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Abstract: This paper establishes a nonlinear carbon cycle model based on the analysis of the carbon
flux relationship among the atmosphere cycle, soil cycle and land cycle. By using nonlinear dynamics
method, we examine the regional carbon cycle evolution along with the temporal evolution of the
regional carbon flux. A neural network has been employed to identify the parameters of the proposed
model, accordingly. In the numerical study, we propose the atmosphere-soil-land cycle model for
Nanjing city of China. Then, the carbon cycle evolution of Nanjing has been simulated with the given
model and actual data.

Keywords: Nonlinear carbon cycle model; atmosphere-soil-land cycle model; the carbon
cycle evolution

1. Introduction

The carbon cycle system and its mechanism are the main contents of the Global Change
and Terrestrial Ecosystem (GCTE), as well as many other core research plans in the International
Geosphere-Biosphere Program (IGBP). The terrestrial carbon cycle is the most important constitution
and plays the prominent position in the global carbon cycle.

The research on the terrestrial carbon cycle establishes the foundation of the prediction of
atmospheric CO, levels. Measuring the level of the carbon source and sink is not only helpful
for understanding the CO; evolution, but also offering the theoretical basis for the regulation and
control of global climate change. It also contributes to the economic and social development strategy
and environmental diplomatic policy for all countries.

Regarding China’s regional terrestrial ecosystem carbon system, establishing China’s regional
carbon cycle evolution model will contribute to the identification of China’s regional carbon cycle
system state, the analysis of the terrestrial carbon cycle mechanism, as well as policy making for
carbon emission. The research shows in detail the exchange process of China’s regional carbon
sink/source and its influence. It helps to understand the interaction and relationship of various factors
and the impact of human activities, as well as to maintain the continuous and stable development
of the terrestrial ecosystem by regulating human activities and adjusting the carbon cycle system.
Therefore, it is important to study the features, structure and evolution of China’s regional carbon
cycle and carbon balance in order to realize the sustainable development of China’s regional ecological
environment system.
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2. Literature Review

A great number of theoretical issues concerning the carbon cycle have been studied in many
fields, i.e., geological sciences, geosciences, atmosphere science, ocean science, energy development
and utilization of science from the perspective of terrestrial ecosystems, marine ecosystems and forest
ecological systems. Research achievements mainly concentrate on the carbon source and sink, carbon
footprint and carbon exchange. Most of them are related to professional techniques. This study
establishes a dynamical model to analyze the evolution of the carbon cycle.

Michela et al. [1] established a carbon cycle dynamic model for Italy, Siena province, and examined
the carbon footprint of six carbon emission scenarios. Leonid et al. [2] built a terrestrial ecosystem
carbon life cycle model to study the intensity of carbon source and sink. Strhbach et al. [3] used
the life cycle approach to survey the carbon footprint of urban green space. Pan ef al. [4] assessed
the global forest carbon balance. Luo et al. [5] proposed a dynamic imbalance framework on the
terrestrial ecosystem carbon cycle, which has been used to forecast the dynamic process of the
terrestrial carbon sink in the future. It was found that internal ecosystem processes will develop toward
balance. Mattila et al. The work in [6] proposed a question of whether biology or straw constitutes
a good carbon sink. Then, the generation and influence of biology and straw carbon are compared.
Alexey et al. [7] used a conceptual linear coupling model to explain the ultimate saturability of
climate-carbon cycle feedback. Andrew et al. [8] explained the relationship of weathering and the
global carbon cycle from the view of the landform.

Enting [9] proposed the Laplace transform of carbon cycle analysis. Churkina [10] believed
biophysical and human-related carbon flux should be added into the city carbon cycle model according
a survey. Jackson et al. [11] integrated the carbon cycle, human activities and the climate system and
examined the extent of carbon-climate feedback. King et al. [12] proposed a carbon cycle model, which is
able to examine the sensitivity of the carbon cycle to climate and location factors. Nusbaumer et al. [13]
studied the variation of climate and the carbon cycle under the critical situation. Joyita et al. [14] built
a seven-dimension carbon cycle dynamic model for Hooghly-Matla region of India. They discussed
the carbon cycle pattern and conversion mechanism of different carbon forms.

Wang et al. [15] discussed the necessity to start research on China’s regional terrestrial ecosystem
carbon balance. Yu et al. [16] proposed the technical approaches and measures to control the balance of
the regional ecosystem carbon budget. Piao et al. [17,18] firstly used a bottom-up atmospheric inversion
model and a bottom-up process model, combing remote sensing data and a biogeochemical model, to
describe China’s carbon budget and its change mechanism. Fang et al. [19] analyzed China’s grassland
ecosystem carbon library and its dynamic change. Huang et al. [20] discussed the issues of China’s soil
carbon reserve change, land utilization variation, the carbon source and sink effect and measures and
estimations for deep soil organic carbon change. Luo et al. [21] studied the influence of different factors
on the soil carbon cycle, i.e., the land utilization change during urbanization, management of soil and
organisms, urban microclimates, atmospheric pollution settlement and soil pollution. Geng et al. [22]
analyzed the important issue of premise-border demarcation in carbon footprint assessment. Yang [23]
raised some recommendations on land resource management in order to reduce carbon emissions
and realize a low carbon economy. Zhao et al. [24] explored the general characters of the city carbon
cycle system and proposed an analysis framework based on system level division and the carbon
circulation process. Li et al. [25] reviewed and summarized the key factors that influence the forest-soil
carbon cycle. Lun et al. [26] studied the influence of the biological cycle and the industrial cycle
on the forest carbon cycle and proposed measures for carbon emission reduction. He [27] explored
China’s carbon cycle of the forest ecological system from the viewpoint of the reserve, dynamics and
development pattern.

Qin et al. [28] built a coupling model of a regional carbon cycle and water cycle, which is used to
study the endogenous factors and dynamic mechanism of the carbon cycle and water cycle system.
Li et al. [29] compared various analogies and statistical approaches of the atmosphere carbon cycle.
Tao et al. [30] presented the characteristics of different carbon pools, including the atmosphere, marine
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and terrestrial ecosystems. Liu et al. [31] studied the variation and spatial distribution of the wetland
soil organic carbon of different climate zones in China. Fan et al. [32] explored the impact of climate
warming on the grassland ecosystem carbon cycle. Huang et al. [33] built a carbon emissions model
and carbon sequestration model based on regional human activities and established a carbon cycle
pressure index model.

Jing et al. [34] surveyed the environmental control and secular change of the carbon cycle of oak
temperate forest. Yang et al. [35] proposed the health threshold of carbon storage within a balance
model of land, water, nitrogen and carbon cycle. Li et al. [36] built an eight-procedure mass balance
equation to examine the evolution and long-term equilibrium mechanism of the carbon cycle in the
past one hundred million years.

Based on the above analysis, the existing literature has provided a solid empirical investigation
and a good reference for understanding the carbon cycle system, but some problems still need to be
further examined. Firstly, there are no obvious strides in the research of China’s regional terrestrial
ecosystem carbon source/sink and conversion mechanism. The function of the terrestrial carbon cycle
system in the global carbon cycle is uncertain. Secondly, it is believed that the function of the terrestrial
carbon cycle system in reducing CO, concentration in the atmosphere is very important. Existing
studies have linked the terrestrial atmospheric carbon flux with international politics and the economy.
Therefore, it is urgent to build a credible terrestrial-atmospheric carbon flux exchange model for China.
The carbon cycle is a complex dynamic changing process. Former studies mainly used the methods of
scenario analysis, and the result is not desirable, because of too many uncertain factors. The evolution
of the carbon cycle is not clear yet. There is still a lack of studies using a non-linear dynamic approach
to research the evolution of the carbon cycle. Therefore, it is necessary to build a nonlinear carbon
cycle evolution model based on the understanding of the complex relationship among atmosphere,
soil and land, in order to study the evolution law systematically by using non-linear dynamic theory.

Different from the previous research, this paper uses nonlinear dynamics theory and nonlinear
differential equation theory to put the atmosphere, soil and land cycle into a nonlinear system to
analyze. This study will establish a regional dynamic desalination system model to examine the carbon
flow of the regional atmosphere-soil-land cycle and exploring the desalt law of each carbon cycle.
Moreover, we will study the dynamic law of systematic changes with time and apply our model to
study the changes of the carbon cycle of Nanjing region in China.

The paper is organized as follows. The regional carbon cycle power system is established
in Section 2. Section 3 is devoted to a dynamics analysis. Section 4 is model initialization.
Section 5 carries out a numerical simulation of the Nanjing case. Section 6 concludes the study with
some recommendations.

3. The Construction of the Model

We use x1(t) to indicate the carbon flux with time ¢ in the regional atmosphere. Variable x;(t)
is the carbon flux of regional soil. Variable x3(t) is the carbon flux of regional animals and plants.
Variable g; is the carbon inflows into cycle i of the outside and y; is outflows of cycle i. The flow
function fl-]- is the internal carbon flow from cycle i to cycle j, i, j = 1, 2, 3, where 1 is the regional
atmosphere cycle, 2 is the regional soil cycle and 3 is the regional animals and plants’ cycle.

Based on the law of regional carbon flow, we propose the following assumptions:

Hypothesis 1: the balance of regional carbon flow of the inside and outside follows the rule of:

qa+f=vy

where inflow g and outflow f equal the total regional carbon flow y.
Hypothesis 2: the regional internal carbon flux is determined by the carbon flow of three cycles
(atmosphere cycle, soil cycle and animals and plants’ cycle) in the region.
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fii = fri(xk, xi) and fi = fir(xi, xx),
where f;; indicates the carbon flow from cycle k to i and fy; is the carbon flow from cycle i to k.
Hypothesis 3: carbon inflow is not dependent on a responding corresponding carbon reserve.
Therefore, it could be considered as a constant number or time-varying function,
g; is constant or q; = g;(t).
Hypothesis 4: the carbon outflow is positive correlated with the carbon inflow of the cycle.

yi(xi(£)) =y +mxi(8),i = 1,2,3,

(0)

i

is the carbon inflow of cycle i at the beginning. Normally, yfo) = 0. Therefore,

where y

yi(xi(t)) = mx;(t).

Hypothesis 5: the internal flow of each cycle in the region obeys the following three rules.
(a) Supply pattern: carbon flow f}; has a linear relationship with carbon reserve xy,

fri = ki X
(b) Receive pattern: carbon flow fi; depends on the receiver’s carbon reserve x;,
fii = Brixi.
(c) Lotka—Volterra pattern: carbon flow f;; depends on the carbon reserve of cycle k and cycle 7,
fvi = ViXixg.

Based on Hypothesis 1-5, we could build the regional atmosphere-soil-land terrestrial ecosystem
carbon cycle dynamic model as shown in Figure 1.

_qlx(%_l)

breath or decomposition

Land plants

9.Y
Figure 1. Carbon cycle system.

In such regions, we assume the carbon inflow gq; of the atmosphere cycle is constant. The carbon
inflow g7 of the land cycle is also constant.

As shown in Figure 1, a part of carbon flow y; of the atmosphere cycle escapes out of the region
with the change of wind and temperature, except x1. Some of y; sinks into the land cycle f,, while
some of it flows into the animal-plant cycle f13. In the solid cycle, a part of carbon flow f;1 goes into
the atmosphere cycle by the respiration of the sand, ground or the grass, while another part y» goes
out of the region with water flow. In the animal-plant cycle, a part of carbon flow f3; goes into the
atmosphere cycle by combustion and breathing; another part f3; flows into the solid cycle by excretion
and plant roots” absorption, and the other part leaves the region.
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Based on the hypothesis, we have:
yi =mxy, Yo =maxy, Yy3=0, fio=ry12X1%2,
fo1 = anxz, f3;1 =a31x3, f13 = y13X1%3,

fa2 = aznx3, f =0,

where my, ma, Y12, 713, X21, 831, 32 are positive constant.
Now, we can get the evolution of the dynamic system of the regional carbon cycle as follows:

% =q1 —y1 +ki(fa — fi2) +ka(fa1 — f13),
% =q2 —v2 +k3(fi2 — fo1) + kafao,
Bs — —y3+ks(fis — fa1) + ke(fos — f32),

where q; and ¢; are positive constants and ki, k2, k3, k4, ks, k¢ € R are constants.

T = q1 — m1x1 + ka1 xp + koaz1 X3 — k1y1ax1x2 — ko713 x1x3,
dx

G = 2 — maXxy — kaao1xp + kaaznxs + kay1ax1x2,

dx

i = —ksaz1x3 — keazpxs + ksy13x1x3.

A simplified formula is as:

dx; _

T = 1 — miX1 +&1Xp + X3 — Y1X1X2 — Y2X1X3,

dx

GF = q2 — (m2 +a3)x2 + a4x3 + y3x1%2, (1)
X

TP = —asX3 + yax1x3,

where:
a1 = kyaoy, a2 = kaasz1, 1 = k1712, 72 = k213,
a3 = kaao1, aq = kgazz, 13 = k312,
as = ksazy +keazz, 4 = ksy13-

The stability analysis of System (1) is given in the Appendix. The results of the theoretical analysis
of the stability of System (1) indicate that the changes of the parameters in the atmosphere-soil-land
cycle system will make the system exist in different states, which shows the complexity of the
relationships among the atmosphere cycle, soil cycle and land cycle. It also shows the controllability of
the relationship, as the states of the atmosphere-soil-land cycle system can be controlled by adjusting
the parameters of the system.

In fact, based on the carbon flux relationship among the atmosphere cycle, soil cycle and land
cycle, from Figure 1 and System (1), we can obtain the equivalent form of System (1),

d

= m - mx +ax — fras(l- g2),

d

TF = 02 — woxy +azxg +ag(x3 — Ka), (2)
d

% = —was5x3 + PBax1X3.

System (1) and System (2) can both reflect the interactive relationships among the atmosphere
cycle, soil cycle and land cycle. In the evolutionary process of both systems, there are complex dynamic
characteristics existing between the variables and parameters of both systems. The dynamic evolution
characteristics of System (2) were obtained by using numerical simulation methods.

We choose a set of parameters of System (2) as follows: q; = 0.1,m; = 0.02,a7 = 0.06,
B1 =0.02,K; = 0.13,4, = 0.15,a, = 0.02,a3 = 0.02, 24 = 0.02,K, = 0.25,a5 = 0.02, B, = 0.0005; set
initial conditions as (0.5,0.2,0.08); a limit cycle can be observed in the system, as shown in Figure 2a,b.
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Let my = 0.03; fix the other parameters as the above; the orbit of the atmosphere-soil-land cycle system
is stable at the point, as shown in Figure 3a,b.

a b

008

006

Zom
2

002

o

Figure 3. Stable point of the atmosphere-soil-land cycle system.

The numerical simulation results show that there is a rather complex nonlinear relationship
among the atmosphere cycle, soil cycle and land cycle. It is closely related to the parameters in the
model. These models will appear in different values, periods and backgrounds, which will lead to the
periodically changing states (Figure 2) and the stable state (Figure 3) of the system. Therefore, for an
actual system, we can identify the states that the system will finally reach according to the range of the
parameters. If the system will be in a chaotic state, thus certain measures need to be taken to adjust the
value of the parameter, making the system remain in a steady state. If we can find the means to control
the values of the corresponding parameters according to the actual meaning of the parameters, we can
carry out an evolutionary analysis with the various effects of regulation on the state of the system.

4. Parameter Estimation Based on the Neural Network Method

The interaction of different carbon cycle is complex. We use Model (1) to describe such
relationships. Due to a large number of system parameters, we choose the neural network BP algorithm
to identify the system parameters. The BP algorithm has the advantage of low error. For convenience,
we choose Nanjing city as the object region of the empirical study. The objective is to obtain the
evaluation law of the carbon cycle system of Nanjing region.
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4.1. Discretization and Parameters Identification

Firstly, we discretize the three-dimensional regional carbon cycle system and get the differential
equations as:

x(k+1) = x(k) + T [g1 — mix(k) + ary(k) + azz(k) — y1x(k)y (k) — r2x(k)z(k), ]
y(k+1) = y(k) + T [q2 — (mp + az)y (k) 4+ asz(k) + y3x(k)y(k), ] (3)
z(k+1) = z(k) + T [—asz(k) + y4x(k)z(k), ]

The carbon emissions statistics of Nanjing city are given by Table 1. Then, we identify the
parameters of my, my, &1, &3, &3, x4, &5, Y1, Y2, v3 in Equation (3). We use data of 2000~2005 as the input
and the data of 2005~2009 as the output, then normalize the data with following formula,

_ _ Xi— Xmin
Xi=_——7>7"—,
Xmax — X¥min
where x; is the input data, xpin is the minimal value of x; and xmax is the maximal value of x;.
After normalization, we use the average value as the input and output of the neural network.

Table 1. Carbon emissions statistics of Nanjing city.

Year «x Y z

2000 1.0492 1.0009 2.0469
2001 1.0730 1.0014 2.4052
2002 1.2014 1.0010 2.9222
2003 1.4555 1.0011 29731
2004 1.7528 1.0042 3.0265
2005 2.2295 1.0058 3.0323
2006 2.4076 1.0073 2.9743
2007 2.6531 1.0095 2.9693
2008 2.6802 1.0124 2.9861
2009 29691 1.0149 1.0201

Secondly, we use an appropriate feedforward neural network, as shown in Figure 4, and set the
value of weights and thresholds as random numbers.

Figure 4. Neural network for parameter identification.

We assume | — 1 is the output layer, [ is the hidden layer, [ 4 1 is the output layer and n indicates
the ny, training. The calculation process is as follows:
(1) Feed-forward calculation:



Sustainability 2016, 8, 303 8 of 18

3
Regarding the j unit of the Iy, layer, it satisfies vé.(n) =3 w}i(n) pé‘l(n), where pg_l(n) is the
i=1

working signal sent by unit 7 of the former input layer. The action function of unit jis an S-type transfer

unction, ®(x) = ——. The output of the hidden layer is 0;(n) = ———————, which is at the same
f —L. The output of the hidden layer is o, 1+exp(17vz<n>) hich is at th
j

time input of the output layer.
The same as for the above process, the output of the output layer is yx(n) = m.
]
Substituting the result into differential Equation (3), we get the error e between result and the target
output, as well as:
d0;(n)
@)(61(m) = 5.7y = o) (1 = 0i(n)),

(2) Back-forward calculation:

For the output unit: (511.‘” (n) = e(n)oj(n)(1 —oj(n)).

For the unit of the hidden layer: §]l. (n) = ®(v;(n)) Yot (n)w,l(;rl (n).
k

The modifier formulas for weights: Awy; = ;75]14“0]-, Awj; = 175]l-pi.

The modifier formulas for thresholds: Aby; = 17(5}“, Abj; = 17(5]1., where 7 is the learning rate, Aw is
the amount of weight change and Ab is the amount of threshold change.

The flow chart for the BP neural network program, as shown in Figure 5.

The error is set less than 2 x 10~3. By multiple iterations, we get the parameters for the Nanjing
carbon cycle evolution system, which has been shown in Table 2.

Table 2. Parameters for the Nanjing carbon cycle evolution system.

a1 my q2 my &1 &2 x3 &g &5 T Y2 3 Ya
001 0729 0.01 0740 0547 0727 0.732 0533 0.006 0756 0.733 0.772 0.003

| Weights and thresholds initialization |

| Data input & layer output calculation |

| Substitute the results of output layer into equation ’

I

‘ Calculate output layer error e ‘

l

.
Y

Calculate local gradients |
—{]

Y

| Modify weights of hidden

e < permitted error l
Y | N

I If reaches training time |

Figure 5. Flow chart for the BP neural network program.
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Therefore, the evolution system is as:

dx — 0.01 — 0.729x + 0.5474y — 0.7569xy + 0.7274z — 0.7337xz,
&Y — 0.01 — 0.7405y + 0.7725xy — 0.7322y + 0.5337z, @
92 — _0.0062 + 0.0031xz.

5. Dynamics Analysis for the Nanjing Carbon Cycle Evolution System

5.1. Equilibrium Point

System (4) has the equilibrium point of O(0,0,0), S;(1.93548, —1.58818,0.06684),
51 (1.91483, —1.536597,0), S3 (0.0187334,0.0068576,0), S4 (1.935484, —1,562319,0.0470146).

(1) For equilibrium point O(0,0,0), the eigenvalues of its linear approximation system are
A =—0729 <0, Ay = —1.4727 < 0, A3 = —0.006 < 0. Therefore, System (4) is stable at O(0,0,0).
This means that the carbon flux of the atmosphere cycle, soil cycle and animals and plants’ cycle
around point (0,0, 0) is stable.

(2) For equilibrium point S; (1.93548, —1.58818,0.06684), its eigenvalues of the linear
approximation system are A; = 1.303085 > 0, A, = —0.856584 < 0, A3 = —6.07151 < 0. Thus,
S1 is unstable. This means that, around point S, the carbon flow of the atmosphere cycle is unstable,
while the carbon flow of the soil cycle and animals and plants’ cycle is stable. Therefore, part of the
system is unstable.

(3) For equilibrium point S; (1.91483, —1.536597,0), its eigenvalues of the linear approximation
system are A = 1.276837 > 0, A, = —0.836279 < 0, A3 = —6.402012 x 1075 < 0. S, is unstable. The
condition is the same as S;.

(4) For equilibrium point S3 (0.0187334,0.0068576,0), its eigenvalues of linear approximation
systemare A; = —0.73031 < 0, A, = —1.462109 < 0, A3 = —0.00594193 < 0. Sz is stable. The condition
is the same as O(0,0,0).

(5) For equilibrium point S4 (1.935484, —1.562319,0.0470146), its eigenvalues of the linear
approximation system are A; = 1.291521 > 0, A, = —0.850098 < 0,A3 = 6.294148 x 107> > 0.
S4 is unstable. This means that, around point Sy, the carbon flow of the atmosphere cycle and animals
and plants’ cycle is unstable, while the carbon flow of the soil cycle is stable.

To sum up, there are complex dynamic characteristics existing in the Nanjing carbon cycle
evolution system. There are two stable points and three unstable points in the system, and this system
will appear to have different states in different backgrounds. Therefore, we can use this system to
simulate the evolution track of the carbon cycle in Nanjing city.

5.2. Bifurcation Analysis for a Single Parameter

From Figures 6-8, it is worth noting that the red line indicates stable fixed points and the black
line indicates unstable fixed points.

10 20 a0 40 50 60 1000 2000 3000 4000 5000
«,
1 2

Figure 6. Cont.



Sustainability 2016, 8, 303 10 of 18

01 0.1
009 009
008 008
007| 007]
006 006
> 0085 > 005
004] 004
003 003
002 L 00!
001 001
% 10 20 30 40 50 60 0 10 20 30 40 50 60
0.3 (1.4
01
0.09
0.08
0.07
0.0
5 0.05
0.04
0.03
0.01
0.01
% 10 20 30 40 50 60
Oz

5

01 o1
0.09) 000
0.8, 008
007 007
0.06) 006
& 005 5 005
0.04 0.04
003 003
0.0: 0.0:
001 001
o 02 04 06 08 1 % 02 04 06 08 1
Y4 A
01 o1
0.09) 000
0.8, 008
007 007
0.06) 006
& 005 5 005
0.04 0.04
003 003
0.0 0.0:
001 001
o 02 04 06 08 1 % 02 04 06 08 1
Y3 Yy

Figure 7. Bifurcation diagram for 71, 2, 73, 7a-
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Figure 8. Bifurcation diagram for my, my, q1, qa.

To begin with the single parameter bifurcation of a#; while others keep constant, as shown in
Table 2, we find the system has a stable fixed point and an unstable fixed point when «; varies from
0-51.16. These two points converge at the point of 51.16, which means there is no fixed point when «
is larger than 51.16.

Regarding the single parameter bifurcation of a1, we find the system has a stable fixed point with
the increasing of 1, and the point is constant. This means the variation of 1 has no influence on the
fixed point of the system.

Regarding the single parameter bifurcation of ap, we find the system has a stable fixed point with
the increasing of ay, and the point is constant. This means the variation of «; has no influence on the
fixed point of the system.

Regarding the single parameter bifurcation of a3, the system has one stable fixed point. With the
increasing of a3, the point decreases slightly at the beginning and becomes stable later.

Regarding the single parameter bifurcation of ay, the system has a stable fixed point with the
increasing of a4, and the point is constant. This means the variation of a4 has no influence on the fixed
point of the system.

Regarding single parameter bifurcation of a5, the system has a stable fixed point with the
increasing of a5, and the point is constant. This means the variation of a5 has no influence on
the fixed point of the system.

Regarding the single parameter bifurcation of y;, the system has a stable fixed point with the
increasing of 71, and the point is constant. This means the variation of y; has no influence on the fixed
point of the system.
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Regarding single parameter bifurcation of ;, the system has a stable fixed point with the
increasing of 7, and the point is constant. This means the variation of v, has no influence on
the fixed point of the system.

Regarding the single parameter bifurcation of <3, the system has a stable fixed point with the
increasing of 73, and the point is constant. This means the variation of 3 has no influence on the fixed
point of the system.

Regarding the single parameter bifurcation of 74, the system has a stable fixed point and an
unstable fixed point. When 4 = 0.3203, the stable fixed point becomes unstable and the unstable fixed
point becomes stable.

Regarding the single parameter bifurcation of 11, the system has one stable fixed point. With the
increasing of m1, the value of the fixed point decreases quickly.

Regarding the single parameter bifurcation of mjy, the system has one stable fixed point. With the
increasing of my, the point decreases slightly at the beginning and becomes stable later.

Regarding the single parameter bifurcation of g, the system has one stable fixed point. With the
increasing of g1, the fixed point increases significantly at the beginning and becomes stable later.

Regarding the single parameter bifurcation of g, the system has one stable fixed point. With the
increasing of g, the fixed point increases significantly at the beginning and becomes stable later.

The above results show that the states of the Nanjing carbon cycle evolution system are closely
related to the parameters in System (4). The change of the values of some parameters, such as
&3, Y4, M1, My, q1, 42, will lead to the change of the state of the system, but some parameters, such as
«1, %, 04, &5, Y1, Y2, do not. In practice, the model parameters can correspond to the actual policy; the
evolution results of the actual system can help to investigate the influence of various regulatory policies
on the variables in the systems and to analyze the strength and weakness of these policies quantitatively.

5.3. Numeric Simulation Results and Analysis

This section simulates the carbon cycling system of Nanjing by substituting actual data in
System (4). Based on the data given in Table 1, we choose the average value of the first nine years as
the input, (X, y, z) = (0.4809, 0.343, 0.7796). As shown in Figure 9, the carbon reserve of the atmosphere
increases to a maximum value with time, then decreases to a stable level; the carbon reserve of the soil
increases to a maximum value with time and then keeps steady; and the carbon reserve of the land
cycle decreases to a minimal level and then keeps steady.
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Figure 9. Carbon evolution of the Nanjing atmosphere-soil-land cycle.
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6. Conclusions

This study focuses on the carbon evolution rule of the regional atmosphere cycle, soil cycle and
animals and plants’ cycle. Based on the characteristics of carbon activity, we established a regional
dynamic carbon cycle system, which is able to explain the evolution rule of the regional terrestrial
ecosystem carbon cycle. The dynamic performance of the system has been analyzed. At last,
in a numerical case, we have simulated the carbon cycling of the Nanjing atmosphere-soil-land
cycle. Moreover, the influence of main factors has been examined according to single parameter
bifurcation analysis.
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Appendix: System (1) Stability Analysis
(1) When g1 = g = 0, the steady-state solution satisfies the following rules:
—myx1 +a1x — Y1X1%2 + ax3 — Y2x1x3 = 0,

—MpXy + Y3X1X2 — &3X3 + agx3 =0,
Yax1x3 — &s5x3 = 0.

(i) (0,0,0) is the steady-state solution. Then, the equilibrium point is O(0,0,0).
(ii) When x3 # 0, substituting x; = f';—i into the dynamic model gives:

—MM1&5 145 205
— taixp — 7 Xy + apxz — it x3 =0,
Y4 4 4
345
—mpXy + i Xy —azxy +aygx3 =0,
which is:
Y145 Y2&5 miis
(01— —)x2 + (02 — —=—)x3 = ——(&174 — a571)%2 + (€274 — a572)X3 = myas,
Y4 Y4 Y4
Y345
(—mp + == —a3)xa + agx3 = 0,x3 = (mays — Y305 + &3774) X2
Y4 X47Y4
(@274 — a572) (M2 — w573 + 2374)
(@174 — a5y1) %2 + Xp = mias.
X474
Then, we have the steady-state solution as:
_ &5
X1 =5,
Xop = MyX40574
agva(@1va—asyr)+(a2ys—asy2) (M2 ys—asy3+azys)’
X3 = my a5 (Mo v — Y305 +0374)

ayya(a1ya—asy1) H(woys—asy2) (maya—asy3+azys)

which is the equilibrium point Sq(x11, x21, X31).
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(2) When g1 # 0 and g # 0, the steady-state solution satisfies the following rules:

g1 — mix1 +a1X2 + ax3 — y1X1X2 — r2X1x3 =0,
q2 — (mp 4+ a3)xp + a4x3 + y3x1%2 = 0,
Yax1x3 — a5x3 = 0.

(i) When x3=0, the equilibrium point is:

g1 — mix1 +a1xp — y1x1x2 =0,
g2 — (ma + a3)xp + y3x1x2 = 0.

Then, we have:

1
X12 = W(%’Ys + q271 + mymy + myaz 4 /Aq),
2myq
X =
227 mymy i —q173—q2m1— VA1
X3 = 0.

1
X13 = 5,75 (173 + G271 + mymy + myaz — /Aq),
2m1qp
mymy+miaz—q1y3—qay1+vA1’
x33 =0,

X23 =

where:
Ay = (q173 + qay1 + mama + myas)? — dmyys(arq + qimy + qra3).

The equﬂibrium pOil’lt is Sz(xlz, X272, X32), S3(X13, X23, X33).
(if) When x3 # 0, substituting x; = % into the dynamic model gives:

X14 = %,
Yoy = Yaq2 (%24 —Y205) +asya (M1 85— q174)
agva(@1va—1105)+(02v4—r205) (yama+yaaz —y3a5)
X34 = _ 92 (m274+06374*73065)(ﬂ272ﬂ5+71“474*512“274*"11“4065)'
%4 a2 (agys—7105) (o ya—72a5) (Mo yat+azys—3as)

The equilibrium point is S (x14, X24, X34).

Al. Stability of the Equilibrium Point

Regarding the steady-state solution O(0,0,0), the coefficient matrix of the linear approximation
system is given by:

—m; (1%
Jo=10 —(my+a3) ay
0 0 —«&5

The characteristic root of Jj is:

AM=—m <0,Ay = —(WZQ +a3),/\3 = —u5.

For:
a3 = k3w, a5 = ksazy + keazp.
ke > — M2
When my + o3 > 0 , which means my + kaaz >0 37 Ty .
as >0 ksaszy + kgazp > 0 ksaszy + kgazp > 0

The equilibrium point O(0,0,0) is a steady-state solution. Otherwise, it is unsteady.
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A2. Stability of the Equilibrium Point

S1(x11, %21, x31) Regarding the steady-state solution Sp(x11,x21,X31), the coefficient matrix of
linear approximation system is:

—my — Y1X21 — Y2X31 &1 — Y1X11 X — Y2X11
Ji=| 73x21 —(my +a3) +93x11 Ay
Y4X31 0 —as5 + y4X11

For the convenience of calculation, we set fixed the parameters as follows:

q1 = 0.01,my = 0.7290, alpha; = 0.5474, gamma; = 0.7569, alpha, = 0.7274, gammay = 0.7337
g2 = 0.01,my = 0.7405, gammaz = 0.7725, alphas = 0.7322,alphay = 0.5337, gammay = 0.0031
a5 = 0.006.

Then, the equilibrium point is 51 (1.93548, —1.58818, 0.066840).
The eigenvalue of [; is:

A1 =1.303085 > 0, A, = —0.856584 < 0,A3 = —6.07151 < 0
Therefore, S is an unstable saddle point.

A3. Stability of the Equilibrium Point Sy(x12, X22, X32)

Regarding the steady-state solution S;(x1p,x22,x32), the coefficient matrix of the linear
approximation system is:

—mip —Y1X22 &1 — Y1X12 Xy — Y2X12
Jo=| 732 —(ma +a3)y3x12 o4
0 0 —as5 + ya4X12

For the convenience of calculation, we set the fixed parameters as follows:

g1 = 0.01,my = 0.7290, alphay = 0.5474, gamma, = 0.7569, alphay = 0.7274, gammay = 0.7337,
g2 = 0.01,myp = 0.7405, gammaz = 0.7725, alphasz = 0.7322, alphay = 0.5337, gammay = 0.0031,
as = 0.006.

Then, the equilibrium point is S, (1.91483, —1.536597,0).
The eigenvalue of J; is:

A =1276837 >0, A, = —0.836279, Az = —6.402012 x 107°
Therefore, S is an unstable saddle point.

A4. Stability of the Equilibrium Point S3(x13, X23, X33)

Regarding the steady-state solution Sj(xi1p,x22,x32), the coefficient matrix of the linear
approximation system is:

—mi —Y1X23 &1 — Y1X13 Xy — Y2X13
Js=| 73x23 —(mz +a3) +v3x13 Ay
0 0 —&5 1 Y4X13

For the convenience of calculation, we set the fixed parameters as follows:
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g1 = 0.01,m; = 0.7290, alphay = 0.5474, gamma, = 0.7569, alphay = 0.7274, gammay = 0.7337,
g2 = 0.01,my = 0.7405, gammaz = 0.7725, alphasz = 0.7322, alphay = 0.5337, gamma, = 0.0031,
as = 0.006.

Then, the equilibrium point is 5,(1.91483, —1.536597,0).
The eigenvalue of [5 is:

A1 =—0.73031 <0, A, =-1.462109 <0, Az = —0.00594193 < 0.
Therefore, S3 is a stable point.

Ab. Stability of the Equilibrium Point Sy4(X14, X24, X34)

Regarding the steady-state solution Ss(x14,x24,X34), the coefficient matrix of the linear
approximation system is:

—Mmq — Y1X24 — Y2X34 &1 — Y1X14 X — Y2X14
Ja=| 3% —(ma +a3) +3x14 4
Y4X34 0 —05 + Y4X14

For the convenience of calculation, we set the fixed parameters as follows:

q1 = 0.01,my = 0.7290, alpha; = 0.5474, gamma; = 0.7569, alphay = 0.7274, gammay = 0.7337
g2 = 0.01,my = 0.7405, gammaz = 0.7725, alphas = 0.7322,alphay = 0.5337, gammay = 0.0031
as = 0.006.

Then, the equilibrium point is S4(1.935484, —1.562319,0.0470146).
The eigenvalue of Jy is:

AL =1291521 >0, A, = —0.850098 < 0, Az =6.294148 x 107> > 0.
Therefore, Sy is the unstable saddle point.

Ae6. Dissipation

VV = 3%114-%%22%-% = —my — 11X — Y2x3 — (M2 + a3) + Y3x1 — &5 + Y42
= — (m1+my+az+as)+ (734 74)x1 — 1102 — 72%3,

when mq + my + a3 + a5 > 0and y3 + y4 = y1 = 72 = 0, or mq + my + kzapy + ksaszg + kgazp > 0 and
kay12 +ksyiz = kiyiz = kayis =0,

or:
my + my + kaaoy + ksazy + keazp > 0,
ks _ _ 13
ks =™ m2°
ki=k =0

The system is stable.
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