2S.). For irreversible processes (Endres, 2017):

AS—AS. =AS =0 (Eq. 5)
where AS; is the entropy production. After division

by A, Eq. 5 becomes in the infinitesimal limit:

ds _ ds;  ds,
dat dt

o =otd (Eq. 6)

where dS;/dt (=) = 0 is the non-negative entropy
production rate and dSe/dt (=]) is the entropy
transfer rate which can be positive or negative and
have contributions from heat flow at temperature 7'
and material flux (e.g., H,O, CO,). Hence, the
time-averaged rate of entropy change [MJ m? K]

182

Il
Q|
+
<l

(Eq. 7)

=&
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The o consists of two entropy production terms:

0= 0py, T om (Eq. 8)
where Orsn [MJ m? K'] is the entropy production
rate by energy dissipation of the net shortwave
radiation (i.e., R,, = Ry, + Rg;) and Ori [MJ m”
K'] is the entropy production rate by absorbed
incoming longwave radiation (Ruw). Here, ORsn is

calculated as:

1 1
O Rsn — RSIJ,(T—_ T—)

sfe sun

(Eq. 9)

where Tsre [K] is the surface temperature calculated
by using the Stefan-Boltzmann law, R = ¢&T*(where
R is the radiation (i.e., Rit), ¢ is the Stefan- Boltzmann
constant (5.67 x 10® W m? K), ¢ is the emissivity
of maize canopy (0.98, see Humes et al., 1994). Tsun
is assumed as a constant (= 5780 K). The other term

ORll is given:

1 1
ORi)| :R”(Tf,iTi) (Eq. 10)

atm

where Tarm [K] is calculated using the Stefan-
Boltzmann law and & = 0.85 was used for the
atmosphere (Campbell and Norman, 1998).
Entropy transfer rates (/) [MJ m? K] have several
contributors:
J= o Y gy ¥ Ipiy + Iyt Iy (Bq. 11)
where Jrsn: Jru- Jrr- Ju- and  Jig are the entropy

transfers rates associated with Rsn. Ri1. Rit, H, and

LE, respectively and are computed as:

JRsn = 7—7—m

sun

(Eq. 12)

_ iy
Jr| = } (Eq. 13)
_ Ay
Jnm = T, (Eq. 14)
H
JH: T— (Eq 15)

where Tair is the air temperature [K] at the
measurement height of eddy covariance system (3 m
above the surface when the canopy < 1 m; and later
moved to a 6 m above until harvest) (Suyker et al.,
2005); and

JLE = JLU}H(If + JLL‘]mi/I; (Eq 16)
LE

JLHLétat - T. (Eq 17)

‘]LEmix = (E) (Ru)ln (R]{amb) (Eq 18)

where E (kg ms™) is the evaporation, R, is water
vapor gas constant (= 461 J kg' K for moist
air) and RHamp is the ambient relative humidity at
the point at which the flux is occurring (Kleidon and
Schymanski, 2008). In our study, we did not consider
JuEmix because the magnitude was less than 5% of

]LEheat.

II1. Results

3.1. Radiation and energy exchange

Understanding of the characteristics of radiation
and energy exchange at the study site is a prerequisite
for an accurate assessment of the entropy production
and transfer in the maize production system at NE1.
Table 3 presents the integrated values of radiation
balance, energey balance, and energy balance closure
(EBC) for the growing seasons (from May to October)
and those for the whole years (provided in
parentheses) from 2003 to 2014.
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The 12-year-mean growing seasons Rsi was 3653+
153 MJ m™ (equivalent to a daily mean of ~20 MJ
m?d"), of which R; was approximately 60%.
However, the latter was only 36% during the
non-growing seasons (from November to April). The
energy capture, [n/Rsi (e, a thermodynamic
indicator for system’s self-organization; Lin et al.,
2009) was nearly 70% higher during the growing
seasons. The more efficient energy capture during the
growing seasons is demonstrated also in terms of the
albedo (Rs1/Rsi) which was reduced to 18%
compared to that during the non-growing seasons
(36%). The two terrestrial radiation components (i.c.,
Ry and Rir) consisted of the major portions of the
radiation balance with little interannual variability
(within +1%). However, they cancelled out each
other, resulting in the averaged net outgoing
longwave radiation of 827 MJ m™ (i.e., ~26% of
Rsy) during the growing seasons and 751 MJ m? (~
37% of Rsi) during the non-growing seasons. Both
shortwave and longwave radiation components
contributed to more efficient energy capture during
the growing seasons.

The 12-year mean growing season R, (a daily
mean of ~12 MJ m? d") was partitioned predominantly
to LE (63%, equivalent to ET of ~3 mm d') and
much less to H (16%). During the non- growing
seasons, as expected, relatively more energy was
partitioned to H (36%) and less to LE (44%). The
annually-integrated G averaged less than 1% of R,
but was 2% during the growing seasons. The energy
balance closure (EBC = X(H +LE + G) /X R,) of the
daily integrated fluxes ranged from 0.72 to 0.86 with
an average of ~0.80 during both the growing and
the non-growing seasons. This circa 20% energy
imbalance is rather typical in the literature and may
be attributed to the uncertainties associated with
potential errors in flux measurement, data processing,
and mismatch of flux footprint between eddy covariance
measurement (i.e., H and LE) and slow-response
measurement (i.e., R, and G).

It is worth noting that during the growing season

of 2012 (i.e., the year with a prolonged drought), both
R, and Rst were the highest (11% and 8% higher
than the 12-year means, respectively) whereas Rii
and Rit were 2% lower and~1% higher, respectively.
Consequently, with more frequent irrigation, R, was
9% higher, resulting in LE and H that were 8 % and
11% higher, respectively. Although G was 52%
lower, it was two orders of magnitude smaller. The
growing season Rn/Rsy and EBC in 2012 were 0.58
and 0.77, respectively, which were slightly lower than
the 12-year means.

3.2. Carbon, water, and light use efficiency

In Table 4, the growing season-integrated values
of GPP, RE, and ET are summarized from 2003 to
2014. For the sake of completeness, the annually-
integrated values are also given (in parentheses)
although the contributions from the non-growing
seasons were all < 20%. GPP applies only to the
growing seasons because there was no photosynthetic
activity during the non-growing seasons (i.e., GPP
was nil). GPP ranged from 1618 to 1952 g C m?y’,
whereas RE from 1077 to 1361 g C m?y"'. The
resultant CUE ranged from 1.25 to 1.62, and averaged
1.47 (£0.10), which was comparable to CUE reported
for maize (1.51) and soybean (1.17) (Suyker et al.,
2005). ET ranged from 495 to 611 mm, yielding the
WUE of 1.98 to 2.92 g C (kg H,0)" with an average
of 2.35 (£0.26) g C (kg H,O)". This value was less
than WUE reported for maize (2.60) but bigger than
those reported for winter wheat (2.20), soybean
(1.97), and paddy rice (1.66) (e.g., Wang et al.,
2018).

In 2012, the farmers’ drought mitigation strategy
(with frequent irrigation intervention to maintain soil
moisture above 90% of the field capacity) resulted
in GPP, RE, and CUE that were all comparable to
those of the 12-year means. In terms of water use,
however, the growing season ET increased to 600 mm
(about 8% greater than the 12-year mean), resulting
in the lowest WUE of 1.98 g C (kg H,O)"' (~16%
lower than the 12-year mean).
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Considering the increased amount (by 12%) of the

absored net solar radiation (i.e., R, =Rsi + Rsr;

approximately half of this can be considered as a
proxy for absorbed photosynthetically active
radiation, 4PAR) (Table 3) and the slightly less

normal amount (by —1%) of GPP in 2012 (Table 4),
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the light use efficiency (LUE = GPP/APAR) would
have decreased also by~12%. Therefore, more
frequent irrigation during the drought period enabled
farmers to accomplish above-normal yield and carbon
sequestration at the expense of less efficient use of
light and water in 2012.

Table 4. The growing-season and the annually-integrated (given in parentheses) values of GPP, RE and ET,
and the growing-season averaged CUE and WUE at NE1 site at Mead, Nebraska, USA from 2003 to 2014

YVear GPP RE ET CUE WUE
(g C m?) (g C m?) (mm) ) (g C (kg H:0)")

2003 1676 1117 (1291) 565 (672) 1.50 2.11

2004 1664 1149 (1312) 516 (610) 1.45 243

2005 1618 1077 (1276) 540 (657) 1.50 2.09

2006 1622 1205 (1466) 555 (689) 1.35 2.12

2007 1900 1234 (1447) 611 (776) 1.54 247

2008 1781 1120 (1298) 579 (734) 1.59 247

2009 1952 1204 (1403) 520 (641) 1.62 2.92

2010 1787 1333 (1538) 578 (718) 1.34 2.24

2011 1708 1361 (1614) 587 (733) 1.25 2.26

2012 1703 1145 (1372) 600 (729) 1.49 1.98

2013 1692 1120 (1282) 542 (687) 1.51 243

2014 1632 1120 (1299) 495 (624) 1.46 2.65

AVG 1728 1182 (1383) 557 (689) 1.47 2.35

SD 103 86 (107) 34 (48) 0.10 0.26

Table 5. The growing season- and the annually-integrated (given in parentheses) entropy production terms
in NE1 site at Mead, Nebraska, USA from 2003 to 2014

Year O Rsn Opi)| o
MJ m? K MJ m? K MJ m? K

2003 9.41 (13.87) 0.03 (0.08) 9.38 (13.79)
2004 8.94 (13.36) 0.04 (0.03) 8.98 (13.33)
2005 9.34 (13.83) 0.01 (0.04) 9.33 (13.78)
2006 9.39 (14.58) 0.02 (0.11) 9.41 (14.47)
2007 9.32 (14.20) 0.06 (0.01) 9.39 (14.19)
2008 9.55 (14.68) 0.05 (0.05) 9.60 (14.63)
2009 9.04 (14.16) 0.13 (0.07) 9.17 (14.23)
2010 9.56 (14.32) 0.07 (0.10) 9.63 (14.42)
2011 9.92 (14.94) 0.02 (0.09) 9.91 (14.85)
2012 10.63 (16.38) 0.11 (0.27) 10.53 (16.11)
2013 9.62 (14.83) 0.03 (0.08) 9.64 (14.76)
2014 9.72 (15.33) 0.01 (0.10) 9.73 (15.23)
AVG 9.54 (14.54) 0.02 (0.06) 9.56 (14.48)
SD 0.42 (0.76) 0.01 (0.09) 0.38 (0.70)
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3.3. Entropy exchange

3.3.1. Entropy production

Table 5 shows the entropy production on a
growing season basis as well as an annual basis (the
latter given in parentheses). Entropy is produced
through the energy dissipation of net shortwave
radiation (Prsn) and absorbed longwave radiation
(9rit). The contribution of the latter was negligible
(<< 1%) and that of the former prevailed.

The 12-year mean of net entropy production
(0 = Ogsnt Og) was 14.540.7 MJ m™ K™ of which
two-thirds was produced during the growing seasons.
Interannual variability of o was relatively small
(<4%) except the drought year 2012 when o was
highest (i.e., 10% greater than the 12-year mean).

3.3.2. Entropy transfer

Entropy is transferred into and out of the maize
production system and the five radiation and surface
energy flux terms are mainly involved in this process
(see Eq. 11). Table 6 summarized the amount of
entropy transferred by these terms for each growing
season and for individual years (the latter given in
parentheses). Positive/negative values indicate that
the entropy is transferred into/out of the maize system.

The entropy transfer into the system by Jrsn was

persistent but small (on average, 0.8+0.0 MJ m> K™).

In 2012, Jrsn was the highest (12% higher than the
12-year mean) because of the highest &, under the
less cloudy conditions during the drought period.
As expected from the above-mentioned results on
the radiation exchange (in Sec. 3.1), the entropy
transfers by the two terrestrial radiation components

(i.e., Riu and Rit) were predominant and persistent
(with <1% interannual variability) in terms of
magnitudes. With their signs being opposite, however,
they cancelled out. The resulting net entropy transfer
(Jrin = Jriw + Jrin) averaged 2.8 MJ m? K™ during
the growing seasons, which consisted 52% of the
annual Jri, the second largest entropy transfer out
of the system next to Jig. In 2012 with drought, the

maximum [rim was observed as a result of the

combined effect of reduced Jriv and increased Jt.
The growing season- and the annually-integrated
values of Jrin were both 14% greater than the 12-year
mean.

The growing season entropy transfer out of the
system through LE was the largest contributor with
the averaged Jpz of 4.9 MJ m? K''(i.e., 82% of the
annual Jrg). In 2012, the growing season precipitation
was extremely low due to drought, but Jir was 5%
higher than the 12-year mean owing to more frequent
irrigation in July.

Ju was the third largest contributor with a growing
season mean of 1.1+0.2 MJ m? K. Typically, under
drought conditions, more energy is dissipated to H
than to LE so that the contribution of Jy would be
greater than that of Jiz. However, the reverse was
the case in 2012 due to frequent irrigation. The
magnitude of Jy increased by 16% but still remained
about one quarter of Jig.

Overall, net entropy transfer (J) was 12.4+0.5 MJ
m? K with <5% inter-annual variability. The highest
amount of entropy transfer occurred in 2012, which

was 10% higher than the 12-year mean.

3.3.3. Net ecosystem exchange (NEE) of entropy

In Table 7, the growing season- and the annually-
integrated (given in parentheses) values of o, J, and
dS/dt (ie., NEE) are summarized. On average, two-
thirds of the entropy production and the entropy transfer
occurred during the growing seasons, and the remainder
was the contribution from the non-growing seasons.
Overall, the ratio of J to o averaged 0.85 for both
the annual and the growing season periods. This indicates
that approximately 85% of o was transferred out of
the system, resulting in a net annual accumulation
of entropy within the system (i.e., positive NEE of
2.120.5 MJ m? K™, of which three quarters were
the contribution from the growing seasons. It is
important to note that there was an increasing trend
in NEE from 2003 to 2014 by a factor of almost 2.
Furthermore, the relative contribution from the
non-growing season to the annual entropy accumulation
increased by a factor of 2.5 from 2003 to 2014.
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Table 7. The growing season- and the annually-integrated (given in parentheses) values of o, J, and dS/dt
at NEI site at Mead, Nebraska, USA from 2003 to 2014

Year 0_2 4 J.z B dS/j ¢ -1
MJ m* K7) MJ m™ K7) MJ m™ K7)
2003 9.38 (13.79) -8.33 (-12.48) 1.05 (1.30)
2004 8.98 (13.33) -7.93 (-12.06) 1.05 (1.27)
2005 9.33 (13.78) -8.13 (-12.33) 1.20 (1.46)
2006 9.41 (14.47) -7.92 (-12.51) 1.48 (1.96)
2007 9.39 (14.19) -7.99 (-12.47) 1.40 (1.71)
2008 9.60 (14.63) -7.90 (-12.68) 1.69 (1.95)
2009 9.17 (14.23) -7.36 (-11.70) 1.81 (2.53)
2010 9.63 (14.42) -7.87 (-11.68) 1.76 (2.74)
2011 9.91 (14.85) -8.29 (-12.49) 1.62 (2.37)
2012 10.53 (16.11) -8.78 (-13.68) 1.75 (2.43)
2013 9.64 (14.76) -7.63 (-12.16) 2.01 (2.60)
2014 9.73 (15.23) -7.77 (-12.69) 1.96 (2.53)
AVG 9.56 (14.48) 7.99 (12.41) 1.57 (2.07)
SD 0.38 (0.70) 0.35 (0.50) 0.32 (0.51)

In 2012, as pointed out earlier, the magnitudes of
both o and J were the greatest (~10% greater than
the 12-year mean). However, the resulting NEE was
not much different from those of other years with
Whether

insignificant difference in NEE might have resulted

no severe drought. or not such an

from the drought mitigation with more frequent

irrigation and/or from the maize ecosystem’s
further

investigation, which is the subject of the sections

self-organizing  adaptability  deserves

below.

3.4. Monthly variations in 2012 with drought

3.4.1. Radiation, energy, and efficiency

Table 8 summarizes the monthly integrated values
of radiation and energy balance components in 2012
along with their 12-year mean monthly values. The
striking changes in the radiation and energy balance
occurred during the first half of the growing season
(particularly in June and July), which are characterized
by (1)~15% increases in Esi and Ry, (2)~30%
increase in LE (hence ET in Fig. 1), and (3) the

advection of H (manifested as small positive or

negative fluxes) via the oasis effect due to frequent
irrigation under drought conditions (see Fig. 1).
Table 9 summarizes the monthly integrated values
of GPP, RE and ET, and the monthly means of CUE
and WUE in 2012. In comparison with the 12-year
monthly mean, more rapid and greater accumulation
of GPP, RE and ET from May to July was
compensated by much lower accumulation after July,

yielding comparable values to their 12-year growing
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50 50 &
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0 0 &
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[ Rainfall . I:rigation

ET(2012) @ eecsee ET (12-year mean)

Fig. 1. Precipitation (P = rainfall + irrigation) and
evapotranspiration (E7) during the growing season in
2012 at the NE1 site in Mead, Nebraska, USA.
(Dotted line represents the 12-year monthly mean ET.)
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Table 9. Monthly integrated GPP, RE, and ET, and the averaged CUE and WUE in 2012 and the 12-year
mean values (Mean) at NEI1 site at Mead, Nebraska from 2003 to 2014

GPP RE ET CUE WUE

Month (g C m?) (g C m? (mm) () (g C (kg H0)")
2012 Mean 2012 Mean 2012 Mean 2012 Mean 2012 Mean

Jan 0 0 19 19 10 10 0.00 0.00 0.00 0.00
Feb 0 0 26 19 21 17 0.00 0.00 0.00 0.00
Mar 0 0 61 39 29 31 0.00 0.00 0.00 0.00
Apr 0 0 58 59 44 42 0.00 0.00 0.00 0.00
May 62 16 111 96 78 59 0.56 0.16 0.80 0.26
June 547 308 288 216 134 105 1.89 1.43 4.07 2.94
July 710 688 335 334 206 158 2.12 2.06 3.45 4.36
Aug 362 533 250 308 126 134 1.45 1.73 2.87 3.99
Sep 22 177 98 167 31 75 0.22 1.06 0.71 2.37
Oct 0 7 61 62 25 28 0.00 0.11 0.00 0.25
Nov 0 0 41 39 18 20 0.00 0.00 0.00 0.00
Dec 0 0 23 26 7 11 0.00 0.00 0.00 0.00
Annual 1703 1728 1372 1383 729 689 0.52 0.55 0.99 1.18

season means. Consequently, CUE and WUE also
showed similar decreasing patterns - higher efficiency
from May to July followed by much lower efficiency
afterwards. The reduced efficiency can be attributed
to the rapid reduction in GPP after July and also to
the sustained E7 in August, which was 40% greater
than the sum of irrigation and rainfall (Fig. 1). The
maize crops transpired more water from the deeper

(a) Entropy production in 2012
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soil, which was replenished by the excessive amount

of irrigation in the preceding month (i.e., July).

3.4.2. Entropy exchange

In Fig. 2, the monthly integrated values of 9Rrsn,
Og1l, and their anomalies at NE1 site in 2012 are
presented. As expected, the seasonality of Orsn

followed that of Rsx and peaked in July. Positive

(b) Anomaly from 12-year mean
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Fig. 2. Monthly integrated values of (a) %rs»n and %ru1 and (b) anomalies from the 12-year monthly
means at NE1 site at Mead, Nebraska, USA in 2012.
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anomalies were observed before, during and after the
growing season, indicating that the impact of drought
was persistent throughout the year. The seasonality
and the magnitude of Oril were insignificantly small
but the fluctuations of the sign of entropy production
deserves further investigation regarding the estimation
of the atmospheric temperature (Tam).

In terms of monthly entropy transfer in 2012, Jrsn
showed a clear seasonality but small and positive
(transfer into the system) with near zero anomalies,
whereas Jrin fluctuated around 0.5 MJ m? K™ with
small negative anomalies throughout the year (Fig.

3). Both J,, and Jy showed noteworthy changes

particularly in June, July and September. In June,

(a) Entropy transfer in 2012
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large positive anomaly of Jy and much greater
negative anomaly of .J;, were the manifestation of
the frequent occurrence of strong sensible heat
advection that provided an additional energy for the
enhanced ET. This process was further amplified in
July as a result of more frequent irrigation. However,
the reduced irrigation in August and its termination
in September produced the reversed anomalies
between J;, and Jp.

Overall, o, J, and dS/dt all showed smooth
seasonal variations without no abrupt changes
throughout the year (Fig. 4). Their anomalies clearly
demonstrated that (1) the prolonged drought conditions

in 2012 produced more entropy within the maize

(b) Anomaly from 12-year mean
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Fig. 3. Monthly integrated values of (a) Jesn- Jrin- Jue. and Jy and (b) the anomalies from the
12-year monthly means of entropy transfer terms at NE1 site at Mead, Nebraska, USA in 2012.
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Fig. 4. Monthly values of (a) o, J, and dS/dt in 2012 and (b) the anomalies from the 12-year
monthly means at NE1 site at Mead, Nebraska, USA in 2012.
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agroecosystem, (2) the increased energy dissipation
resulted in concurrent enhancement of entropy
transfer processes, and (3) therefore, the monthly
anomalies of d5/dt were not notable, revealing that
neither drought nor irrigation affected significantly

the net entropy exchange in 2012.

IV. Discussion and Summary

Our objective was to evaluate and to document the
energetics in the NEI irrigated-maize site. From the
thermodynamic perspective, we viewed this agroecosystem
as an open thermodynamic system with a large
gradient impressed upon it by the sun. As the system
is moved away from equilibrium, thermodynamic
imperative drives the system to resist and to reduce
the externally applied gradient by using all biotic,
physical, chemical, and human components of this
ecological-social system (SES) acting together as a
nonequilibrium dissipative process (e.g., Schneider
and Kay, 1994). The NE1 SES is a highly ordered
complex system emerged as a result of decades-long
development and adaptation through diverse disturbances
and adaptive management. Thus, the system would
grow and develop in ways which systematically
increase its ability to dissipate and to degrade the
incoming solar radiation at the expense of increasing
the disorder at higher levels in the system’s hierarchy.
Here, dissipation means to move energy through a
system, which may or may not annihilate gradients;
whereas degradation means to annihilate the ability
of energy to set up gradients that can accomplish
work (Kay, 1984).

Our results from the analyses of the energetics in
this SES demonstrated: (1) more energy capture
during growing season than non-growing season, and
increasing energy capture through growing season
until senescence (e.g., the Rn/Rsy ratio increased from
0.56 in May to 0.62-0.66 in June to August and then
decreased to 0.41 in October, whereas that of
non-growing season averaged 0.30); (2) more energy
flow activity within and through the system, providing
greater potential for degradation (e.g., the LE/R, ratio

increased from 0.38 in May to 0.78 in July-August
and then decreased to 0.44 in October); (3) higher
efficiency in terms of CUE and WUE through
growing season until senescence; and (4) the resulting
energy degradation occurred at the expense of
increasing net entropy accumulation (d5/dt at a rate
of ~1.57 MIm? K™ per growing season and~2.07
MJ m? K" annually) as well as net entropy transfer
out to the surrounding environment (J at a rate of
~7.99 MIm? K" per growing season and~12.41 MJ
m? K annually). In comparison with the entropy
balance reported in the literature for grassland
ecosystems (0 = 15.5-16.0 MJ m2 K, dS/dt = 3.4~
3.7 MIm?K"'; Brunsell et al., 2011), the NEI1
irrigated-maize agroecosystem was slightly lower in
entropy production but pumped more entropy out to
the environment, resulting in much lower annual
entropy accumulation within the system.

The role of thermodynamics in the growth and
development of ecosystems and their response to
disturbance deserves more attention. Ecosystem
ecology based on thermodynamic paradigm holds the
promise of propelling ecosystem science from a
descriptive to a predictive science (Schneider and
Kay, 1994). Despite the insightful results from our
study, caution must be exercised to draw any
implication on the sustainability of the irrigated-
maize agroecosystem based on entropy accounting
only. The self-organization process serves to effectively
reduce the impressed gradient between the system
and its surrounding environment. Thus, using the flux
time series data from measurement, modeling and
remote sensing, information theory-based analyses
such as spectral entropy (i.e., a measure of self-
organizing capacity that ensures system’s sustainability)
or dynamic process network (that can delineate
changes in the strength and direction of energy/
material flows and the subsystems’ structure) should
be considered in tandem (e.g., Ruddell and Kumar,
2009; Yun et al, 2014).
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Appendix 1. Data availability (%) after quality control (QC) of meteorological variables and eddy covariance
flux data. Metrological variables include incoming shortwave radiation (7, |), outgoing shortwave radiation
(1), incoming longwave radiation (77| ), outgoing longwave radiation (£;; ), net radiation (£,), wind speed
(WS), wind direction (WD), air temperature (7Z,,.), and precipitation (P). Eddy covariance flux data include
CO; flux(Fco,), latent heat flux (LE), sensible heat flux (H), and friction velocity (U*) from 2003 to 2014

Year Rﬁ ! RS 1 RZ ! RZ 1 R’n WS WD 1—:“, P FCO_7 LE H U*

2003 97 98 97 97 96 31 97 100 100 94 &7 96 88
2004 100 100 100 100 100 30 99 100 100 94 &7 96 88
2005 100 100 100 100 100 31 100 100 100 94 89 98 93
2006 97 95 90 90 88 27 99 100 100 96 90 98 90
2007 97 100 100 100 97 42 100 99 100 94 87 97 90
2008 98 100 100 100 98 41 100 99 100 95 87 97 91
2009 99 100 100 100 99 40 98 100 100 91 &9 96 91
2010 97 100 98 100 95 26 98 100 100 92 86 96 89
2011 97 100 100 100 97 30 99 100 100 96 86 98 90
2012 98 100 100 100 98 31 99 100 100 96 86 98 89
2013 98 100 100 100 98 33 98 100 100 95 91 97 90

2014 100 100 100 100 99 31 98 100 100 96 90 97 92






