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A B S T R A C T

Entropy and exergy are the central concepts in thermodynamics, and many researchers have used them to
characterize ecosystem development. However, these concepts are very abstract to outsiders. Direct measure-
ments of the indicators related to entropy and exergy are difficult and involve large errors. Schneider and Kay
(1994) bridged thermodynamic concepts, i.e., entropy and exergy, with perceivable ecological indicators, i.e.,
canopy surface temperature (Tsurf) and net radiation (Rn) in their maximum exergy destruction principle.
However, the connection between entropy and exergy with Tsurf and Rn was based on the similarity between the
ecosystem and the Bénard cell, and not on thermodynamic reasoning. Considering the coherence of entropy
production and exergy destruction, we analyzed the relationship between entropy production and Tsurf and Rn,
based on the first and second laws of thermodynamics, and verified it using long-term monitoring data of a
tropical seasonal rain forest. We demonstrated that total entropy production (exergy destruction) linearly in-
creased with increasing Rn and decreasing Tsurf theoretically. Empirical data showed that the total entropy
production increased, whereas specific entropy production decreased during the growing season. This indicates
that plant growth can enhance exergy conversion efficiency. Rn, Tsurf, and related indicators can be used as
surrogates for thermodynamic indicators to measure ecosystem status and development. The bridge between
thermodynamic concepts and measurable ecological indicators will improve the application of thermodynamics
in ecology studies and the understanding of thermodynamic processes in ecosystem.

1. Introduction

The direction of ecosystem development (e.g., growth, succession,
and recovery) has been a central theme in ecology study. It is not only a
theoretical question, but also has implications for current environ-
mental challenges, e.g., prediction of vegetation response to climate
change or assessment of deforestation and restoration (Prach and
Walker, 2011). Many patterns have been observed across ecosystem
development, for example: the transition from r-selected species to K-
selected species (MacArthur and Wilson, 1967), gross production/
community respiration approaching one, life cycles and information
increases (Odum, 1969), and the transition from quantity growth to
quality growth (Fath et al., 2004). These measurements reflect the
characteristics of ecosystems from a certain perspective. Thermo-
dynamics, on the other hand, provides a comprehensive insight into
system development (Chapman et al., 2016; Svirezhev, 2000). Entropy
and exergy based concepts have been demonstrated to be useful to

assess ecosystem development, and to integrally characterize ecosys-
tems (Bejan, 2013; Bertram, 2014; Chapman et al., 2016; Fath et al.,
2004; Fraser and Kay, 2002; Jørgensen, 2007; Kleidon, 2009). How-
ever, these thermodynamic concepts might not seem straightforward
for ecologists who are not familiar with thermodynamics due to their
relatively abstract ecological meaning.

Schneider and Kay (1994) connected thermodynamic concepts (i.e.,
exergy destruction) with ecological parameters in their maximum ex-
ergy destruction principle. They took ecosystems as dissipation struc-
tures that can dissipate temperature gradients more efficiently than
bare ground. They emphasized that exergy destruction played key roles
in ecosystem characterization, and the more developed ecosystems
could gain more energy, while maintaining lower surface temperature
(Fraser and Kay, 2002). Net radiation and canopy surface temperature
are proxies for the interaction between vegetation and environment,
which are perceivable ecological parameters and easy to be measured.
Many experiments have supported Schneider and Kay’ s conclusion
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(Akbari, 1995; Lin, 2015; Lin et al., 2009; Lin et al., 2011; Maes et al.,
2011); however, the Maximum Exergy Destruction principle was pro-
posed based on the similarity between ecosystems and Bénard cells.
Quantitative analysis of the relationship among exergy destruction,
canopy surface temperature, and net radiation from the view of ther-
modynamic laws has never been conducted. According to the second
law of thermodynamics, exergy destruction is actually proportional to
entropy production (Cengel and Boles, 2014).

In the present study, we analyzed the relationship among entropy
production (exergy destruction), net radiation, and canopy surface
temperature based on thermodynamic laws, and verified it with long-
term monitoring data of a tropical seasonal rain forest. We aim to
further understand the relationships between thermodynamic concepts
and ecological indicators, i.e., Rn and Tsurf.

2. Materials and methods

2.1. Study sites

All the data were obtained from the meteorology gradient system on
a tower in the tropical seasonal rain forest in Menglun, Xishuangbanna,
southwestern China (21°57′N, 101°12′E, 750m asl). The mean canopy
height was 35m. The annual mean temperature of this forest was
19.9 °C and the maximum air temperature was 34.6 °C. Annual pre-
cipitation averaged 1557mm, 85% of which occurred during the rainy
season (May–October). The dry season occurred from November to
February (Cao et al., 2006).

2.2. Measurements

The net radiation was measured using a 4-component radiometer
(CNR4, Kipp & Zonen, Netherlands) at 41.6m above the ground. The
canopy surface temperature was measured by an infrared thermometer
(SI-111, Apogee, USA) installed at 52m. We used the air temperature
(HMP45C, Campbell Scientific Inc., USA) at the same height of the
measurements of sensible heat (CSAT3, Campbell, USA) and latent heat
(LI-7500, LI-COR Inc, USA) (48.8m) in the calculation. Soil heat and
soil temperature (105T, Campbell Scientific Inc., USA) were measured
5 cm below the soil surface. All variables were automatically sampled at
0.5 Hz, and 30min averages were obtained as outputs from the data
logger (CR5000, Campbell Scientific Inc., USA). For the detailed de-
scriptions of the site and instruments, see Dou et al. (2007).

2.3. Data analysis

The average data from the year 2003 to 2009 were used in the

present study. The total entropy production (Si̇rrev) was calculated using
the data at half-hour intervals. The daily total entropy production and
net radiation were used to analyze seasonal courses. To analyze the
relationship between entropy production and canopy surface tem-
perature, we controlled the incoming shortwave radiation (Kin) at four
levels: 600–610, 650–660, 700–710, and 800–810 Jm−2 s−1, and the
incoming longwave radiation (Lin) within 450–460 Jm−2 s−1 to satisfy
the requirement of identical radiation environment.

3. Theory

According to the second law of thermodynamics, exergy destruction
(Eḋ) is proportional to entropy production (Cengel and Boles, 2014)

=E T Ṡ ̇d irrev0 (1)

where T0 is the temperature at the reference state, which can be taken
as a constant. Therefore, exergy destruction is consistent with entropy
production, and we only analyzed Si̇rrev in the present study.

The entropy budget ( )dS
dt (i.e., entropy change rate) of the ecosystem

is calculated by entropy flux (Sḟlux) and entropy production (Si̇rrev) due to
irreversible processes occurring inside the system:

= +dS
dt

S Ṡ ̇irrev flux (2a)

Thereafter, entropy production is obtained as follows:

= −S dS
dt

Ṡ ̇irrev flux (2b)

The energy storage rate of the ecosystem ( )dE
dt is determined by the

temperature change and heat capacity of the ecosystem (Eq. (3)). In Eq.
(3), C is the equivalent heat capacity of the whole forest. Considering
the difficulty in measuring C, we calculated dE

dt
through energy balance.

According to the first law of thermodynamics (i.e., energy conservation
law):

= = + − − − − − −dE
dt

C
dT

dt
K L K L H LE G Msurf

in in out out (3)

where, Kin is shortwave radiation, Lin is incoming longwave radiation,
Kout is outgoing shortwave radiation, Lout is outgoing longwave radia-
tion, H is sensible heat flux, LE is latent heat flux, G is soil heat flux, and
M is energy flux owing to metabolic activity (Fig. 1). Usually, M is
negligible because of the small magnitude (Gu et al., 2007).

The ecosystem can be considered an incompressible substance,
therefore, the entropy budget in Eq. (2a) can be further expressed as
(Cengel and Boles, 2014):

Fig. 1. Energy balance of ecosystem. Kin, incoming short-
wave radiation; Lin, incoming longwave radiation; Kout,
outgoing shortwave radiation; Lout, outgoing longwave ra-
diation; H, sensible heat flux; LE, latent heat flux; G, soil
heat flux; M, energy flux owing to metabolic activity; dE

dt
,

energy storage rate of ecosystem.
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=dS
dt

dE dt
T

/
surf (4)

According to the energy balance in Eq. (3), entropy flux (Sḟlux) can
be calculated as:

= + − − − − −S S S S S S S Ṡ ̇ ̇ ̇ ̇ ̇ ̇ ̇flux K L K L H LE Gin outin out (5a)

where the right side is the entropy production contributed by Kin, Lin,
Kout, Lout, H, LE, and G respectively.

The entropy fluxes of radiation are equal to the radiation compo-
nents divided by the absolute temperature of emission sources. We used
the brightness temperature 5760 K as the surface temperature of the sun
(Tsun) (Holdaway et al., 2010). The entropy flux of sensible heat is
calculated by the sensible heat divided by the air temperature at the
system boundary (Tair). The entropy flux of latent heat includes the
entropy flux associated with the change in the state of water from liquid
to vapor ( )LE

Tair
and the mixing of saturated air with dry air (SL̇Emix).

Considering that SL̇Emix is much less than ,LE
Tair

we neglected SL̇Emix

(Holdaway et al., 2010). The entropy flux of soil heat is calculated by
the soil heat flux divided by the soil temperature at the system
boundary (Tsoil). Moreover, we neglected the entropy production asso-
ciated with precipitation, subsurface transport of water and photo-
synthesis due to their small magnitudes (Brunsell et al., 2011; Kleidon
and Schymanski, 2008). Therefore, entropy flux can be expressed as:

= + − − − − −S K
T

L
T

K
T

L
T

H
T

LE
T

G
Tḟlux

in

sun

in

sky

out

surf

out

surf air air soil (5b)

Combined with Eqs. (2b), (4) and (5b), Si̇rrev is given by

= − − + + + + +S dE dt
T

K
T

L
T

K
T

L
T

H
T

LE
T

G
T

̇ /
irrev

surf

in

sun

in

sky

out

surf

out

surf air air soil (6)

The magnitude of dE
dt

largely depends on the time scale of the data
and energy closure of the system. Because we used the data at half-hour
interval, the dynamic part of dE dt

T
/

surf
could not be neglected. Combining

Eqs. (3) and (6) and eliminating C
dT

dt
surf , we obtained the simplified form

of Si̇rrev:
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irrev in
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Tsky is estimated by the Stephan–Boltzmann law =L εσT4, where L
is the long wave radiation flux, ε is the emissivity of the sky (approxi-
mately 0.73 according to Chen et al. (1991)), σ is Boltzmann constant,
and T is the surface temperature.

= ⎛
⎝ × ×

⎞
⎠−T L

5.67 10 0.73sky
in

8

1/4

(8)

The total entropy production of an ecosystem can not reveal the
thermodynamic efficiency, due to the change of biomass or net radia-
tion of the ecosystem. Specific entropy production (s) thus was used to
characterize exergy conversion efficiency.

=s S
R
i̇rrev

n (9)

4. Results

4.1. Seasonal courses of thermodynamic indicators

Seasonal daily entropy production peaked in May, and showed a
reduction in July, and the lowest value occurred in January (Fig. 2A).
The entropy production induced by Kin and Lin (S ̇ ,in the first two terms
on the right side of Eq. (7)) was the main contribution to the total

entropy production, and followed the same trend as Si̇rrev (Fig. 2B). As
compared with S ̇ ,in the entropy production induced by LE, H, and G (S ̇ ,e
the last three terms on the right side of Eq. (7)) was much less (Fig. 2B),
therefore, the contribution of Sė to the total entropy production could
be neglected. Because Kin, Lin, Tsun, and Tsky were assumed to be con-
stant, Si̇rrev was positively correlated to the reciprocal of Tsurf according
to Eq. (10).

⎜ ⎟≈ + −⎛
⎝

+ ⎞
⎠

S
T

K L K
T

L
T

̇ 1 ( )irrev
surf

in in
in

sun

in

sky (10)

Generally, the specific entropy production was lower during the
rainy season and higher during the dry season (P < 0.001) of the
tropical seasonal rain forest. It decreased from April and reached the
lowest level during August and September (Fig. 3A). The entropy
budget of the forest was positive and stable throughout the year
(Fig. 3B).

4.2. Relationship between thermodynamic indicators and ecological
parameters

The empirical data showed that entropy production decreased lin-
early with increasing Tsurf, and that higher Kin produced more entropy
(Fig. 4A). Entropy production linearly increased with net radiation
(Fig. 4B).

5. Discussion

Our results showed that exergy destruction, entropy production, net
radiation, and surface temperature are highly correlated. The same
trend between entropy production, net radiation, and vegetation
growth has also been observed in empirical studies (Aoki, 1989;
Brunsell et al., 2011). As compared with exergy destruction and entropy
production, net radiation and canopy surface temperature are more
perceivable. Moreover, the measurements of net radiation and canopy
surface temperature are more direct and accurate than those of the
related indicators of entropy and exergy.

There have been many studies about the net radiation of ecosys-
tems, which has been accepted as an integral index for assessing eco-
system status (Holst et al., 2005; Lafleur et al., 1998; Mccaughey, 1985;
Moore, 1976). However, canopy surface temperature was generally
studied as one of the important parameters correlated with energy
conversion (Caselles et al., 1992; Richards, 2005; Wang et al., 2011) or
as an indicator of drought stress (Pandey et al., 1984; Rashid et al.,
1999; Suralta et al., 2013). Few studies related canopy surface tem-
perature with ecosystem development until the maximum exergy de-
struction principle was proposed (Schneider and Kay, 1994; Schneider
and Sagan, 2005). Under a given radiation environment, from the
perspective of the first law of thermodynamics, a cooler surface emits
less longwave radiation into the atmosphere than a warmer surface
(Bastable et al., 1993; Dou et al., 2006; Wang et al., 2007), thus, more
energy can be gained by the system (i.e., larger Rn). From the per-
spective of the second law of thermodynamics, a cooler surface re-
radiates energy at a lower exergy level, thus the system can gain more
exergy (Kay et al., 2001). Therefore, the canopy surface temperature
reflects the efficiencies of both the first and the second laws of ther-
modynamics. Canopy surface temperature is primarily determined by
radiation conditions, and it is impacted by multiple physical and phy-
siological processes (e.g., G, H, and LE). Latent heat is induced by
evapotranspiration, a process that cools the canopy. Sensible heat is
related to the temperature difference and thermal conductance between
canopy surface and atmosphere. It cools the canopy when the canopy is
hotter than the air, whereas the opposite occurs when the canopy is
cooler than the air. The direction of soil heat flux is determined by the
temperature gradient between soil and air. The rate of temperature
increase is related to the heat storage capacity of the forest, which is
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Fig. 2. Seasonal courses of A) total entropy production (Si̇rrev) and B) entropy production induced by Kin and Lin (Si̇n); the small figure on the top right shows the entropy production
induced by LE, H, and G (Sė).

Fig. 3. Seasonal courses of A) specific entropy production (s) and B) entropy budget ( )dS
dt

.

Fig. 4. A) Relationship between total entropy production (Si̇rrev) and canopy surface temperature (Tsurf) of the tropical seasonal rain forest under four levels of incoming shortwave
radiation (Kin): 600–610, 650–660, 700–710, and 800–810 Jm−2 s−1. Incoming longwave radiation (Lin) was controlled at 450–460 Jm−2 s−1. Significant regression lines were shown in
the figure (P < 0.05). B) Relationship between Si̇rrev and net radiation (Rn).
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largely determined by the biomass of the ecosystem (Gates, 2003).
Thus, canopy temperature holistically reflects all these processes, and it
has higher potential for characterizing the ecosystem than that of any of
the heat fluxes. For example, evapotranspiration is efficient for cooling
the canopy; however, its trend along ecosystem development is not
consistent (Amiro et al., 2006; Engel et al., 2005; Jin et al., 2012; Licata
et al., 2008; Lin et al., 2017). However, we have observed mono-in-
creasing thermal response number (TRN, calculated by Rn/ΔT) with
ecosystem growth, succession, and recovery for twelve chron-
osequences of vegetation (Lin et al., 2017). It indicates that the more
developed ecosystem can gain more energy, yet maintain lower canopy
temperature.

Furthermore, the temporal and spatial pattern of Rn and Tsurf are
strongly dependent on weather conditions, e.g., incoming radiation,
wind, and relative humidity (Maes and Steppe, 2012). Exclusion of the
effects of changing conditions is a critical problem hindering the en-
hancement of their sensitivity to ecosystem status. Therefore, Rn/Kin,
Rn/(Kin +Kout), thermal buffer capacity (TBC), and TRN have been
proposed as surrogates for Rn and Tsurf (Aerts et al., 2004; Lin et al.,
2017; Maes et al., 2011). For instant measurements, Rn/(Kin+ Kout)
was recommended if all of the measurements were performed si-
multaneously (Maes et al., 2011). TRN at daily scale is more resistant to
environmental impacts and more discriminative than Rn, Tsurf, and Rn/
Kin (Lin et al., 2017).

It is important to distinguish among the concepts of total entropy
production, entropy flux, entropy budget, and specific entropy pro-
duction. Schrödinger (1962) suggested that living organisms could
maintain their low entropy (i.e., highly ordered) state by operating as
open thermodynamic systems. Prigogine (1968) proposed that when
there is an increase in input energy, the system will enhance overall
energy dissipation (entropy production). It seems that these two
viewpoints are in conflict; however, they represent two different con-
cepts. The low entropy state in Schrödinger’s statement referred to the
“entropy budget” determined by the balance of entropy production and
entropy flux, while the energy dissipation in Prigogine’s statement was
the “total entropy production”. In the present study, the entropy budget
remained stable throughout the year, because the increased entropy
production was offset by outflow entropy flux. Many observations have
confirmed the increase in total entropy production during the course of
ecosystem succession, because more energy was dissipated in the eco-
system with the accumulation of biomass (Holdaway et al., 2010; Lin,
2015; Stoy et al., 2014). The entropy budget was reported decreasing
with increasing vegetation fraction due to strong outgoing entropy
fluxes (Brunsell et al., 2011). Although the total entropy production
increased in the rainy season, the growth of biomass reduced the in-
crement per unit of energy gain; consequently, the specific entropy
production decreased in the rainy season. It represented an evidence for
the maximum power or efficiency theory (Lotka, 1922; Odum and
Pinkerton, 1955; Nielsen and Ulanowicz, 2000) and the least irrever-
sibility theory which is known as the entropy generation minimization
(EGM) method in the physics and engineering fields (Bejan, 1982;
Bejan, 2013). As exergy destruction is proportional to entropy pro-
duction, there are several ways to calculate exergy conversion effi-
ciency, e.g., biomass-specific exergy, biomass-specific entropy produc-
tion (Aoki, 1989; Prigogine, 1968; Jørgensen et al., 2000), radiation-
specific exergy, or radiation-specific entropy production as applied in
the present study. The system with higher exergy conversion efficiency
should have lower specific entropy production and higher specific ex-
ergy. Any one of these indicators can be chosen based on the avail-
ability of data.

6. Conclusions

Our research provides theoretical and empirical support for the
linearly negative relationship between total entropy production and
canopy surface temperature, and the linearly positive relationship

between entropy production and net radiation. We therefore can use
more perceivable and feasible indicators, i.e., canopy surface tem-
perature, net radiation or indicators that combines the two variables,
e.g., TRN, to characterize ecosystem status and development. Entropy
production, entropy budget, and specific entropy production showed
different trend with ecosystem development. It is important to distin-
guish these concepts, although all of them can be used to characterize
ecosystem status. Our study improves the understanding of thermo-
dynamic processes in the ecosystem and the application of thermo-
dynamics in ecology study.
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