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ABSTRACT

A dynamic global vegetation model (DGVM) coupled with a land surface model (LSM) is generally
initialized using a spin-up process to derive a physically-consistent initial condition. Spin-up forcing, which
is the atmospheric forcing used to drive the coupled model to equilibrium solutions in the spin-up process,
varies across earlier studies. In the present study, the impact of the spin-up forcing in the initialization stage
on the fractional coverages (FCs) of plant functional type (PFT) in the subsequent simulation stage are
assessed in seven classic climate regions by a modified Community Land Model’s Dynamic Global Vegetation
Model (CLM-DGVM). Results show that the impact of spin-up forcing is considerable in all regions except
the tropical rainforest climate region (TR) and the wet temperate climate region (WM). In the tropical
monsoon climate region (TM), the TR and TM transition region (TR-TM), the dry temperate climate
region (DM), the highland climate region (H), and the boreal forest climate region (BF), where FCs are
affected by climate non-negligibly, the discrepancies in initial FCs, which represent long-term cumulative
response of vegetation to different climate anomalies, are large. Moreover, the large discrepancies in initial
FCs usually decay slowly because there are trees or shrubs in the five regions. The intrinsic growth timescales
of FCs for tree PFTs and shrub PFTs are long, and the variation of FCs of tree PFTs or shrub PFTs can
affect that of grass PFTs.
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1. Introduction

The terrestrial biosphere, as an important compo-
nent of the land surface, plays a pivotal and active role
in the climate system through biophysical interactions
and biogeochemical exchanges with other components
of the climate system (Foley et al., 1996; Betts et al.,
1997; Cramer et al., 2001; Sitch et al., 2003; Dai et
al., 2004; Bonan, 2008). A coupled model of the dy-
namic global vegetation model (DGVM) and the land
surface model (LSM), such as CLM-DGVM (Levis et
al., 2004a; Zeng et al., 2008; Oleson et al., 2008),

MOSES-TRIFFID (Essery et al., 2001; Cox, 2001),
CLASS-CTEM (Arora, 2003), ORCHIDEE (Krinner
et al., 2005), CoLM-VEGAS (Liu, 2007), ED-JULES
(Fisher, 2008), and CoLM-DGVM (Chen, 2008), can
integrate more realistic biophysical, biogeographical,
biogeochemical, and dynamic vegetation processes of
the land surface into a single and physically consistent
framework than an LSM or a DGVM alone can. On
the one hand, the coupled model can simulate the tran-
sient variation of vegetation states rather than adopt-
ing prescribed vegetation states in an LSM. On the
other hand, it provides more accurate water and heat
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conditions than the simple biophysical module in a
DGVM does. The coupled model aims to simulate the
interaction between land surface and atmosphere on
a global scale, and has been a primary member of an
earth system model which is the major approach of
current global change studies.

A physically-consistent initial condition of the cou-
pled model is difficult to derive from observations.
The initial condition of the coupled model generally
includes vegetation composition; the number of in-
dividuals; height of canopy top and bottom; crown
area; leaf area index; grams of carbon in leaves, roots,
sapwoods, and above and below ground litter; soil
moisture; temperature of lake, soil, snow, vegetation,
and ground; emitted infrared radiation; snow interface
depth; canopy and snow water; and so on. In addition
to the intrinsic observational error, the observational
data for most of the above-mentioned variables is un-
available on a global scale (Qian et al., 2006).

Therefore, a coupled model of DGVM and LSM
is generally initialized by a spin-up process. During
the spin-up process, the model starts from a speci-
fied initial state and is driven by atmospheric forc-
ing which is named spin-up forcing. Until simulated
carbon pools and vegetation coverage between two
neighboring years with the same atmospheric forc-
ings are nearly the same, the equilibrium solutions of
the initialization variables listed above compose the
physically-consistent initial condition of the coupled
model (Bonan and Levis, 2006). Since the spin-up pro-
cess for a coupled model of DGVM and LSM includes
the adjustment process of slow carbon pools and the
vegetation succession process, its spin-up time for a
global simulation is generally hundreds of years and
longer than the spin-up time for an LSM with pre-
scribed vegetation states (Yang et al., 1995; Dai et al.,
2003; Rodell et al., 2005).

Various spin-up forcings have been used in earlier
studies. Due to a lack of long-term observed atmo-
spheric data, spin-up forcings are generally artificially
constructed. The most commonly used spin-up forc-
ings are derived by cycling the observed atmospheric
data for a year (Zeng et al., 2005; Köhler et al., 2005;
Morales et al., 2007; Liu, 2007; Chen, 2008; Cook et
al., 2008�Zeng et al., 2008) or for a multiyear pe-
riod (Kim and Wang, 2005; Bonan and Levis, 2006;
Liang and Xie, 2008) repeatedly. In addition, the at-
mospheric data obtained by looping through climatol-
ogy data is also used as the spin-up forcing for DGVMs
(Foley et al., 1996; Kucharik et al., 2000; Sato et
al., 2007) and LSMs with prescribed vegetation states
(Rodell et al., 2005).

So far, the selection of spin-up forcings for initializ-
ing the coupled model has been arbitrary. Whether the
arbitrary selection will influence the vegetation simula-
tion in the subsequent stage is unclear. In the present
study, an ensemble of 42 simulations is made by a cou-
pled model of LSM and DGVM. The specifications of
these simulations are identical except for the spin-up
forcing. The standard deviation of the 42 simulations
is used to assess the impact of spin-up forcing in the
initialization stage on vegetation simulation in the sub-
sequent simulation stage. Simulations in seven classic
climate regions are used to replace 42 global simula-
tions in order to reduce computation load, though the
coupled model is mainly used for global simulation.
Obviously, for regions where spin-up forcing affects
simulation strongly, the impact of spin-up forcing must
be considered for parameter adjustment in model de-
velopment and for interpretation of physical processes
that one wishes to study.

To generalize plant function to a global scale,
DGVMs represent vegetation as plant functional types
(PFTs) instead of species. Each PFT is represented by
an average individual plant with biomass, crown area,
height, stem diameter, individual population, and frac-
tional coverage of the population in a grid cell (Bonan
et al., 2003). Different PFTs have different optical
properties of leaves and stems which determine reflec-
tion, transmittance, and absorption of solar radiation;
root distribution parameters which control the uptake
of water from soil; aerodynamic parameters which de-
termine resistance to heat, moisture, and momentum
transfer; and photosynthetic parameters which deter-
mine stomatal resistance, photosynthesis, and transpi-
ration (Zeng, 2001; Bonan et al., 2002b). In this pa-
per, for simplicity, only the fractional coverages (FCs)
of plant functional types (PFTs) are investigated. FC
of PFT is the primary vegetation-state variable in a
PFT-based coupled model of DGVM and LSM (Bonan
and Levis, 2006; Zeng et al., 2008; Zeng, 2010). It de-
scribes the vegetation composition and affects bound-
ary momentum, carbon, water, energy fluxes by as-
signing weights to relative variables calculated at the
PFT sub-grid level (Foley et al., 1996; Zeng, 2001; Bo-
nan et al., 2002a; Sitch et al., 2003; Levis et al., 2004a).

In section 2, the modified Community Land
Model’s DGVM (CLM3.0-DGVM) and atmospheric
forcing dataset are introduced briefly. Then the
methodology concerning the region selection and ex-
perimental design are described in section 3. section
4 analyzes the impact of spin-up forcing in the initial-
ization stage on FCs in subsequent simulation stage.
Finally, concluding remarks and discussions are given
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in section 5.

2. Model and data

2.1 Model

CLM3.0-DGVM is one of the most widely used
coupled models of DGVM and LSM in current cli-
mate research (Levis et al., 2004a; Bonan and Levis,
2006). In this coupled model, DGVM offers CLM3.0
information about vegetation composition, structure,
and phenology. In turn, CLM3.0, as a biogeophysics
module, offers DGVM information about water and
heat states and gross primary production (GPP). The
biogeochemistry module includes litter and soil bio-
geochemistry process as well as autotrophic respira-
tion. Both biogeophysics and biogeochemistry mod-
ules are calculated at each model time step. Plant
phenology is updated daily. The vegetation dynam-
ics module is calculated at the end of each year, and
the major processes, listed in calculation order, are re-
production, turnover, mortality due to negative net
primary production (NPP), allocation, competition,
background mortality and mortality due to stress, nat-
ural fire disturbances, survival, and establishment pro-
cesses. The model represents spatial heterogeneity in
land cover by dividing each grid cell into five columns
representing different land cover types with prescrip-
tive percent coverage: glacier, lake, wetland, urban,
and vegetation. The vegetation column is further di-
vided into several non-overlapping patches of PFTs. In
the model, only natural vegetation can be simulated,
and vegetation is represented by the carbon stored in
leaves, roots, sapwood, and heartwood. Given the car-
bon pools, the model can derive FC and other vegeta-
tion state variables.

The CLM3.0-DGVM revised by Zeng et al. (2008)
and Zeng (2010) (hereafter simply called CLM-
DGVM) is used as model platform in this study.
CLM-DGVM incorporates CLM3.0-DGVM with a
sub-model for temperate and boreal shrubs, as well
as other revisions such as the “two-leaf” scheme for
photosynthesis and the definition of fractional cover-
age of PFTs. By adding temperate and boreal shrubs
which are absent in CLM3.0-DGVM, the model now
has 12 PFTs, including 7 tree PFTs, 3 grass PFTs,
and 2 shrub PFTs (Table 1). Zeng (2010) showed that
CLM-DGVM reduced the bias of the original CLM3.0-
DGVM by increasing the tree coverage and decreas-
ing grass coverage and by producing a more realistic
ratio of evergreen to deciduous trees in the tropical
and boreal regions. The geographic distribution of its
vegetation simulation was in good agreement with the
CLM4.0 surface data which were based on a range of
MODIS, AVHRR, and climate products. In addition,

Table 1. Plant functional types (PFTs) in CLM-DGVM.

PFT Abbreviation

Trees

Broadleaf Evergreen Tropical BET Tropical

Broadleaf Deciduous Tropical BDT Tropical

Broadleaf Evergreen Temperate BET Temperate

Needleleaf Evergreen Temperate NET Temperate

Broadleaf Deciduous Temperate BDT Temperate

Needleleaf Everegreen Boreal NET Boreal

Broadleaf Deciduous Boreal BDT Boreal

Grasses

C4 ——

C3 Non-arctic ——

C3 Arctic ——

Shrubs

Broadleaf Deciduous Temperate BDS Temperate

Broadleaf Deciduous Boreal BDS Boreal

CLM-DGVM can correctly simulate the dependence
of vegetation distribution on climate conditions. In
CLM-DGVM, ecosystem changed from desert to
shrubland then to grassland and, finally, to forest
as mean annual precipitation increased, and changed
from cold desert to boreal shrubland then to coexis-
tence of grassland/forest and, finally, to hot desert as
mean annual temperature increased. Furthermore, the
dominant PFT changed from boreal to temperate to
tropical, accompanying with the changes in leaf trait
and phenology type, as annual temperature and pre-
cipitation increased. These results agreed with stan-
dard ecological theory.

2.2 Forcing Data

The atmospheric dataset for 1960–1999 with three-
hourly (0000, 0300, 0600 UTC, etc.) and T62 resolu-
tion constructed by Qian et al. (2006) is used as the
forcing data for the CLM-DGVM. The variables in-
clude precipitation, surface air temperature, specific
humidity, wind speed, air pressure, and downward so-
lar radiation.

In this dataset, the monthly station records are
used to correct the spurious long- term changes and
biases in the six-hourly NCEP–NCAR reanalysis pre-
cipitation, surface air temperature, and solar radiation
fields. The surface specific humidity from the reanal-
ysis dataset is adjusted using the adjusted surface air
temperature and original relative humidity from the
reanalysis data. Surface wind speed and air pressure
are interpolated directly from the NCEP–NCAR re-
analysis data.
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3. Methodology

3.1 Region selection

In the present study, seven classic climate regions
are selected: the tropical rainforest climate region
(TR), the tropical monsoon climate region (TM), the
TR and TM transition region (TR-TM), the wet tem-
perate climate region (WM), the dry temperate cli-
mate region (DM), the highland climate region (H),
and the boreal forest climate region (BF) (Fig. 1).
The criteria for region selection are mainly based on
the updated Köppen-Geiger climate classification sys-
tem (Peel et al., 2007), but with precipitation and tem-
perature data described in the section 2.2. Table 2
describes the locations and defining criteria of these
regions in detail. Because a single grid cell may ex-
hibit unique characteristics, we choose three grid cells
in each climate region to ensure general regional rep-
resentation.

3.2 Experimental design

An ensemble of 42 offline simulations is made by
CLM-DGVM in each climate region, whose discrep-
ancy in FCs is analyzed here. All simulations are
forced by the same observed atmospheric data from
1960 to 1999. The 42 simulations are different only in
initial conditions, which are derived as follows.

In the initialization stage, CLM-DGVM starts from
a bare ground scenario (no plants present) and is
driven by various spin-up forcings. The 42 spin-up
forcings are separated into three sets as described in

Fig. 1. Geographical locations of seven classic climate
regions selected in the present paper.

Table 3. The first set (S1) has 40 atmospheric forcings.
Each uses the repetition of one-year atmospheric ob-
servations from 1960 to1999 covering different climate
conditions from wet to dry, and from warm to cold. Set
2 (S2) uses the climatological mean instead to generate
an initial condition under normal climate conditions.
Here, the climatology is the temporal mean of obser-
vational data from 1960 to 1999 at each time step. In
set 3 (S3), the whole period of observed data is cycled
through the spin-up process. Due to the interannual
variability of climate (which is absent in both S1 and
S2), the S3 simulations usually need a longer spin-up
time. The corresponding equilibrium states provide
a wide range of initial conditions based on commonly
used spin-up forcings.

In the spin-up process, the period for the ecosystem
to approach an equilibrium state varies with location
and with spin-up forcing. In TR, the periods are 50

Table 2. Description of seven classic climate regions selected in the present study and their defining criteria and locations.

Region name Defining criteria* Location

Tropical rainforest Tcold �18◦C; Pdry �60 mm m−1 Amazon rainforest region (0◦–1.9◦N, 66.6◦–72.2◦W)
climate region (TR)

TR and TM transition Tcold �18◦C; Pdry �100–MAP/25 Northeastern Amazon Basin (1.9◦–3.8◦N, 57.2◦–
region (TR-TM) 62.8◦W)

Tropical monsoon Tcold �18◦C; 60 mm m−1 > Pdry � West African Monsoon region (6.7◦N, 11.2◦W),
climate region (TM) 100–MAP/25 (8.6◦N, 13.1◦W), (8.6◦N, 11.2◦W)

Wet temperate climate Thot > 10◦C & 0 < Tcold < 18◦C; East Asian Monsoon region (24.8◦–26.7◦N, 105.9◦–
region (WM) MAP�10×Pthreshold 111.6 ◦E)

Dry temperate climate Thot > 10◦C & 0 < Tcold < 18◦C; Southwestern North America (30.5◦–32.4◦N, 107.8◦–
region (DM) MAP<10×Pthreshold 113.4◦W)

Highland climate E >3000 m & −18◦C <MAT<10◦C South Tibet Plateau (32.4◦–34.3◦N, 90.9◦–96.6◦E)
region (H)

Boreal forest climate Tcold �0◦C & Thot > 10◦C MAP� South Russia (57.1◦–59.0◦N, 98.4◦–104.1◦E)
region (BF) 10×Pthreshold

Note�*MAP=mean annual precipitation, MAT=mean annual temperature, Thot=temperature of the hottest month,

Tcold=temperature of the coldest month, Pdry=precipitation of the driest month, Pthreshold=varies according to the following

rules (if 70% of MAP occurs in winter then Pthreshold=2×MAT, if 70% of MAP occurs in summer then Pthreshold=2×MAT+28,

otherwise Pthreshold=2 ×MAT+14). Summer (winter) is defined as the warmer (cooler) six-month period of AMJJAS (ONDJFM),

E=elevation.
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Table 3. Description of three sets of spin-up atmospheric forcings and their spin-up time in the spin-up process to
construct the various initial conditions of CLM-DGVM.

Set Spin-up atmospheric forcing Spin-up time

S1 one-year atmospheric observations from 1960 to 1999 400 yr
S2 Climatological mean of 1960–1999 400 yr
S3 repeated 1960–1999 interannual forcing 800 yr

years for various spin-up forcings, which are the short-
est among all regions. In WM, the periods are about
100 years for most cases, but about 500 and 400 years
for S3 and some S1 runs, respectively. Furthermore,
in the other five regions, vegetation composition and
structure stop evolving after 200–400 years for S1 and
S2, and 300–800 years for S3. Hence, after 400 years
for S1 and for S2 and after 800 years for S3, the veg-
etation composition and carbon pools approach equi-
librium for all selected regions and spin-up forcings.

4. Results analysis

Figures 2 and 3 show the mean and standard de-
viation of the initial and simulated FCs based on var-
ious spin-up forcings. Only the three main PFTs are
shown, which have the largest averaged FCs of three
grid cells in 40 simulation years from the 42 initial
conditions. The three lines in each figure represent
the simulations of three grid cells in a climate region.
The standard deviations of ensemble members are used
to assess the impact of spin-up forcing on FC simula-
tions. In Fig. 3, the larger the standard deviation is,
the stronger the spin-up forcing affects the simulated
FC; the slower the standard deviation decreases, the
slower the discrepancy in initial FCs decays and the
simulated FCs converges.

4.1 Tropical rainforest climate region (TR)
and wet temperate climate region (WM)

In TR, only tropical broadleaf evergreen trees
(BET Tropical), tropical broadleaf deciduous trees
(BDT Tropical), and C4 grasses are present (Figs.
2a–c). In WM, the three main PFTs are temperate
broadleaf evergreen trees (BET Temperate), temper-
ate broadleaf deciduous trees (BDT Temperate), and
temperate needleleaf evergreen trees (NET Temper-
ate) (Figs. 2j–l). The sum of the FCs of tree PFTs is
roughly 95% (the maximum allowed in CLM-DGVM),
and no bare soil is present in these two climate regions
due to the moist and mild climate characteristics. The
discrepancy in initial FCs, which represents the long-
term accumulative response of vegetation to different
climate anomalies in the spin-up processes, is negli-
gible (Figs. 3a–c, j–l). Furthermore, simulated FCs
from 1960 to 1999 are insensitive to climate change

for all initial conditions, so the negligible discrepancy
in initial FCs is maintained in the subsequent simu-
lation stage. Thus, in the two regions, the impact of
spin-up forcing on FC simulation is weak.

In addition, these results indicate that potential
vegetation structures in the two regions are stable.
In TR, annual total precipitation and annual aver-
age temperature from 1960 to 1999 are 2300–3700 mm
and 24◦C–26◦C, respectively. These values are far
from the atmospheric conditions of ecosystem-level re-
silience threshold of the Amazonian rainforest (Cowl-
ing et al., 2004). In WM, the insensitivity of FCs to
climate change agrees well with the results of Li et al.
(2006) concerning the changes of potential vegetation
distribution in China under different climate-change
scenarios in the 21st century.

4.2 Other regions

Unlike TR and WM, in the other five regions, the
impact of spin-up forcing on FCs is considerable, be-
cause the discrepancy in initial conditions is large and
the large discrepancy usually decays slowly (Fig. 3).
The discrepancy in initial FCs represents the long-
term accumulative response of vegetation to different
climate anomalies, so the large discrepancy in initial
FCs indicates the non-negligible impact of climate on
FCs in these regions.

In addition, the decay speed of discrepancy in
FCs depends on the growth timescales of the vege-
tation types. FCs of different vegetation types (e.g.,
grasses, trees, and shrubs) have different intrinsic
growth timescales. Here, the word “intrinsic” means
that only one vegetation type is present in a grid cell.
The grass has only leaf and root pools, and hence has
fast growth rates. Besides leaf and root pools, trees
have sapwood and heartwood pools with medium and
slow growth rates, respectively. Shrubs have sapwood
and heartwood pools in much smaller proportion to
those of trees. Correspondingly, the intrinsic growth
timescale of FCs for different vegetation types, in as-
cending order, are grasses (several years), shrubs (tens
of years) and trees (tens to hundreds of years) (Fu
et al., 2001; Hughes et al., 2004; Jarlan et al., 2005;
Hughes et al., 2006). This is introduced into CLM-
DGVM by adopting different calculation schemes for
FCs of different vegetation types (see Appendix A).
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Fig. 2. Means of fractional coverages (FCs, %) from initialization with
various spin-up forcings. Only the three main plant functional types
(PFTs) in each climate region are shown. Different colors represent
different grid cells in each region.
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Fig. 3. Same as in Fig. 2, but for standard deviation (Std). Std reflects
the discrepancy of simulated FCs.
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However, there is usually more than one vegetation
type in a grid cell; hence, the growth timescale of FC
for a vegetation type may be affected by coexisting
vegetation types. With this in mind, we investigate
the decay speeds of discrepancies in initial FCs in the
five regions as follows.

4.2.1 Tropical monsoon climate region (TM) and TR
and TM transition region (TR-TM)

In the two tropical regions, there are only three
PFTs: BET Tropical, BDT Tropical, and C4 grass
(Figs. 2d–i), with no bare soil. Due to less precipi-
tation and increased seasonality, TM has a lower FC
of BET Tropical and higher FCs of BDT Tropical and
C4 grass than TR-TM does.

The discrepancies in initial FCs of BET and BDT
decay slowly (Figs. 3d–e, g–h) due to their long in-
trinsic growth timescale. Because the total fractional
coverage of natural vegetation (including bare soil) is
assumed to be constant in a grid cell (Levis et al.,
2004b), the standard deviations of FCs for grasses and
trees are always the same (see Appendix B) in the two
regions for initial time and each simulation year. For
this reason, the discrepancy in the initial FC of C4
grass decays slowly (Figs. 3f and i) due to the slow
convergence of the sum of FCs for tree PFTs.

4.2.2 Dry temperate climate region (DM)

In DM, there are only two PFTs: C3 grass and
temperate broadleaf deciduous shrub (BDS Temper-
ate) (Figs. 2m and n). Since the influence of atmo-
spheric forcings on the FC of C3 grass is much stronger
than that on trees and shrubs (see Appendix A), for
all grid cells, the impact of initial conditions on FC
of C3 grass decays rapidly (Figs. 3m and n) during
the first 1–2 years because the atmospheric forcings
are the same for all simulations from various initial
conditions.

After that, the decay speeds of discrepancies in ini-
tial FCs depend on the shrub/grass ratio. In grid cells
with less precipitation (shown by the black and green
lines in Figs. 2m and n), the ratio is much higher than
that in the other grid cell due to the drought toler-
ance of BDS Temperate. The discrepancies in initial
FCs decay slowly for grasses and shrubs (shown by
the black and green lines in Figs. 3m and n), though
the intrinsic growth timescale of grasses is short. On
the contrary, in a grid cell with more precipitation
(shown by the red line in Figs. 2m and n) and a lower
shrub/grass ratio than that in the other two grids,
the impacts of initial conditions for C3 grass and BDS
Temperate decrease more sharply and are negligible af-
ter 1968 and 1985, respectively. In the three grid cells,
bare soil is present, no light competition between grass

and shrub PFTs occur. Soil wetness and soil tem-
perature may be the bridge for the interdependence
between decay speeds of C3 grass and BDS Temper-
ate. In CLM-DGVM, soil wetness and soil tempera-
ture are calculated in a vegetation column rather than
each PFT, and thus represent the integrated impact
of different PFTs; on the other hand, soil wetness and
soil temperature can influence FC through affecting
NPP and the allocation of NPP (Levis et al., 2004a).
The convergence of soil wetness and soil temperature
in grid cells indicated by the black and green lines is
much slower than that in the grid cell indicated by the
red line.

4.2.3 Highland climate region (H)

Boreal broadleaf deciduous shrub (BDS Boreal),
C3 grass, and BDT Temperate are the three main
PFTs in H (Figs. 2o–q). For the grid cell indicated by
a red line with higher temperature and more precipi-
tation, no bare soil is present, and larger FCs of the
tree and grass PFTs and smaller FCs of shrubs than
those in the other two grid cells can be seen. Similar to
TR-TM and TM, FCs from various initial conditions
vary faintly, and hence the discrepancy in initial FCs
decays slowly.

In the other two grid cells, the temperature is
lower, and the precipitation is less. The minimum
monthly temperature is lower than −17◦C for the cli-
matological mean and is slightly higher than −17◦C
for some years during 1960–1999. For corresponding
S1 simulations, because the 20-year running means of
the minimum monthly temperature are lower than the
bioclimate limit (−17◦C in CLM-DGVM), C3 grass
and BDT Temperate are killed in certain years, and
these simulations are then close to those with no trees
and grasses (shown by the black lines in Figs. 4b and
c). Consequently, the impacts of initial conditions on
FCs of trees and grasses decrease in a ladder-like fash-
ion (shown by the black and green lines in Figs. 3p and
q). However, owing to the slow intrinsic growth rate of
shrub PFT on the bare soil, its FC grows slowly (the
black lines in Fig. 4a), and thus the impact of initial
conditions decays slowly (Fig. 3o).

4.2.4 Boreal forest climate region (BF)

In BF, mainly boreal broadleaf evergreen trees
(BET Boreal), C3 arctic grass, and BDS Boreal are
present, but some boreal broadleaf deciduous trees
(BDT Boreal) and bare soil also occur (Figs. 2r–t).
The simulations from different initial conditions can
be divided into two categories.

In the first category (shown by the green lines in
Fig. 5), the initial soil is wet, and only tree and grass
PFTs are present. Trees are the dominant vegetation
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Fig. 4. FCs of (a) boreal broadleaf deciduous shrub (BDS Boreal), (b) C3 grass, and (c) temperate
broadleaf deciduous tree (BDT Temperate) at a grid cell in highland climate region (H). The red
and blue lines indicate the simulations based on S2 and S3 spin-up forcings respectively. The Green
and black lines indicate the simulations based on S1 spin-up forcings. Among them, the black lines
indicate the simulations in which C3 grass and BDT Temperate are killed because the 20-year run-
ning mean of the coldest minimum monthly air temperature is less than the critical value (−17◦C
in CLM-DGVM).

type, and the FC of grass PFT decreases with time and
to < 40% after 1975. Because there is no bare soil, the
convergence speed of FC for grass PFT relates with
that of tree PFTs, as in TR-TM and TM. That is, the
influence of initial conditions decreases slowly for both
grass and tree PFTs (Figs. 5a and b). In the second
category (shown by blue, red, and black lines in Fig.
5), the initial soil is relatively dry, and grasses and
shrubs are the main vegetation types. They compete
for light in most simulations after 1971 when there is
no bare soil. When soil becomes wet, grasses replace
the bare soil and the shrubs due to the higher com-
petition rank of grasses in CLM-DGVM (Figs. 5b–d).
Grasses tend to be dominant (FC > 70%) in simula-
tions of this category (Fig. 5b). The coexistence of
simulations from the two categories leads to the quasi-
bifurcation for C3 arctic grass (Fig. 5b) and to an
increase in the standard deviation for grass FC with
time (Fig. 3s). In the second category, the variation
of shrubs’ FC is affected by that of grasses and, thus,
is relatively rapid (Fig. 5c).

5. Concluding remarks and discussions

The impact of spin-up forcing in the initialization
stage on FC in subsequent simulation stage is inves-
tigated in seven climate regions by CLM-DGVM. In
TR and WM, where FC simulations from initializa-
tion with various commonly used spin-up forcings are
nearly the same, the impact of spin-up forcing is neg-

ligible. However, in the other five regions, the impact
of spin-up forcing on FC simulations is considerable
because the discrepancy in initial FCs is large and the
large discrepancy usually decays slowly. The former
is due to the long-term accumulation of non-negligible
response of vegetation to different climate anomalies.
The latter is because trees and shrubs are present in
the five regions. The intrinsic growth timescales of
FCs for tree and shrub PFTs are long, and the vari-
ation of FCs of tree or shrub PFTs can affect that of
grass PFTs.

These results suggest that the spin-up forcing usu-
ally affects the FCs greatly in regions where two con-
ditions are satisfied: (1) the impact of climate varia-
tion on FCs in these regions is non-negligible; (2) trees
and/or shrubs are present. First, the discrepancy in
initial FCs represents the long-term accumulative re-
sponse of vegetation to different climate anomalies.
The discrepancy is usually large when the first con-
dition is satisfied. Second, the discrepancies in initial
FCs of tree and shrub PFTs decrease slowly consid-
ering their long intrinsic growth timescales. Although
the intrinsic growth timescale of grasses’ FC is short,
the discrepancy in initial FCs of grass PFTs usually
decreases slowly because the variation of FCs of coex-
istent tree and/or shrub PFTs can affect that of grass
PFTs. The two aspects are consistent with ecology
knowledge. Therefore, although the two conditions are
drawn from only seven regions and CLM-DGVM, they
can be adapted on a global scale and to other coupled
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Fig. 5. FCs of (a) boreal needleleaf evergreen tree (NET Boreal) and bo-
real broadleaf deciduous tree (BDT Boreal), (b) C3 arctic grass, (c) boreal
broadleaf deciduous shrub (BDS Boreal) and (d) bare soil at a grid cell in bo-
real forest climate region (BF). The red and blue lines have the same meanings
as Fig. 4. The green and black lines indicate simulations based on S1 spin-up
forcings, among which the main vegetation types for the former are trees and
grasses and the main vegetation types for the latter are shrubs and grasses
due to the wetter soil conditions for the former.

models of DGVM and LSM as long as the models can
simulate the response of FC to climate change with
some accuracy.

Though only vegetation simulations from the var-
ious spin-up forcings are introduced in the present
study, the differences in vegetation states will lead to
significant differences in land states (e.g. affecting sur-
face albedo, roughness length, soil moisture), and alter
the surface fluxes of momentum, heat, carbon, and wa-
ter further. These will be introduced and discussed in
another paper.

In general, spin-up forcing for a coupled model of
DGVM and LSM is artificially constructed and differ-
ent from true atmospheric forcings, so spin-up forcing
has errors inevitably. How much the spin-up forcing
impacts the subsequent vegetation simulation can be
evaluated by spinning up the model using various forc-
ings as shown by this study. For regions where the im-

pact is great, the risk that the errors in spin-up forcing
in the initialization stage impact the subsequent simu-
lation is high. In these regions, the impact of spin-up
forcing must be considered for parameter adjustment
in model development. In addition, when the cou-
pled model of LSM and DGVM is used to investigate
mechanisms of a physical process in these regions, one
must consider whether the uncertainty in spin-up forc-
ing will change his conclusions. Moreover, if one wants
to predict or project climate anomalies using a climate
system model or an earth system model that includes
the coupled model of LSM and DGVM, data assimila-
tion may be useful to optimize the initial condition.

In the present study, the CLM-DGVM simulations
are in offline mode. When CLM-DGVM is coupled
with Community Atmosphere Model (CAM) or as a
component in a Community Climate System Model
(CCSM), CLM-DGVM usually needs to spin up to
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an equilibrium state before the coupling in order to
reduce the computational expenditure (Levis et al.,
2004b; Bonan and Levis, 2006; Cook et al., 2008).
As shown in previous studies (Xue, 1996; Hahmann
and Dickinson, 1997; Lawrence and Slingo, 2004; Os-
borne et al., 2004), vegetation has a direct impact on
climate over a wide range of time and space scales
through physical, chemical, and biological processes
that affect planetary energetics, the hydrological cy-
cle, and atmospheric composition. Furthermore, the
differences in vegetation and climate simulations from
various spin-up forcings may even be magnified by the
positive feedback between them in many regions, such
as the Amazon basin, the Sahel, and high-latitude re-
gions (Charney, 1975; Pielke et al., 1998, Zeng et al.,
1999; Brovkin et al., 2003; Levis et al., 2004b; Cowl-
ing et al., 2004; Kim and Wang, 2005; Cook et al.,
2008; Bonan, 2008). Therefore, for regions where the
impact of spin-up forcing on vegetation simulation is
large, risk that errors in spin-up forcings affect the
simulation results of CAM-CLM-DGVM and CCSM
is high.
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APPENDIX A

Representing Growth Timescales for
Fractional Coverages of Vegetation

Types in CLM-DGVM

In the CLM-DGVM, grasses have only leaf and
root carbon pools with 1 and 2 years longevity re-
spectively. Besides leaves and roots, both trees and
shrubs have sapwoods, whose longevity is 20 years,
and heartwoods, whose carbon pools vary much slower
than those of sapwoods. However, the proportion of
sapwood and heartwood for shrubs is much smaller
than that for trees. Intrinsic growth timescales for
fractional coverages (FCs) of different vegetation types
(trees, shrubs, and grasses) are different. This is intro-
duced in CLM-DGVM by different calculation schemes
of fractional coverage relative to the naturally veg-
etated land-unit area (FCV) for different vegetation
types in the allocation process when FCV is updated
at the end of each year.

For tree and shrub PFTs, FCV is calculated by

FCV = PAc , (A1)

where P is the population density (the number of in-
dividuals per m2 naturally vegetated land-unit area),
and

Ac = kallom1

[
4(Csapwood + ΔCsapwood + Cheartwood)

ρwoodenπkallom2

] krp
2+kallom3

(A2)

is the average individual’s crown area. When the NPP
is non-negative in the current year, P is equal to the
population density updated at the end of the previous
year. In Eq. (A2), kallom1, kallom2, kallom3, and krp are
allometric coefficients; ρwooden is the density for woody
plants; and Csapwood and Cheartwood represent carbon
pools in sapwood and heartwood, respectively, that are
adjusted slightly in the turnover process in the current
year with their sum the same as the values in the end of
the previous year. ΔCsapwood is the year’s biomass in-
crement for sapwood with the proportion of annual net
primary production (NPP) which is directly affected
by climate. For trees and shrubs, after carbon accu-
mulation for sapwood and especially heartwood in the
spin-up stage, Cheartwood � Csapwood � ΔCsapwood,
so Ac varies slowly. Therefore, the intrinsic growth
timescales for trees and shrubs are long. In CLM-
DGVM, for shrubs, because of the low LAI, the pho-
tosynthesis level is low and, hence, biomass increment
is small (Levis et al., 2004a; Zeng et al., 2008). More-

over, compared with trees, shrubs have a high percent-
age of leaves and roots and a low percentage of sap-
wood and heartwood in the allocation of the biomass
increment. Consequently, ΔCsapwood of shrubs is
small and closer to the Csapwood loss (Csapwood/20) in
turnover processes, compared with trees. This leads
to a larger ratio of ΔCsapwood/Csapwood for shrubs
than for trees. Because the turnover ratio of Csapwood

to heartwood is not PFT-dependent, the ratios of
Csapwood/Cheartwood are nearly the same for shrubs and
trees. For these reasons, shrubs have a higher ratio of
ΔCsapwood/(Cheartwood +Csapwood) and, hence, shorter
intrinsic growth timescale of FCV than trees do. Ex-
cept for the cases when trees and shrubs cannot sur-
vive due to negative NPP or because a 20-year running
mean of the coldest minimum monthly air tempera-
ture is lower than a corresponding critical values, the
adjustment of FCV for trees and shrubs is small and
does not affect the long intrinsic growth timescale of
the FCV of tree and shrub PFTs.
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For grasses, FCV is calculated by

FCV = 1 − e−0.5CleafAsl , (A3)

where Asl is specific leaf area and is a PFT-dependent
constant; living carbon in leaf, Cleaf , enters above-
ground litter pools totally in turnover process and then
is reset in the allocation process each year. The fast
response of Cleaf to climate leads to the short intrinsic
growth time of FCV for the grass PFT.

Because the naturally vegetated land-unit area
is constant in CLM-DGVM, the intrinsic growth
timescales of FCs for trees, shrubs, and grasses in a
grid cell are equal to those of their FCV.

APPENDIX B

For DGVMs (e.g. CLM-DGVM), the total frac-
tional coverage of natural vegetation (including the
bare soil) in a grid cell (i, j) is generally assumed to
be constant. That is,

FCtree,i,j+FCgrass,i,j+FCshrub,i,j+FCbare,i,j = Const ,
(B1)

where FCtree,i,j , FCgrass,i,j , FCshrub,i,j , and FCbare,i,j

are fractional coverage for trees, grasses, shrubs, and
bare soil. In TM and TR-TM, there are no shrubs and
bare soil, so

FCtree,i,j + FCgrass,i,j = Const , (B2)

and then

FCtree,i,j = Const − FCgrass,i,j . (B3)

According to the characteristics of the standard devi-
ation (std), we can derive that

std(FCtree, i) = std(Const−FCgrass, i) = std(FCgrass, i) .
(B4)
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