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Abstract

For a comprehensive response to climate change and low carbon development mode, the 3S-based
regional terrestrial carbon cycle model in Luanhe basin is constructed in accordance with component-
based development strategy to identify carbon cycle evolution of terrestrial ecosystem under the
background of local changes, combining measured weather data, prototype observation data of soil
and plants as well as remote-sensing information in different spatial and temporal scales. The model
has the ability of describing canopy fluxes, net primary productivity, biomass allocation and turnover,
mortality, decomposition of soil organic matter and other dynamic processes. The carbon cycle evolution
in Luanhe Basin from 1995 to 2010 is simulated and analyzed. The results are shown as follows:
1) in the temporal scale, inter-annual change of leaf area index with a slight growth trend is larger
than that of net primary productivity (NVPP), ground and underground biomass and soil carbon content;
2) There are obvious regional differences in spatial view, spatial distribution of results are consistent
with those of watershed plant and soil, displaying the characteristics that the above major variables
of mountainous regions in middle-upper reaches are greater than those of grassland meadows in the
upstream and plains in the downstream.
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Introduction

Since the Industrial Revolution, emissions of carbon
dioxide, carbon monoxide and other greenhouse gases
in the environment have exploded due to the massive
burning of fossil fuels and land use changes [1-4].
This is a key factor contributing to global warming.
According to statistics, compared with the beginning
of the Industrial Revolution (1750), the concentration
of carbon monoxide in the atmosphere will increase
by 49.7% in 2021 [5]. IPCC predicts that by the end of
this century, the global average temperature will rise by
0.3-4.8°C, the sea level will rise by 0.26-0.82 m, and
the volume of glaciers will decrease by 15%-85% [6].
These changes may cause frequent extreme weather,
reduce ecosystem services and biodiversity, and directly
affect human life and the health and safety of terrestrial
ecosystems [7-9]. Therefore, reducing greenhouse gas
emissions and increasing the carbon uptake capacity
of vegetation is the key to sustainable development of
terrestrial ecosystems [10-11].

Terrestrial ecosystems are the world’s largest carbon
sink with the most complex feedback mechanisms,
offsetting more than 30% of anthropogenic carbon
emissions each year [12-13]. In order to capture and
understand the factors affecting the change of the
terrestrial ecosphere, more and more studies focus
on the terrestrial carbon cycle [14-15]. As the major
influential factor of global climate changes, carbon
cycle has turned to be one of basic material cycling for
keeping ecosystem stable and achieving the sustainable
development between economic-society and eco-
environment [16-17]. The terrestrial carbon cycle is
an extremely complex process, involving physical,
chemical and biological processes, generally directly
related to the atmosphere, vegetation, litter, soil, etc.,
and also affected by environmental parameters such
as temperature, precipitation, radiation, and land use
[18-20].

In the process of comprehensive response to global
climate changes and low carbon mode, carbon cycle
simulation technology is so significant to explore the
characteristics and trends of temporal and spatial
changes in the carbon cycle process [21-22]. At present,
the main methods commonly used to estimate the
terrestrial carbon cycle include field experiments,
remote sensing estimation and model simulation [23-
24]. Field experiments can quantify actual vegetation
in real time including long-term observation field,
natural gradient studies and small-scale control
experiment [25]. Remote sensing estimation is usually
combined with geographic information technology to
obtain various vegetation state parameters, and then
quantify large-scale vegetation carbon storage [26-27].
The carbon cycle modeling could identify continuous
dynamic evolution characteristics of carbon cycle in a
large spatial-temporal scale, and obtain the continuous
historical sequence of vegetation carbon pools (including
leaves, stems and roots), soil carbon storage/flux

and shift flux to overcome the technical limitations of
spatial and temporal scales [28-29]. For example, Liu et
al. used the Boreal Ecosystem Productivity Simulator
(BEPS) model to study the changes in China’s
ecosystem NPP from 2000 to 2010 [30]. Lindeskog et al.
estimated the carbon balance of European forests using
the Lund-Potsdam-Jena General Ecosystem Simulator
(LPJ-GUESS) model, which showed a 32% increase
in simulated total carbon from 1991 to 2015 [31]. Tong
et al. used satellite data and Lund-Potsdam-Jena (LPJ)
models to reveal that the vegetation ABC in China’s
karst areas increased by 9% after 2001 [32]. “Two pools”
were applied to global carbon cycles for simulating
carbon balance of ecosystem by Since Craig in 1950s
[33]. Multi-dimension development has been achieved
based on photosynthesis and respiration mechanism.
From the view of ecosystem type, many kinds of
carbon cycle models applicable to the terrestrial (forest,
grassland, farmland, city and etc.) and water (marine,
wetland and etc) have been researched aiming at
special characteristics of different ecosystems. Among
them, the researches on forest, grassland, marine and
wetland are more mature while in a small number city
and river. On the aspect of large scale, according to the
development of coupled carbon cycle, AGCM and water
cycle model, a considerable progress has been made in
regional and global carbon cycle mode (Fig. 1) [34-50].

China’s carbon balance forest coverage rate in
terrestrial ecosystems is 22.96%, which is an important
part of the global carbon cycle [51]. As the world’s
second economy, China has become the world’s largest
emitter of greenhouse gases, accounting for more than
27% of global greenhouse gas emissions [52]. China has
committed to reaching the peak of carbon emissions in
2030 and achieving carbon neutrality before 2060 [53].
Therefore, accurate quantification of China’s terrestrial
carbon cycle is crucial for global climate change.
Nevertheless, terrestrial carbon cycle models for plant
distribution in China are in a small number recently.
As a result, in order to slow down disadvantage effects
of climate changes on eco-environment, it is necessary
to build regional terrestrial carbon cycle model on
account of plant distribution in China from the view
of current research to understand regional ecological
evolution.

Located in an important position of regional water
resource allocation as a secondary water district of
Haihe Basin, Luanhe Basin is one of significant water
sources for strategic economic circle around Bohai Sea,
including Tianjin, Tangshan, Caofeidian and other cities.
Recently, “involved water” and “involved land” troubles
are brought by diverted ecological water and land, such
as water resource efficiency, water pollution aggravation
and water ecological degeneration, further inducing
a reduction of carbon sink [54]. To solve the above
practical problems and identify regional carbon cycle
evolution and change characteristics of key components,
on a basis of carbon balance mechanism, plant and soil
were taken as research objects in this study to construct
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Fig. 1. Research system of carbon cycle model based on biochemical process such as photosynthesis and respiration.

the 3S-based regional terrestrial carbon cycle model in
Luanhe Basin. Then, a vital technological support will
be provided for mitigating eco-environmental problems,
promoting efficient management of ecological system
and building low-carbon environment-friendly society.

Materials and Methods
Study Site

The Luanhe Basin (115°34’-119°50', 39°02'-42°43")
is located in the northeast of the North China Plain.
The main stream has a total length of 888 km and
a drainage area of 545000 km?, of which the
mountainous area accounts for 74.11% and the plain
area accounts for 25.89%. The drainage system of
Luanhe Basin consists of Luanhe and coastal rivers in
East Hebei

Regional Terrestrial Carbon Cycle Model

Based on the physical, chemical and biological
theories of Community Land Model (CLM) [56],
Dynamic Global Vegetation Model (DGVM) [57]
and the Community Land Model’s Dynamic Global
Vegetation Model (CLM-DGVM) [58], a serial process
of physics-chemistry-biology is considered as well
as the interaction among individuals in the 3S-based
regional terrestrial carbon cycle model of Luanhe Basin.
Then, dynamic phenology of different plant types can
be simulated in the study area.

Construction Strategy

Considering regional characteristics of plant types,
canopy fluxes, net primary productivity, biomass
allocation and turnover, mortality, decomposition of
soil organic matters and other processes are described
in the regional terrestrial carbon cycle model based on
dynamic physical mechanism of ecosystem.

According to the  physics-chemistry-biology
process of carbon in vegetation and soil, component-
based development strategy is developed in this model
with a number of modules. Canopy fluxes module
describes the change of energy and water fluxes,
whose brief theory is energy balance. In particular, net
radiation among the atmosphere, soil and ecosystem
involves three aspects, including surface heat flux,
latent heat flux and sensible heat flux. Interaction
between the latter two parts could directly influence
the temperature and water fluxes of soil and canopy,
and change evapotranspiration. Meanwhile, variation
of wind speed and roughness length will affect the
resistance of canopy boundary layer. Photosynthetic
active radiation, as one storage form of ecosystem
net radiation, is the major driver of producing organic
matter for other biophysical processes. All factors above
in the canopy fluxes will determine the photosynthetic
rate and biomass production. With the allometric
growth of plants, biomass increment is allocated in
a certain percentage to the leaf, sapwood, heartwood
and root respectively. The process could change some
typical plant index, such as leaf area index, foliage
projective cover, height, crown area of individual,
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Fig. 2. Drainage system and soil type of Luanhe Basin: a) drainage system; b) soil type.

which is constantly updated and become initial values
for the next time step. According to the tissue longevity,
the turnover module could represent that the amount
of living biomass enters the above and below ground
litter and the amount of sapwood turns to heartwood.
Due to the stress of surface temperature and natural
rhythm, some individuals are removed and converted
to litters. Then, litters above and below the ground are
decomposed and turn to be soil carbon in response to

microbial respiration. Details of calling sequence and
logic relationship among modules are shown in Fig. 3.

Model Structure

1) Horizontal structure

The study area is divided into square grids,
subdivided by the Mosaic Law based on plant function
types. It consists of waters, bare-land, plant area and
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Fig. 4. Plant subgroup distribution in Luanhe Basin.

permeable waters. The plant area is reconstructed in
Luanhe Basin, comprised of temperate needle-leaf
evergreen trees, temperate broadleaf deciduous trees,
boreal needle-leaf evergreen trees, boreal deciduous
trees, grasses, crops and waters (Fig. 4).

2) Vertical structure

The general vertical structure of terrestrial
ecological system is divided by atmospheric layer, plant
area (including canopy, sapwood, heartwood and root),
litter and soil layer. Carbon and energy exchanges exist
between atmosphere and plant area. Carbon dioxide in
the atmosphere could be captured in the canopy and
transformed into organic matter which is allocated
to other tissues. Withered leaves and sapwood will
become litters on surface, while undecomposed parts
and corrupted roots will reach soil layer. In surface
litter and soil layer, carbon pools are divided into two
types, i.c., the faster decomposing pool and the slower
one (Fig. 5). CO, produced by the respiration of plants
as well as soil heterotrophic respiration will be back to
the atmosphere.

Input Data and Its Processing

Major input data of RTCCM-3S could be classified
into three types, i.e., meteorological, plant and soil data
(Table 1). With the “Analysis Tools-Create Thiessen
Polygons” in the Arc-map, Thiessen polygons will
be obtained from meteorological and radioactive
monitoring sites. Subsequently, spatial distribution
of data could be available. Plant data are reclassified
to produce ASCII file by Visual Basic (VB), and leaf
arca index (LAI) and foliage projective coverage are
extracted with ENVI4.7. For soil data, it is necessary to
combine field prototype soil data with plant distribution
to produce soil data based on plant types.
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Table 1. Input data and source of the model.
Type Major data Source Description
Surface temperature
Relative humidity
. . Daily observations of
. Wind velocity . . ) meteorological stations
Meteorological . China meteorological data sharing
Atmospheric pressure
data network
Sunshine hours
Diffuse radiation Daily observations of radiation
Direct radiation on the vertical stations
Initial leaf area index ;
Remote sense uzllzﬁes lgrlom LANDSAT Extracted by ENVI 4.7
Plant data Foliage projective coverage and MODIS
Plant types China vegetation distribution map Vegetation subgroups
Soil data Soil texture Soil survey data, soil database and field | Combine current data with field
Volumetric water content prototype prototype data
Simulation of Key Processes _
A= Aasun ><Lsun + Aasha ><Lsha

1) Canopy fluxes

Eight modules are employed in the process to simulate
energy and water fluxes change between atmosphere
and soil, especially for the canopy (Table 2). Then, the
evolution of water vapor, sensible heat and latent heat
is shown in vegetation covered area on the basis of
canopy energy balance mechanism. Taking the canopy
flux as the driving and basic process, photosynthesis,
respiration, net primary productivity, biomass allocation
and turnover, mortality, decomposition and other process
are improved, and details are as followed.

2) Photosynthesis

Photosynthesis rate is comprehensively influenced
by factors, including the storage of Ribulose
Diphosphatecarboxylase (RuBP), rate of energy
transferring and the export limited rate of carboxylation.

Carboxylation rate of RuBP (W) is described as
the storage of RuBP, which could represent actual and
potential (V ., V pw) as the comprehensive function
about temperature and water content. Then, actual and
potential photosynthesis (W, ch) could be obtained.
The light-limited rate (Wj) becomes the comprehensive
function of photosynthesis active radiation (¢) and the
capacity of light transferred. With the sunlit and shaded
leaf area index (L, L, ), Wj of them will be derived
respectively. The export rate of productivity (W) could
be characterized by the empirical function of maximum
carboxylation rate. Its derivation of specific parameters
is the same to CLM-DGVM.

In the model, minimum value among W, Wj and
W, is selected as photosynthesis rates [59-60]. On the
basis of current theory and mechanism above, the
photosynthesis of sunlit and shaded leaves (4, , @)
is added into this process to derive total photosynthesis
rate with their leaf area indexes.

M

According to the formula of photosynthesis process,
the mole number of O, production is equal to that of
CO, consumption. Then, oxygen productivity will be
derived.

3) Autotrophic respiration

The energy from autotrophic respiration is supplied
to the growth of leaf, sapwood, heartwood and root.
The respiration (R) can be divided into two parts:
growth and maintenance respiration (Rg, R).

R, =R +R, @
R,=025(4-R,) 3)
R,=> R.. “

Ry = ’”'k%‘p'g(”% 5)

where R (umol ., /m*s) is the growth respiration rate of
vegetation; R (,umolcoz/mzs) is the sum of maintenance
respiration rate of tissue (R, ), including the leaf,
sapwood and root; r(gC/gN) is the subordinate index
of respiration (Table 3); k represents 6.34x107s7! as
a constant of rate; P is the number of individuals
per grid; ¢ is a conversion coefficient between
carbon content (g) and biomass (ug), valued at 0.5;
28.5 (ugumol) is a CO, — biomass conversion
coefficient; FPC represents the foliage projective cover;
C,.. is the carbon content of organ (g); cn,  (gC/gN)

tisue

is the mass ratios equal to 29, 330, and 29 respectively.
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Table 2. Major process and mechanism of canopy fluxes.

Major processes Mechanism
On account of canopy energy balance, calculate (1) sensible heat, latent heat and monument
Biogeophysics roughness index of the surface and plant; (2) diffuse radiation fluxes of the surface and plant;

(3) humidity of the surface

Temperature and pressure

Describe responses of pressure and relative humidity to the temperature

derivation
Monin ObuklIni Calculate Monin-Obukhov length and wind velocity in stability based on Monin-Obukhov theory
Friction Velocity Describe the profile of wind velocity, temperature and humidity on the surface

Fraction wetdry

Calculate the proportions of dry and wet leaves

Engergy transfer

Simulate energy transferring in the canopy with the two-stream method

Surface Radiation

Calculate absorbed radiation by the plant and surface as well as photosynthesis active radiation of
sunlit and shaded leaf on account of energy balance rule

Canopy flux

Calculate aero-dynamical resistance, temperature, humidity and leaf boundary impedance to
describe energy and water vapor flux among atmosphere, canopy air area, foliage and ground.

g(T) is a function of temperature:

308.56(————————)
56.02 1,,-227.13

g(l)=e 6)

where ¢ is the temperature of rhizospheric area.
4) Net primary productivity (NPP)

Dry biomass increment (Am) is set as photosynthesis
rate minus respiration one for calculating net primary
productivity (NPP, KgC/m?). Due to the sunshine hour
as the important factor of daily photosynthesis, it is
added to the derivation for improving the calculation
method.

Am = 28.5(A—h><A —R,)x86400
24 (7)

NPP = Amx0.5x10° @®)

where A/ is the sunshine hour per grid; 28.5 (u/umol)
is a CO, — biomass conversion factor; 0.5x10° is the
conversion coefficient from biomass to carbon content
(1g/g)-
5) Allocation

Based on the allocation process in CLM-DGVM,
this model is determined assuming three basic
allometric relationships, i.e., “pipe model” theory, the
proportional relationship between leaf and root mass
and that between height and top crown area [61-64],
to allocate biomass to tree leaves, sapwood, and roots
Cogp Copr Co

Firstly, it is assumed that the biomass increment is
only allocated between leaf and root:

Am=AC,, +AC

Biomass increment: root ©)

k

ASSuming: Imtorm = lrmax w (]0)

Then A(:'root = (Cleaf + ACleaf) / klmtorm - Croot (11)

Biomass increment of the leaf:

A Cl — Am - Cleaf / klmtorm + Croot

“ 1 + 1 / klmtorm (12)

where k, . represents the ratio of leaf mass to root
mass; [r, , is the ratio of leaf mass to root mass without
soil water content constraint (Table 3); o is the ratio of
actual photosynthesis to potential one during 10d.

On account of three hypotheses and assumptions
above, the function of leaf biomass increment will be
obtained with related parameters, such as wood density,
volume and diameter of the stem. AC,,, is set as the
argument and f(AC,mf) as the dependent variable. AC Leaf
could be solved with Bisection method to update leaf

biomass.

f ( A C/M ) - ka”m‘.zm . Csapwoud + Am - Aclea - (Clea/1+ Aclea/ ) / k[mwrm t Cmot t Chearf
-1
4

(G A )k 1Co

+
Imtorm roof ] 2k

allom3

-C

sapwood

+Am-AC,, -
(Cleﬂf + Acleﬂf ) ' SLA ' p woddens /kl

atosa

(13)
where allometric parameter ko = 40, k= 0.5

K. 18 the ratio of leaf area to sapwood cross-sectional
area, valued at 8,000; IT = 3.14159; SLA (m?*/g) is specific
leaf area; p (g/m?) is the wood density, valued at
2.0x10°.

The calculation equation of SLA4 [55-66] is shown as
follows:

woddens

6.15
e

SLA=2x10" —
(1 2aleaf)0.46

(14)
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Table 3. Parameters dependent on plant function types.
Temperate Temperate Boreal needle-
Parameters Unit needle-leaf broadleaf leaf evergreen | Grasses Crops
evergreen tree | deciduous tree tree
Subordinate index of respiration (r) gClgN 1.2 1.2 0.6 0.6 0.6
Lifespan of leaf (/t_Ilon) yr 2 1 2 1 1
Lifespan of sapwood (st_lon) yr 20 20 20 1 1
Lifespan of root (7¢_lon) yr 2 2 2 2 2
Transferred in((;::a(:)f leaf and root i 1 1 ! 0.75 075
Live leaf Lifespan (a,,, /) yr 2 0.5 2 1 1
Maximum mortality (k, ) /yr 1 1 3 - -
Turnover index of leaf (turnpl) - 25 185 51.5 285 1100
Turnover index of sapwood (turnps) - 25 82.5 50 285 1100
Turnover index of root (turnp) - 25 42.5 50 - 1100
Aj&iﬁ;ﬂgggﬁ"@ﬁ;’ﬂ - 1.75 32 1.75 1.88 0.8

where a,,, represents the live leaf lifespan (Table 3).
6) Turnover

According to the lifespan of leaf, sapwood and root
in different plant function types, total carbon fixation
from above litter to the below could be derived as well
as total biomass from sapwood to heartwood. The total
turnover biomass (AC, ) is calculated as follows:

AC’turn = z Ctissue f;issue (1 5 )

where . represents the number of carbon turnover
in tissues, or the inverse of tissue lifespan, i.e., /t lon,
st_lon and rt_lon (Table 3).

With the decrease of tissue turnover, C, ~— will

also be changed, of which the derivation is shown as
followed:

Aleea = C]eqfﬁeaf /turnpl (16)

ACvsapwood = Csapwaodf:mpwood/ turnps (17)

AC

root

= Cmotj;(mt / turnpr (1 8)

Because the simulation time is 10d, it is required
to adjust the turnover index, including those of leaf,
sapwood and root (turn , turn, and turn,) (Table 3).

The sapwood (C,prone) turns into the heartwood
) while leaves and roots change into the surface

CL’lzg):

«©

heatrwoo,

and subsurface litters (G

AC,

eartwood — Csapwood f;apwood (19)

AC, .. =CrostfreaP (20)

A(:'L,bg = Croolf;oorP (2])

7) Recruitment of new individuals

On the recruitment of new individuals, two methods
are applied for the natural and artificial plant. Confined
by the environment and resources, the natural growth
trend of plant population is often accordance with
the logistic growth parabola. So, Logistics Model is
applied in the model for the evolution of natural species
richness. Then, the number could be derived. However,
affected by human being activities, artificial forest and
crops are increasing while the natural plants decreasing
in Luanhe basin. As a result, with the local forest and
land use information, the individual number per square
meter of different plant types could be updated for
several years.

8) Mortality

In the light of growth mechanisms of different
plants, the defoliation is generalized as the forced
process except for evergreen in this model. It is
indicated that all leaf biomass is shifted to the carbon
pool above litter in a certain month (Table 4).

During the process, the total mortality (mort) refers
to the sum of natural and heat-stress one (mortmﬂ,,
mort,, ) as a comprehensive function of 10-day growing
degree days, asymptotic maximum mortality rate (k, )
and growth efficiency (k, ), related to carbon-turnover
flux. Then, the population in the grid will be updated:

P=P—P- -mort (22)
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Table 4. Defoliation time of deciduous plants.

Plant types Initial time

Temperate broadleaf deciduous tree December
Boreal deciduous November

Grasses November

Crops November

9) Decomposition

Litters are decomposed into organic matters by
themselves and soil heterotrophic respiration. It is
assumed that there are carbon pools for fast and
slow decomposition, of which the rate is influenced
by soil temperature, water content and time. The
70% decomposed carbon flux will be released into
atmosphere while others will stay in the soil; The 98.5%
of the latter will reach pools with fast decomposition
while others in slow pools [67]. Thus, the total carbon
flux from soil to atmosphere will be obtained to update
fast and slow soil carbon pool as well as heterotrophic
respiration.

Because the temperature and humidity are
significant factors of litters and soil carbon pools,
it is necessary to identify their efficient coefficient
w .. T,6) to update decomposition parameters of
litters and fast/slow carbon pool. The calculated process
is the same to CLM-DGVM, so it is no need to discuss
details.

Decomposed index of litters:

k,=0.5XT ,  XW . XAdXsolk

(23)
Decomposed index of fast pool:
k, . =0.03xT  xW XAdXsolk
_f _res _res (24)
Decomposed index of slow pool:
k, ,=0.001XT ,  xW , XAdXsolk 29)

where Ad is the simulated time step, set as 10d.
Carbon content in litters and soil carbon pool is
calculated by attenuation equation as follows:

C=Cy(1-¢e™) 26)

where C represents the carbon content; C, is the initial
value; k is the decomposed index; the decomposition
adjustment coefficient of soil (solk) is added because of
the soil-decomposition heterogeneity for different plants
(Table 3).

If C, in Equation (26) is replaced by the initial carbon
content of litters, fast and slow soil pools respectively,
the updated carbon content in the corresponding pools
can be obtained by substituting Equation (23), (24) and
(25) in Equation (26).

Comparison

Because of the large spatial scale, different
ecosystems and the whole basin with the average leaf
area index are variable, constrained by the distribution
and spatial-temporal discontinuity. The sequential field
data for the whole basin is so absent that it is necessary
to compare LAI from the remote-sensing images with
simulated value. For Luanhe Basin, coupled with
topography and plant distribution, the comparison is
implemented with the strategy on combination of whole
basin and typical regions.

1) The whole basin

Annual LAI is derived from the remote-sensing
images of MODIS in 2005, 2006 and 2010 on the
International Scientific Data Service Platform to
compare with the simulated results, of which the
resolution is 500 mx500 m after interpolation. Results
show that the relative error between both results in
2005 and 2006 is 36% and 32% respectively, but that in
2010 is slightly greater as about 39%. Owing to spatial
heterogeneity reduced by average verification of the
whole basin, the representativeness is not convinced
completely. As a result, comparison of typical regions
is required.

2) Typical regions

The highland meadows in upper reaches,
mountainous forests in middle reaches and farmland on
the plain in lower reaches were selected for comparison
of typical regions. To meet the accuracy for typical
regions, LAl with 30 mx30 m is implemented from
LANDSAT-5 remote sensing. In general, results of
typical regions are relatively fine except for those of
farmland in lower reaches in September 2005 (Table 5,
Fig. 6). It is required that the simulation of cultivated
plant should be improved especially for economic and
field crops because of lower reaches occupied by tilled
land and tidal flat.

Sensitivity Analysis

The terrestrial carbon cycle model is a simple and
abstract generalization on the evolution and status
changes in multiple spatial-temporal scale of plant, soil
and other research objects in ecology. As a result, the
uncertainty will be produced, i.e., the deviation between
simulation and real value. Meanwhile, any model is
unable to suit regions with different spatial and temporal
scales. Thus, partial input parameters should be adjusted
on account of research scale. Currently, the input data
of carbon cycle model consists of meteorological,
soil and plant data, derived from monitoring station,
remote-sensing images and field experiment. Due
to its diversity, a sensitivity analysis on input data
is required to identify influences of input data on the
results quantitatively. In the model, input parameters
with influences on results are mainly involved with leaf
area index, foliage projective coverage, direct radiation,
diffuse radiation, atmospheric pressure, surface



3730

QOinT, et al.

Table 5. Compared results on LAI in typical regions of Luanhe Basin.

Date Location Average of remote sense Average of simulated results Relative errors (%)
1995/9/20 Mid-lower reaches 3.16 2.63 16.77%
2005/9/10 Lower reaches 3.81 5.41 41.99%
2006/7/21 Middle reaches 5.8 4.07 29.83%
2007/6/10 Upper reaches 1.56 1.73 10.90%

(e)

()

Middle reaches

Middle-lower reaches

Fig. 6. Comparison figure on LAI simulation and remote-sensing retrieval in upper reaches, middle reaches, middle-lower reaches and
lower reaches: a) simulated results; b) remote-sensing extraction; c¢) location in the basin.

temperature, wind velocity, actual sunshine hours,
humidity and volumetric water content of soil. Net
primary productivity and leaf area index are selected
as the verified parameters, because micro-process
on stoma (including photosynthesis and respiration)
and macro-process on vegetation succession could be
characterized by the both respectively. Those input
values are increased or decreased by 10% to test the
sensitivity of the model, the maximum of which will be
the result in the process.

IC = max [[C+10%,1C_10%]

@7
res g, —res
IC+10% — loox | +10% no
res,, (28)
res_ .y, —res
IC ,, = 100X|—1M—"O
res,, 29)

where IC,, and IC , (%) represent the change
amplitude of output results when input values are
increased or decreased by 10% respectively; res, .
and res , represent output results when input values
are increased or decreased by 10% respectively; res,
represents output results without changes.

In general, surface humidity becomes the most
influential input parameter of RTCCM-3S in Luanhe
Basin, of which NPP and LAI change by more than
30%. For NPP, surface humidity, atmospheric pressure
and diffuse radiation seem to be the most major
factors causing the results changing by more than
10%. The two former ones are relative with the leaf
stoma behavior and the latter could influence the light-
limited rate. Actual sunshine hours, direct radiation and
initial LAI lead to results changing by 5%-10%. Initial
foliage projective cover and volumetric water content of
soil cause changes by 1%-2%. Wind velocity has little
influence with the change amplitude only at 0.08%.
For LAI, surface humidity and atmospheric pressure are



A 3§-based Regional Terrestrial Carbon Cycle...

3731

Table 6. Results on sensitivity analysis of RTCCM-3S in Luanhe
Basin.

Input parameter Amplitude | Amplitude
of NPP (%) | of LAI (%)
Initial LAI 6.74 6.11
Initial foliage Projective cover 1.42 7.38
Diffuse radiation 15.25 7.38
Direct radiation 8.68 431
Atmospheric pressure 20.63 10.07
Surface temperature 11.11 6.47
Wind velocity 0.08 0.00
Actual sunshine hours 8.71 4.28
Surface humidity 57.64 32.81
Volumetric soil water content 1.13 0.52

the most major input values causing the results changing
by more than 10%. Changes are not prominent because
of wvariation in diffuse and direct radiation, initial
foliage projective cover, initial LAI, surface temperature
and actual sunshine hours. Those in volumetric water
content of soil and wind speed have little influence on
the results (Table 6).

Results

In the view of carbon cycle mechanism, NPP, LAI,
surface and subsurface biomass, carbon content of the
soil are chosen to analyze and discuss the regional
carbon cycle evolution. The initial year of simulation
is 1992. The results of the first three years are not
considered in results and discussions, because it is the
warm-up period.

Net Primary Productivity (NPP)

Annual NPP in Luanhe Basin from 1995 to 2010
was about 0.18 KgC/m?. Its inter-annual change showed
a minor fluctuation with an insignificant increase
(Fig. 7a). Compared with 1995, it grew by 20.67%.
In terms of spatial distribution, NPP shows obvious
regional differences (Fig. 7b). In the whole basin,
the high values were concentrated at the mountains
in middle-upper reaches and the plains in the lower
reaches, the NPP reaches a maximum of 2.22 KgC/m?.
In this area, the artificial vegetation cover showed
a higher degree than in the grasses and coastal beaches.

Leaf Area Index (LAI)

Annual LAI in Luanhe Basin from 1995 to 2010
was 1.45, of which inter-annual change showed a certain
fluctuation with a minor “jumped” increase, but not
significant. Compared with 1995, LAI in 2010 increased
by 5.8% (Fig. 8a). The spatial distribution characteristics
of LAI are similar to those of NPP because it was
influenced by initial value and NPP greatly (Fig. 8b).
In the view of whole basin, high-value zones occurred
in the regions with higher degree of vegetation cover.

Carbon Content in Surface and Subsurface Litters

Annual carbon content in surface and subsurface
litter per area during 1995-2010 was 0.1458 g/m? and
0.0056 g/m? respectively, with no significant change
trend. Compared with 1995, the former decreased
by 4.17% while the latter increased by 1.28% in 2010
(Fig. 9(a, b)). It was indicated that the carbon in surface
litter was transferred to subsurface continuously.
However, the effect was not obvious because of limited
temporal scale. In the view of spatial distribution in the
whole basin, carbon contents in surface and subsurface
litters shows obvious regional differences, carbon

025 ¢
023 p y =0.0007x +0.177
%
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Fig. 7. Evolution and spatial distribution of annual NPP per during 1995-2010: a) evolution; b) spatial distribution.
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Fig. 8. Inter-annual evolution and spatial distribution of LAI during 1995-2010: a) inter-annual evolution; b) spatial distribution.
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Fig. 9. Annual carbon content and spatial distribution in surface litters and subsurface litters during 1995-2010: a) annual carbon content
in surface litters; b) spatial distribution in surface litters; ¢) annual carbon content in subsurface litters; d) spatial distribution in subsurface

litters.

contents in surface and subsurface litters of middle-
upper reaches were larger than those in other regions

(Fig. 9(c,d)). However,

carbon content was lower in

lower reaches dominated by artificial plant cover,
mainly due to the disturbance of human activities on
the natural succession of ecosystem.

Soil Carbon Content

Daily carbon content per soil area in Luanhe Basin

during 1995-2010 was about 0.0115 g/m? without
prominent inter-annual changes. Compared with 1995,
it was decreased by 4.8% (Fig. 10a). In the whole basin,
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Fig. 10. Daily carbon content and spatial distribution of annual carbon content of soil during 1995-2010: a) daily carbon content; b)

spatial distribution of annual carbon content (KgC).

its spatial distribution indicated that the carbon content
was higher in middle-upper reaches, it shows obvious
regional differences (Fig. 10b). There existed “patchy”
high-value areas in low-value zones of lower reaches.
The soil carbon content in the upstream low-value area
is higher than that in the surface and subsurface litters.
It is also reflected that cultivation, urbanization and
other human activities have influences on plants and
soil in the ecosystem.

Discussion

Analysis about the Change of NPP and LAI

The NPP and LAI in the Luanhe River Basin show
significant zonal characteristics, and related studies have
shown that meteorological and topographical factors
are the key factors affecting them [68]. Meteorological
factors act on plant growth and distribution through
temperature changes and precipitation mechanisms,
affecting plant photosynthesis and respiration to change
vegetation NPP and LAI [69-70]. Liu et al. found that the
joint effect of air temperature and precipitation on NPP
and LAI was 25.13% higher than the individual effect
[71]. Differences in hydrothermal and soil conditions at
different elevations affect regional vegetation patterns,
which in turn cause changes in vegetation NPP and
LAI [72]. This study found that the NPP and LAI
values were greater within the altitude range of 200
m-1200 m than those at altitudes higher than 1200m
or less than 200 m. The altitude range of 200-1200 m
is located in the middle reaches of the Luanhe Basin,
which belongs to the Beijing-Tianjin Water Containment
Ecological Function Protection Zone [73]. The land
cover in this area is mostly forest, and the NPP and
LALI are fluctuating and slowly decreasing. The altitude
higher than 1200m is the mountainous area in the

upper reaches of the watershed, and the main types are
meadow and cultivated land. The ecological sensitivity
and vulnerability of this area are high due to soil
sanding problems caused by overgrazing, and NPP and
LAI decrease rapidly with the increase of altitude [74].
In addition, various input parameters of the model
have a significant impact on NPP and LAI, such as
vegetation type parameters, soil parameters, and crop
anisotropic growth parameters [75]. Due to the surface
temperature, humidity, soil types and other factors,
different ecological changes will come up in different
geographic areas with the same plant type on which the
same parameters are employed, e.g. intra- and inter-
annual evolution of temperate broadleaf deciduous trees
in the mountainous area is different from ones in the
plain [76]. As a result, plant types and its key model
parameters should be detailed to expand application.
Meanwhile, input data involved with soil are only
“static” values, such as volumetric soil water content,
porosity and other textural characteristics, which should
be updated seasonally and annually. Because of the
space-time distribution of water resources, especially
for the precipitation and water usage from the surface
and subsurface, soil water content could be one of the
most sensitive values for the evapotranspiration, which
will have an indirect effect on the NPP and LAI with
stomata action [77]. In a word, input data of soil will
be dynamic if measurement results are derived. In
the Luanhe Basin, growth process and distribution of
grasses and artificial crops are disturbed by human-
being activity. It is necessary to improve biomass
increment allocation of grasses and artificial crops.
Detailed classification is required for the latter because
it involves with fruit trees, the corn, winter wheat
and others. Some relative biological properties and
phonological characteristics of them are diverse, such as
the average height, the maximum apical cap, leaf length
and defoliation time. All values above play major roles
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in the allometric process. It is necessary to increase
NPP and LAI of the grass according to adjusting the
key allometric parameters with recent distribution [78].

Analysis about the Change of Carbon Content

This study found that the carbon in the surface litter
in the Luanhe Basin was continuously transferred the
subsurface litter, but the soil carbon content showed
a decreasing trend. In terms of spatial distribution,
the characteristics of both are similar to those of the
NPP and LAI, and both show significant regional
differences. Litters is the main source of soil carbon,
and it can regulate the dynamic balance of soil
carbon content [79]. The altitude range of 200-1200 m
is the forest zone with good vegetation coverage.
Vegetation litter mainly accumulates on the soil
surface. Environmental factors such as temperature
and humidity on the soil surface will accelerate the
decomposition of litter. Decomposition products first
accumulate on the surface. With the accumulation of
humus, the decomposition products are transported to
the deep soil, forming the phenomenon that the carbon
in the surface litter is continuously transferred to the
subsurface litter [80-81]. In the meadow areca with
altitude higher than 1200 m, 92% of the organic matter
in the grassland will be distributed to the underground
roots through photosynthesis [26, 82]. In addition,
herbs are basically annuals, and a large number of
roots died in that year and entered the carbon cycle,
thereby increasing soil carbon content [82]. In this
paper, the soil carbon content in this area is higher
than that in the surface and subsurface litters.
The downstream plain areas with altitude less than
200 m are mostly cultivated land and construction land
types with high degree of human activities, resulting
in lower carbon content in surface and subsurface
litters. The difference is that there are “patches” high
value areas of soil carbon content in the region. This
phenomenon arises from the different farming methods
on the cultivated land. Adopting no-till will increase
the soil carbon content by increasing the protection of
soil aggregates and delaying the rate of organic matter
decomposition. In contrast, long-term conventional
tillage breaks the good soil structure, organic carbon
is exposed to air without protection, the rate of
mineralization is accelerated, and soil carbon content is
reduced [83]

Conclusions

The 3S-based regional terrestrial carbon cycle
model in Luanhe Basin is constructed with component-
based development strategy to simulate and identify
carbon cycle evolution of terrestrial ecosystems during
1995-2010, combining measured weather data,
prototype observation data of soil and plants as well
as remote-sensing information in different spatial and

temporal scales. The model has the ability of describing
canopy fluxes, net primary productivity, biomass
allocation and turnover, mortality, decomposition of soil
organic matter and other dynamic processes. It adds the
recruitment of new individuals and forced defoliation
process. The main conclusions are as follows:

1) The sequential field data for the whole basin
is so absent that it is necessary to compare LAI from
the remote-sensing images with simulated value for the
whole area and typical district. Results indicate that
relative errors are less than 40% in Luanhe Basin.

2)  To identify effects of input data on simulated
results, a sensitivity analysis is implemented. It is
shown that the most influential input parameter is
surface humidity, and the change amplitudes of NPP
and LAI are up to 30% above, followed by atmospheric
pressure and diffuse radiation with change amplitudes
greater than 10%.

3) The carbon cycle evolution in Luanhe Basin
from 1995 to 2010 is simulated and analyzed and the
rules are shown as followed. In the temporal scale, the
inter-annual change of LAI with a slight growth trend
is larger than that of NPP, carbon content in surface
and subsurface litters, soil carbon content. There are
obvious regional differences in spatial view. The spatial
distribution of results are consistent with watershed
plant and soil, displaying the characteristics that
the above major variables in mountainous regions of
upper and middle reaches are greater than those of
grassland meadows in upper reaches and plains in lower
reaches.

In the future, field experiment should be done
for the verification. There are three major reasons
for field experiment in the future. On one hand, The
sequential field data for all plant function types in
different geographical areas of the basin is need for
the verification to improve simulated accuracy of the
model, including the LAI and biomass of tissues(leaf,
sapwood, heartwood and root). On the other hand, key
parameters of plant function types on the process of
allometry and mortality should be adjusted by the long-
term field data. Finally, under the ground of climate
changes, it is helpful to identify the driving mechanism
of carbon cycle.

The model is not only helpful to understand spatial-
temporal evolution of terrestrial ecosystem, but also
will become one of key technologies on comprehensive
response to global climate changes, migrating regional
effects of eco-environmental problems and constructing
low-carbon and environment-friendly society.
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