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ABSTRACT

Earth System Models (ESMs) are fundamental tools for understanding climate-carbon feedback. An ESM
version of the Flexible Global Ocean–Atmosphere–Land System model (FGOALS) was recently developed
within the IPCC AR5 Coupled Model Intercomparison Project Phase 5 (CMIP5) modeling framework, and
we describe the development of this model through the coupling of a dynamic global vegetation and terrestrial
carbon model with FGOALS-s2. The performance of the coupled model is evaluated as follows.

The simulated global total terrestrial gross primary production (GPP) is 124.4 PgC yr−1 and net pri-
mary production (NPP) is 50.9 PgC yr−1. The entire terrestrial carbon pools contain about 2009.9 PgC,
comprising 628.2 PgC and 1381.6 PgC in vegetation and soil pools, respectively. Spatially, in the tropics,
the seasonal cycle of NPP and net ecosystem production (NEP) exhibits a dipole mode across the equator
due to migration of the monsoon rainbelt, while the seasonal cycle is not so significant in Leaf Area Index
(LAI). In the subtropics, especially in the East Asian monsoon region, the seasonal cycle is obvious due
to changes in temperature and precipitation from boreal winter to summer. Vegetation productivity in the
northern mid-high latitudes is too low, possibly due to low soil moisture there.

On the interannual timescale, the terrestrial ecosystem shows a strong response to ENSO. The model-
simulated Niño3.4 index and total terrestrial NEP are both characterized by a broad spectral peak in the
range of 2–7 years. Further analysis indicates their correlation coefficient reaches −0.7 when NEP lags the
Niño3.4 index for about 1–2 months.
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1. Introduction

Anthropogenic CO2 emissions from activities such
as fossil fuel combustion may lead to major climate

change in the coming century. However, the responses
and feedback of terrestrial ecosystems and oceans to
elevated atmospheric CO2 concentrations and con-
comitant climatic changes remain highly uncertain
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(Friedlingstein et al., 2006; Denman et al., 2007).
To date, fully coupled carbon/climate models have
proved to be useful tools in uncovering background
scientific implications and providing valuable refer-
ence estimates of feedback strength. Therefore, look-
ing ahead, the development of state-of-the-art Earth
System Models (ESMs) has become a major goal for
model development teams within the atmospheric sci-
ence community.

The carbon cycle was first researched by means of
in situ observations. Long-term observations of atmo-
spheric CO2 concentrations began in 1958 at Mauna
Loa, Hawaii. However, with the emergence of dynamic
vegetation models in the mid-1990s, such as land–
atmosphere interaction model (AVIM; Ji, 1995), Inte-
grated Biosphere Simulator (IBIS; Foley et al., 1996),
Vegetation Continuous Description model (VECODE;
Brovkin et al., 1997) and Top-down Representation
of Interactive Foliage and Flora Including Dynamics
(TRIFFID; Cox, 2001), scientists began to further re-
search the feedback between the carbon cycle and cli-
mate change with fully coupled carbon/climate mod-
els that simultaneously included Dynamic Global Veg-
etation Models (DGVMs) and ocean biogeochemical
processes. For instance, Cox et al. (2000) found that
carbon cycle feedback could accelerate global warm-
ing, and although such positive feedback between the
carbon cycle and global warming was frustrating, it
was further confirmed by Dufresne et al. (2002) and
Zeng et al. (2004) with their own earth system models.
Friedlingstein et al. (2006) demonstrated that there
was consensus among eleven models participating in
the Coupled Carbon Cycle Climate Model Intercom-
parison Project (C4MIP), that future climate change
will weaken the ability of land and oceans to absorb
anthropogenic CO2. However, the magnitude of the
positive feedback between the carbon cycle and cli-
mate remains largely uncertain with regard to the dis-
crepancies among different models. In short, just as
Heimann and Reichstein (2008) pointed out, current
experiments have given us ambiguous results and have
not provided us with definite conclusions.

At the State Key Laboratory of Numerical Mod-
eling for Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG), Institute of Atmospheric Physics
(IAP), a first generation air–sea coupled model, named
the Global Ocean Atmosphere Land System (GOALS),
was released at the end of the 20th century when it
participated in the third IPCC Assessment Report
(Zhang et al., 2000). In 2004, GOALS was updated
to the Flexible Global Ocean–Atmosphere–Land Sys-
tem (FGOALS-s1) model, which was driven by a flux
coupler (Bao et al., 2006), and was then followed by
a modified version, FGOALS-s1.1 (Bao et al., 2010).

However, none of these versions included any bio-
geochemical modules, and it is therefore urgent for
the model community to develop an ESM version of
FGOALS.

Considering the already reported strong perfor-
mance of VEGAS (Vegetation–Global–Atmosphere–
Soil), a dynamic global vegetation and terrestrial car-
bon model, in an ESM model (Zeng et al., 2004),
we coupled version 2.0 of this model (VEGAS2.0)
to FGOALS-s2 as a terrestrial ecosystem and car-
bon cycle component, to create an ESM version of
FGOALS (hereafter ESM FGOALS-s2). VEGAS2.0
took the place of the Community Land Model’s Dy-
namic Global Vegetation Model (CLM3.0-DGVM),
which does not support fully coupled carbon simula-
tions (Levis et al., 2004). In this context, we report
results from an offline and coupled run of the coupled
model as follows. Section 2 presents a description of
the model, as well as the implementation of the cou-
pling. Section 3 describes the datasets used and the
experimental design. The performance of the DGVM
in ESM FGOALS-s2 is discussed in section 4. And
finally, we present further discussion and draw conclu-
sions from the study in sections 5 and 6, respectively.

2. The models and their coupling process

The physical climate model used was the Flexi-
ble Global Ocean–Atmosphere–Land System, Spectral
Version 2 (FGOALS-s2) (Bao et al., 2012), which com-
prises the Spectral Atmospheric Model of IAP LASG
(SAMIL) and LASG IAP Common Ocean Model (LI-
COM). The sea-ice component of FGOALS-s2 is ver-
sion 5 of the CCSM sea ice model (CSIM5) (Collins
et al., 2006), the land component is CLM3.0 (Oleson
et al., 2004), and the coupler used to drive the four
major components is the sixth version of the National
Center for Atmospheric Research (NCAR) flux coupler
(Collins et al., 2006).

The dynamic global vegetation model used was the
second version of VEGAS (VEGAS2.0; Zeng, 2003;
Zeng et al., 2004, 2005). This model is able to simulate
the spatial and temporal evolution of terrestrial vege-
tation and contains five plant functional types (PFTs):
needleleaf trees, broadleaf trees, C3 grass, C4 grass,
and crop. It also includes independent modules for
land-use and fire. Considering the inconsistencies of
the forms of the land-use datasets between VEGAS2.0
and CLM3.0, we switched off the land-use module and
the crop PFT. We also turned off the fire module, but
will include this in future work. Competition, the de-
termination of the fractional cover among the different
PFTs, is under the control of the climatic constraints
and resource allocations within the model. The total
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terrestrial carbon pools consist of vegetation and soil
pools, with the former being further divided into leaf,
sapwood, heartwood, coarse root, and fine root, while
the latter consists of metabolic, structural, fast soil,
medium soil, and slow soil pools.

To a large extent, the performance of VEGAS2.0
is determined by the climatic fields. It treats eight
variables as the forcing fields: the surface soil layer
temperature (Tsm, which is averaged from the first to
the third layer in CLM3.0); the second soil layer tem-
perature (Ts2m, which is averaged from the fourth
to the tenth layer); bottom air temperature (Tairsm);
soil relative moisture (Swetm); surface layer soil rel-
ative moisture (Swet1m); downward solar radiation
(FSWdm); runoff (Runfm); and CO2 concentration
(CO2atmov), obtained from CLM3.0. The coupling
frequency between VEGAS2.0 and CLM3.0 is one day.
Considering the unmatched PFTs between VEGAS2.0
and CLM3.0, we placed VEGAS2.0 on the grid level
of CLM3.0. VEGAS2.0 only feeds CO2 flux back to
the atmospheric model. In view of the mismatches
between the simulated leaf area index (LAI) by VE-
GAS2.0 and satellite-based LAI used in CLM3.0, the
LAI and stem area index (SAI), affecting the surface
albedo’s calculation on land, do not get returned to
CLM3.0.

3. Reference datasets and experimental de-
sign

The observational datasets used to evaluate the
model’s results included air temperature, precipita-
tion, LAI, and soil liquid water volumetric content.
The air temperature and precipitation data were made
from Climatic Research Unit (CRU) datasets (resolu-
tion: 2.5◦×2.5◦) (Mitchell and Jones, 2005). The LAI
data were mainly from Boston University (Myneni et
al., 1997) and Hagemann (2002), and owing to the dif-
ferent periods, we principally highlight the seasonal
evolution of LAI. Finally, the data for soil liquid wa-
ter volumetric content came from the Climate Forecast
System Reanalysis Project (CFSR; Saha et al., 2010).

The spin-up processes included two stages (Table
1), enabling the fully coupled integration to quickly
reach a state of equilibrium. Firstly, the offline VE-

GAS2.0 was driven by pre-industrial climatology (Tay-
lor et al., 2009) from physical climate system model
(PCSM) FGOALS-s2 in the coupled framework with
the data models. In this stage, we were able to quickly
achieve the growth of vegetation and accumulations of
the carbon pools (Fig. 1). In the second stage, VE-
GAS2.0 was coupled with PCSM FGOALS-s2 to make
a continued run such that all surface flux and state
variables were able to have some appropriate adjust-
ments. In total, it took more than 700 years for ESM
FGOALS-s2 to reach a state of equilibrium. Perfor-
mances of the equilibrium state of ESM FGOALS-s2
are presented below.

4. Results

4.1 Climatology

The time series of some main variables in VE-
GAS2.0 in the offline step from model years 1–500 are
presented in Fig. 1. In this run, we turned on the ac-
celerator (which can increase the time step for slow
processes to quickly reach the equilibrium) for the soil
carbon pools to make them reach equilibrium as fast
as possible for the first 200 years. All the variables
varied little for the last 300 years. In Figs. 1a and
b, the global total terrestrial gross primary produc-
tion (GPP) is 122.4 PgC yr−1 (Table 2), corresponding
to the observation-based estimate of 123±8 PgC yr−1

provided by Beer et al. (2010). Autotrophic respira-
tion (Ra) is 70.1 PgC yr−1. According to the equation

NPP = GPP − Ra , (1)

where NPP denotes net primary production, the
simulated global total terrestrial NPP has a value
of 52.3 PgC yr−1, which lies within the range
of 44.4–66.3 PgC yr−1 (Cramer et al., 1999).
Considering heterotrophic respiration (Rh) is equiv-
alent to 52.1 PgC yr−1, the net ecosystem production
(NEP) is near to zero, showing the model has reached
equilibrium. Figure 1c indicates the processes of car-
bon accumulation in the vegetation and soil pools dur-
ing the offline spinup. In summary, the total terres-
trial carbon pools simulated in VEGAS2.0 store 2270.7
PgC, comprising 640.5 PgC in the vegetation pools
and 1630.2 PgC in the soil (Table 2).

Table 1. Experimental design for the OFFLINE and COUPLED runs.

Experiment name Forcing fields/boundary conditions Active models

OFFLINE Climatological daily forcing fields of PCSM Land component of PCSM FGOALS-s2
FGOALS-s2 in the pre-industrial run and VEGAS2.0

COUPLED Boundary conditions in the pre-industrial run PCSM FGOALS-s2 and VEGAS2.0
(greenhouse gases, solar constant, aerosol, ozone)
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Fig. 1. Time-evolution of some main variables of VEGAS2.0 in the offline spin-up process from
model years 1–500. The spin-up process was forced by the climatological states of the PCSM
FGOALS-s2. “Ra” denotes autotrophic respiration, “Rh” denotes heterotrophic respiration,
“Cb” denotes the total terrestrial carbon pool, “Cvege” denotes the vegetation carbon pool, and
“Csoil” denotes the soil carbon pool.

Table 2. The global total terrestrial carbon fluxes and
pools. In the offline run these are averaged from model
years 471–500, while in the coupled run they are averaged
from model years 1670–99.

Global total terrestrial carbon
fluxes and pools

Variables (units) OFFLINE COUPLED

GPP (PgC yr−1) 122.4 124.4
Ra (PgC yr−1) 70.1 73.5
Rh (PgC yr−1) 52.1 50.9

Cb (PgC) 2270.7 2009.9
Csoil (PgC) 1630.2 1381.6
Cvege (PgC) 640.5 628.2

Compared to the offline results, the global total ter-
restrial carbon fluxes and pools averaged from model
years 1670–1699 in ESM FGOALS-s2 are also listed in
Table 2. Generally speaking, the states of equilibrium
of VEGAS2.0 in ESM FGOALS-s2 are very similar to
the offline states. The GPP is 124.4 PgC yr−1 and
NPP (Rh) is 50.9 PgC yr−1. The total terrestrial car-
bon pools contain 2009.9 PgC, with 628.8 PgC and

1381.6 PgC in the vegetation and soil pools, respec-
tively. These results, both offline or in the coupled run,
are close to the model-mean estimates by ten models
participating in C4MIP (Qian et al., 2009).

Figure 2 shows the spatial distributions of GPP
and total terrestrial carbon storage averaged from
model years 1670–1699 in ESM FGOALS-s2. As
shown in Fig. 2a, the spatial distribution of GPP is
reasonable. GPP peaks in the tropics, character-
ized by rainforests and savannahs owing to plentiful
rainfall and warm air temperatures all year round.
The annual-averaged GPP is above 1.8 kg m−2 yr−1.
However, GPP in the northern mid-high latitudes
is below 0.4 kg m−2 yr−1, somewhat smaller than
observation-based estimates (Beer et al., 2010). In
desert regions, the carbon flux is non-zero because at-
mospheric model-simulated precipitation is non-zero
there. The zonal mean of GPP indicates that GPP de-
clines from the tropics to the high latitudes. Compared
to observation-based estimates (Beer et al., 2010),
GPP in the tropics and northern mid-high latitudes is
a little weaker, whereas it is too strong in the sub-
tropics, a region largely characterized by deserts.
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(a) GPP kg m-2 yr-1

(b) total terrestrial carbon storage kg m-2

Fig. 2. Global distributions of the VEGAS-simulated
GPP and total terrestrial carbon storage (vegetation +
soil carbon) averaged from model years 1670–1699 in the
fully coupled run. (a) GPP (units: kg m−2 yr−1); (b)
total terrestrial carbon pools (units: kg m−2). The zonal
mean curves are on the right-hand side of the figure.

In this respect, precipitation over land simulated by
FGOALS-s2 could be further improved.

Figure 2b shows the distribution of total terrestrial
carbon storage, including vegetation and soil organic
carbon. The simulated spatial pattern is analogous to
GPP, with the higher values distributed in the lower
latitudes. However, in view of the low decomposition
of soil organic carbon under low temperatures in na-
ture, the soil carbon pool should have shown large
amounts in the high latitudes, converted from the tur-
nover of boreal forests. Furthermore, considering the
soil carbon pool is about two or three times that of veg-
etation storage, there should have been another peak
in the northern mid-high latitudes in the zonal-mean
figure. Concerning the fact that soil organic carbon
originates from the turnover of vegetation, this bias in
the total terrestrial carbon storage simulated by ESM
FGOALS-s2 is attributed to poorly simulated boreal
forests in the high latitudes.

Figure 3 shows the climatological differences of
precipitation and air temperature between ESM
FGOALS-s2 and CRU datasets. Rainfall in the Ama-
zon Basin shows a large bias (3 mm d−1 less than
CRU), along with less rainfall ranging between −0.5
mm d−1 and −1.5 mm d−1 in the Sahel and western
Eurasia, whereas more precipitation occurs in some

(a) FGOALS-s2 -- CRU Precipitation

(b) FGOALS-s2 -- CRU Temperature

Fig. 3. Climatological differences of precipitation and
air temperature between ESM FGOALS-s2 and CRU
datasets for (a) precipitation deviation (units: mm d−1)
and (b) air temperature deviation (units: K).

desert regions such as the Australian Desert. Less rain-
fall results in less soil moisture, reducing the simula-
tion of the growth and distribution of vegetation. Fig-
ure 3b shows that the temperature in ESM FGOALS-
s2 is higher than CRU in the Amazon Basin and North-
ern Hemisphere mid-high latitudes. In the tropics,
higher air temperature may stress the growth of veg-
etation, while it will contribute to growth in the mid-
high latitudes. However, conversely, higher tempera-
tures can accelerate the hydrological cycle through hi-
gh levels of evaporation that will further decrease the
soil moisture, creating adverse conditions for vegeta-
tion growth. Less precipitation and more evaporation
conspire to inhibit needleleaf tree growth in the north-
ern mid-high latitudes.

4.2 Seasonal cycle

The seasonal cycle of the terrestrial ecosystem is
a basic characteristic of phenology dominated by the
climate annual cycle. Figure 4 illustrates the differ-
ences of terrestrial GPP, NPP, and NEP between bo-
real summer (JJA) and boreal winter (DJF), as simu-
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lated by ESM FGOALS-s2. In the tropics, excluding
the desert regions, both NPP and NEP show an ob-
vious dipole pattern with respect to the equator that
resembles the distribution of precipitation (see below).
The spatial pattern of GPP (Fig. 4a) is similar to that
of NPP and NEP, though the amplitude is weaker.
This phenomenon demonstrates that the migration of
the monsoon rainbelt across the equator from boreal
winter to boreal summer has the last word in the vege-
tation seasonal cycle in these regions. Yet, in the sub-
tropics, especially in the East Asian monsoon region,
vegetation flourishes (GPP/NPP/NEP increase) with
the increase in rainfall after the break-up of the sum-
mer monsoon and warm temperatures in the summer-
time. In the northern mid-high latitudes, considering
the weak change in the rainfall, temperature plays the
most important role in the larger GPP, NPP, and NEP
in JJA. Therefore, it is a fact that different climatic
factors take control of the seasonal cycle of vegetation
in different regions. According to

NEP = NPP − Rh , (2)

we can deduce that the seasonal cycle of Rh is
analogous to the evolution of NPP (figure omitted).
Warmer and wetter conditions in summertime gener-
ally contribute to the decomposition of the soil carbon
pools.

LAI is another important variable in DGVMs that
not only reflects the distributions of terrestrial vegeta-
tion, but also determines the albedo in vegetated re-
gions. Figure 5 shows the distributions of LAI in JJA
and DJF, and the difference between JJA and DJF
for ESM FGOALS-s2, Boston University datasets, and
Hagemann datasets. Obviously, discrepancies in mag-
nitude exist in the two datasets, unmasking a fact that
the reference data of the terrestrial ecosystem still re-
main largely uncertain. However, temporal evolution
of the seasonal cycle in the two datasets is similar.
In JJA, the LAI in the northern mid-high latitudes
is about 4–6, whereas it is less than 2 in DJF, some-
what affected by snow cover. This demonstrates that
LAI has a significant seasonal cycle to the north of
the 45◦N. Conversely, the seasonal cycle of LAI in
the southern mid-high latitudes is not so remarkable
(Figs. 5h and i). In ESM FGOALS-s2, the simulated
LAI in the northern mid-high latitudes in JJA is less
than 3, close to that in DJF (Figs. 5a and d). This indi-
cates the seasonal cycle of simulated LAI in the north-
ern mid-high latitudes in ESM FGOALS-s2 is not a
good reflection of observed data, and can mainly be at-
tributed to the poorly simulated boreal forests largely
constrained by less precipitation (Fig. 3a). However,
in the southern mid-high latitudes, the seasonal evo-
lution is similar to the reference datasets (Fig. 5g). In

Fig. 4. The differences of VEGAS-simulated GPP, NPP
and NEP between JJA and DJF for (a) GPP, (b) NPP
and (c) NEP distributions in ESM FGOALS-s2 (units:
kg m−2 yr−1).

the subtropics, especially in the East Asian monsoon
region, a pronounced seasonal evolution is a common
feature (Figs. 5g–i) because of changes in precipitation
and temperature from boreal winter to boreal summer.
In the tropics, such as the rainforest region of the Ama-
zon Basin, LAI does not show a significant seasonal
cycle because of the warm and pluvial climate all year
round (Figs. 5g–i), which is comparatively well simu-
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(a) FGOALS-s2 (b) Boston UniversityJJA JJA (c) Hagemann JJA

(d) FGOALS-s2 DJF (e) Boston University DJF (f) Hagemann DJF

(g) seasonal evolution (h) seasonal evolution (i) seasonal evolution

Fig. 5. Distributions of LAI (units: m2 m−2) in JJA and DJF, and differences between JJA and DJF for LAI
simulated by ESM FGOALS-s2 (model years 1670–99) in column one, Boston University datasets (1982–2000) in
column two, and Hagemann datasets (1982) in column three. Although the datasets cover different periods, they
can still reflect the seasonal cycle of LAI.

lated by ESM FGOALS-s2 (Figs. 5a and d) relative to
the reference datasets (Figs. 5b, c, e and f). Mean-
while, in the savannah regions of Africa, LAI in ESM
FGOALS-s2 is slightly larger and does not show strong
seasonal change, whereas there is noticeable seasonal
change in the reference datasets because of the shift
of the wet and dry season along with the migration of
the monsoon rainbelt (Fig. 6c).

Figure 6 shows the differences of precipitation and
temperature in ESM FGOALS-s2 and CRU between
JJA and DJF. The seasonal evolution of precipitation
(Figs. 6a and c) exhibits a dipole mode across the equa-
tor in response to the migration of the monsoon rain-
belt in the tropics. However, the amplitude of precip-
itation in ESM FGOALS-s2 is slightly weaker, which
has a large impact on the seasonal change of GPP,
NPP, NEP and LAI in the tropics (Figs. 4 and 5). This
bias partially explains the absence of a seasonal cycle
of LAI in the African savannah, which is different from
the observed patterns. Relatively, the seasonal change
of air temperature (Figs. 6b and d) is simpler and more
similar. The amplitude of air temperature change is
small in the low latitudes and large in high latitudes.
Air temperature changes simulated by ESM FGOALS-
s2 are slightly larger compared to those seen in the

CRU datasets for the northern mid-high latitudes. In
spite of this, the seasonal cycle of LAI in the northern
mid-high latitudes still shows large biases (Fig. 5g) be-
cause of the poorly simulated boreal forests. In short,
both rainfall and air temperature take control of the
seasonal cycle of the terrestrial ecosystem, though they
may play different roles in different regions.

4.3 Interannual variability

Records of atmospheric CO2 concentration at
Mauna Loa since 1958, known as the Keeling Curve,
indicate substantial interannual variability superim-
posed on a pronounced seasonal cycle and long-term
trend (Keeling et al., 1976). Since then, the relation-
ship between atmospheric CO2 growth rate and El
Nino-Southern Oscillation (ENSO) has been verified
(Bacastow, 1976; Keeling and Revelle, 1985; Jones et
al., 2001; Zeng et al., 2005; Qian et al., 2008). The ter-
restrial ecosystem, as one of the planet’s carbon reser-
voirs, accounts for the interannual variability rather
than the ocean (Bousquet et al., 2000; Jones et al.,
2001), and thus the interannual variability is a crucial
test for carbon cycle models.

Figure 7 shows the relationships between global
total terrestrial NEP and the Niño3.4 sea surface
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(a) FGOALS-s2 mm d-1 (b) FGOALS-s2 K

(c) CRU mm d-1 (d) CRU K

Fig. 6. The differences of precipitation and air temperature in ESM FGOALS-s2 and CRU datasets
between JJA and DJF for (a, c) the difference of precipitation (units: mm d−1) and (b, d) the dif-
ference of air temperature (units: K).

temperature anomaly (SSTA), as simulated by ESM
FGOALS-s2. Figure 7a depicts the monthly time se-
ries of the Nino3.4 SSTA and global total terrestrial
NEP (seasonal cycle removed). As can be seen, the
amplitude of interannual variability of the Nino3.4 in-
dex is very reasonable. The time series of NEP also
exhibits significant interannual fluctuations (ranging
between ±3 PgC yr−1) that is correlated with the
Nino3.4 index. This phenomenon results from a “con-
spiracy” of the temperature, precipitation, and plant
soil physiology (Zeng et al., 2005). However, variations
between NEP and the Nino3.4 index are not perfectly
in phase by comparison. Figure 7b shows the lead-lag
correlation between them. It demonstrates that the
negative correlation peaks with a value of −0.7 when
the NEP lags the Nino3.4 index for approximately 1–
2 months. This is principally caused by the memory
property of the soil moisture. However, according to a
study by Qian et al. (2008), based on observations, the
interannual variability of the carbon flux between the
land and atmosphere lags ENSO by about 5–6 months.
This discrepancy is due to the weak capacity of soil wa-
ter storage in the land component. Figures 7c and d
show the power spectral analyses of the Niño3.4 index
and global total terrestrial NEP, respectively. As can
be seen, both of them show the significant 2-yr period.
The NEP also shows the significant 4-yr period that is
not so remarkable in the Niño3.4 index results. Fur-
ther, an interesting phenomenon can be seen in that

the strongest signal in NEP is the 4-yr period, in con-
trast to the 2-yr period for the Niño3.4 index. This
inconsistency in period is largely determined by the
soil filtering effect, which needs further research. In
brief, the negative correlation between the Niño3.4 in-
dex and global total terrestrial NEP is noticeable in
the fully coupled model.

5. Discussion

As mentioned above, the bias of precipitation in the
model will influence the simulation of the growth and
distribution of vegetation. However, photosynthesis is
entirely under the control of air temperature, soil rel-
ative moisture, downward solar radiation, and CO2

concentration in the atmosphere in VEGAS2.0. So,
precipitation does not directly influence the carbon as-
similation process, but is an important surface source
for soil water. In CLM3.0, soil water is also affected
by evaporation, surface and sub-surface runoff, gradi-
ent diffusion, infiltration, root extraction, and so on
(Oleson et al., 2004) (in the present study, runoff in
FGOALS-s2 was switched off). In other words, soil
moisture is simultaneously affected by precipitation
simulated by the atmospheric component and the pa-
rameterizations of the associated processes upon the
hydrological cycle in CLM3.0.

Figure 8 shows the distributions of liquid water vol-
umetric content in the land model of ESM FGOALS-s2
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Fig. 7. The relationship between NEP and ENSO, as simulated by ESM FGOALS-s2: (a) time-
series of the Niño3.4 SSTA (shaded; units: K) and global total NEP fluctuations (black dashed
line; units: PgC yr−1) (seasonal cycle removed); (b) lead-lag correlation between the Niño3.4
index and NEP (gray dashed line denotes the 99% significant level). The positive months repre-
sent the Niño3.4 index is prior to the NEP and vice-versa for the negative months. (c) and (d)
Power spectral analysis (for the test, the black solid line is the “Markov red noise”; dashed lines
represent the 90% and 10% significant levels, respectively).

and CFSR. This variable can truly reflect the perfor-
mance of the simulation of soil liquid water in ESM
FGOALS-s2. Comparing these two figures, we can
see that the liquid water volumetric content in the
Amazon Basin and northern mid-high latitudes in
ESM FGOALS-s2 is about 0.1–0.2 less than in CFSR,
whereas it is wetter in Africa near the equator. This
result is in accordance with the precipitation bias (Fig.
3a). In East Asia, the soil liquid water volumetric con-
tent in ESM FGOALS-s2 is less than in CFSR, which
contradicted the precipitation results. Therefore, in

order to improve the simulation of soil moisture, be-
ing a key point for VEGAS2.0, not only do we need to
improve the skill of simulated precipitation in the at-
mospheric component, but we also need to improve the
parameterizations around the water cycle in CLM3.0.

Although the context of this paper delineates the
performance of VEGAS2.0 in ESM FGOALS-s2 on the
equilibrium state, our goal is to establish a complete
ESM concurrently employing an ocean carbon model
(Li and Xu, 2012) into the ocean model (LICOM). In
the experiment with the full carbon cycle, there is no
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(a) FGOALS-s2

(b) CFSR

Fig. 8. Distributions of the liquid water volumetric con-
tent in land model for (a) liquid water volumetric content
in the land component of ESM FGOALS-s2 (model years
1670–99) and (b) CFSR datasets (1979–2000) (Saha et
al., 2010). In FGOALS-s2, the lake areas are not well
masked.

significant climate drift (Bao et al., 2012). The ex-
isting defects will be improved in the next generation
ESM version of FGOALS.

6. Concluding remarks

In order to develop an ESM, we successfully in-
corporated a DGVM (VEGAS2.0) into the PCSM
FGOALS-s2. After adopting two spin-up stages, it
takes a short time for the coupled model to reach the
state of equilibrium, and then we evaluated the per-
formance of equilibrium states with ESM FGOALS-s2
in aspects of climatology, seasonal cycle, and interan-
nual variability. According to the analyses, we uncover
some merits as well as shortcomings, summarized as
follows.

(1) The simulated global total terrestrial GPP is
124.4 PgC yr−1 and NPP/Rh is 50.9 PgC yr−1, which
are close to observations. The total terrestrial car-
bon storage contains 2009.9 PgC, comprising about
628.2 PgC in vegetation and 1381.6 PgC in soil. The

spatial distribution of annual-averaged GPP is reason-
ably simulated, with large values located in the tropics,
characterized by rainforests and savannahs.

(2) The seasonal cycle in the tropics is pronounced,
especially in NPP and NEP, mainly resulting from the
migration of the monsoon rainbelt across the equator
from boreal winter to boreal summer. In East Asian
monsoon regions, the seasonal cycle caused by air tem-
perature and precipitation changes is also significant.

(3) However, a shortcoming is the simulation of too
little vegetation in the northern mid-high latitudes,
suppressed by less soil moisture. The less vegetation
has a big influence on the distributions of terrestrial
carbon storage and seasonal changes (especially LAI).
The seasonal cycle of LAI (Fig. 5g) in the northern
mid-high latitude is not so significant.

(4) The sensitivity of the terrestrial ecosystem
to ENSO is robust. The correlation between them
reaches −0.7 as a maximum when the Nino3.4 index
precedes NEP for about 1–2 months. Meanwhile, ow-
ing to the weak soil memory, the delay of NEP is a
little shorter.

The next step is to make some improvements to
the shortcomings discussed above, especially in LAI,
which is crucial to albedo and evapotranspiration on
land. Then, LAI will be returned to the land model in
order to establish a more complete and fully coupled
ESM.
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