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ABSTRACT
The sensible and latent heat fluxes, representatives of the physical exchange processes of energy and water between land
and air, are the two crucial variables controlling the surface energy partitioning related to temperature and humidity. The
net primary production (NPP), the major carbon flux exchange between vegetation and atmosphere, is of great importance
for the terrestrial ecosystem carbon cycle. The fluxes are simulated by a two-way coupled model, Atmosphere-Vegetation
Interaction Model-Global Ocean-Atmosphere-Land System Model (AVIM-GOALS) in which the surface physical and
physiological processes are coupled with general circulation model (GCM), and the global spatial and temporal variation
of the fluxes is studied. The simulated terrestrial surface physical fluxes are consistent with the 40-yr European Centre
for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA40) in the global distribution, but the magnitudes
are generally 20-40 W/m? underestimated. The annual NPP agrees well with the International Geosphere Biosphere
Programme (IGBP) NPP data except for the lower value in northern high latitudes. The surface physical fluxes, leaf
area index (LAI) and NPP of the global mid-latitudes, especially between 30 °N-50 °N, show great variation in annual
oscillation amplitudes. And all physical and biological fields in northern mid-latitudes have the largest seasonality with a
high statistical significance of 99.9%. The seasonality of surface physical fluxes, LAI and NPP are highly correlated with
each other. The meridional three-peak pattern of seasonal change emerges in northern mid-latitudes, which indicates
the interaction of topographical gradient variation of surface fluxes and vegetation phenology on these three latitudinal

belts.

1. Introduction

The exchange of mass, energy and momentum between the land
and atmosphere is of great importance for climate studies, thus
it is parametrized in many land surface models (LSMs) with dif-
ferent schemes (Pitman et al., 1999). The surface sensible heat
flux (SH) and the latent heat flux (LH) are the key variables that
control the energy partitioning related to the phase change of
water and the temperature gradient change between land and air
(Varejao-Silva et al., 1998; Chen and Dudhia, 2001). The vari-
ation of SH and LH can affect climate through a strong impact
on the evolution of atmospheric boundary layer (Koster et al.,
2002), e.g. the strong cooling effect of evapotranspiration (ET)
on surface temperature and the conductive-convective transfer
of sensible heat to the atmospheric boundary layer from land
surface (Shukla and Mintz, 1982). The net primary production
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(NPP), a crucial component for the terrestrial carbon cycle, is the
net accumulation of photosynthetically fixed carbon from vege-
tation utilizing the sunlight, water and carbon dioxide to produce
carbohydrate. The photosynthesis and vegetation respiration are
related to the canopy temperature, which is closely related to the
air temperature and soil temperature change through land-air en-
ergy and water exchange. In seasonal environment, presence or
absence of leaves will not only affect surface energy partitioning
(since ET in leaf-less ecosystems will be greatly reduced) but
also the aerodynamic resistance of the surface and the surface-
atmosphere exchange of momentum. There have been some stud-
ies (Cox et al., 2000; Friedlingstein et al., 2001) using coupled
models to show that the future global warming will be enhanced
by including positive feedback effects from the terrestrial carbon
cycle. Consequently, the surface physical fluxes and carbon flux
(NPP for this study) should be coupled tightly in order to study
their interaction as suggested by the previous work (Ji, 1995;
Sellers et al., 1997).

Validation of some components of coupled climate-vegetation
models can be attempted, for instance, with regionally or
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globally integrated NPP products that are based on a combina-
tion of ground-based and satellite remote sensing observations
(Zheng et al., 2003). Naturally, similar to the general circulation
model (GCM) output, these data-based products have also un-
certainties associated with them, either because they are based
on upscaled surface information that is only available for some
regions (e.g. China, USA, Australia; Zheng et al., 2003), or be-
cause they are based on terrestrial carbon cycle models driven
by remotely sensed vegetation cover (Imhoff et al., 2004; Cao
et al., 2005). Uncertainties are possibly smaller for benchmark-
ing data sets of the energy fluxes at regional or global scale,
since the reanalysis data available from the European Centre
for Medium-Range Weather forecast (ECMWF) (Simmons and
Gibson, 2000) can be used as the comparison data for surface
physical fluxes (SPFs).

Despite facilitation of the reanalysis data, the SPFs simulated
by GCMs and regional climate models (RCMs) still show a
large discrepancy due to the different parametrization schemes
and other mechanism uncertainties of these models. The Project
for Intercomparison of Land-surface Parametrization Schemes
(PILPS) numerical experiments (Shao and Henderson-Sellers,
1996; Chen et al., 1997; Pitman, et al., 1999) show that despite
being driven by the same forcing conditions, the simulated SPFs,
soil moisture, and runoff of different LSMs varied considerably.
However, these discrepancies may help modellers to better un-
derstand the limitations of individual models (Chen and Dudhia,
2001). Compared to the largely successful simulation of global
climate of air temperature and precipitation (Xue et al., 2004;
Dan et al., 2005), the modelled SPFs need further study such as
the quantitative intercomparison of the physical flux simulation
to the reanalysis data. The intercomparison will be helpful to
comprehend the uncertainty of SPFs and improve the capacity
of LSMs in capturing nature of the spatial and temporal variation
of land/air exchange processes.

In this study, the surface energy flux, water flux and terrestrial
carbon cycle were linked together in the global two-way coupled
model AVIM-GOALS. The two-way coupling initiates the dy-
namical vegetation processes into GCMs and overcomes the de-
ficiency of prescribed vegetation parameters (e.g. LAI) of LSMs
in climate models (Dan et al., 2005). This kind of interactive
physical and biological model provides a useful tool to study the
SPFs and carbon flux within a single climate model framework.
Also explored was the spatiotemporal variation of the SPFs, LAI
and NPP as well as their interrelation in the seasonal cycle. From
the perspective of global mean scale, the principal regional con-
tribution to the seasonal fluctuation of the SPFs, LAI and NPP
was analyzed.

2. Model and data descriptions

2.1. Model (LSM and GCM) descriptions

The land surface model used here is Atmosphere-Vegetation In-
teraction Model (AVIM), which is a LSM incorporating the phys-

ical processes (Ji and Hu, 1989) and eco-physiological processes
(Ji, 1995). This model has one canopy layer and ten uneven soil
layers, and the physical and chemical boundary conditions in
the deepest soil layer are assumed constants. Sensible and latent
heat fluxes from the ground and the canopy are calculated by
the method in the electric analogue form, which considers a flux
as proportional to the ratio between a potential difference and a
resistance. The energy, momentum and water exchange between
land and air are linked with vegetation growth processes and ter-
restrial ecosystem carbon cycles through physiological activities
of photosynthesis, respiration and morphological change (Dan
et al., 2005). The vegetation morphology is affected by the ac-
cumulation, consumption and allocation of dry matter. Surface
characteristic parameters, such as albedo, dynamical roughness
length, zero plane displacement and resistance parameters in-
cluding the stomata resistance are affected by the vegetation
morphological parameters, e.g. LAI and root density.

The SPFs, a boundary condition for the GCM, are
parametrized as:

H= pSCp(eac - 93)/}’3 (1)

EL = Lp(qac - %)/"a (2)

Where H, E | are the sensible heat and water vapour fluxes
between the air and land, and p, C, are surface air density and
specific heat at constant pressure. § is a factor related to the
sigma coordinate of the GCM. 0., q,.. r, are air potential tem-
perature, specific humidity and aerodynamical resistance within
the canopy, respectively (see the appendix A2—A3 of Lu and Ji,
2006). 6,, g, are potential temperature and specific humidity at
the bottom layer of the GCM. L is the latent heat of evaporation.

The NPP equation is expressed as follows:

NPP = GPP — Ry, — R, A3)

Where GPP is the gross photosynthesis rate excluding pho-
torespiration, Ry, is the maintenance respiration rate, and R, is
the growth respiration rate. Here, the photosynthesis adopts an
improved scheme based on the biochemistry (Lu and Ji, 2002a)
compared to the Michaelis-MentEn form in the previous ver-
sion of AVIM (Ji, 1995), and the details of this new scheme
of photosynthesis are presented by Lu and Ji (2006). The gross
photosynthesis rate is upscaled from leaf to canopy as follows

1 — o—KLAI

LAI LAI
GPP = / A(L)dL = / Ae KldL = — 5 4,
0 0 K

“

A is photosynthesis rate at the top of canopy and K is the ex-
tinction coefficient of photosynthetically active radiation (PAR).
LAI is a key parameter for the feedback between physical-

physiological processes (Lu and Ji, 2006) and can be calculated
by

LAl = M;SLA (&)
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Where M; is the foliage biomass and SLA is the specific leaf
area (Schulze et al., 1994), based on the previous work (Farquhar
et al., 1980; Collatz et al., 1992; and Woodward et al., 1995):

Ap = min(w,, w;) (6)

w, is Rubisco limited carboxylation rate, w; is the RuBP lim-
ited rate of carboxylation in the Calvin cycle. Rubisco, ribulose-
1,5-bisphosphate carboxylase, is an enzyme as the catalyst in the
photosynthesis to create organic carbon from the inorganic car-
bon dioxide in the air. Rubisco takes carbon dioxide and attaches
it to ribulose-1,5-bisphosphate (RuBP), a short sugar chain with
five carbon atoms.

C;, —TI*

We = Vemax @)
Ci + Kc(l + Oi/Ko)

Where V .. is the maximum carboxylation rate at saturation

of RuBP and oxygen, C; is the CO, concentration in leaf interior,
I'* is the compensation point in the absence of photorespiration,
O; is the oxygen concentration in leaf interior, K. and K, are
the Michaelis-MentEn constants for CO, and O,

Vemax = Vemaxas f(N) f (W) f(T) (8a)
f(0) =03 "™ (8b)
W) = (1 — e Pyt (8c)
fiN)=1 (8d)

Where V25 is the value of V. at 25 °C, f(N), f(W,) and
f(T) are effects of leaf nitrogen concentration (Field, 1983), soil
moisture and canopy temperature on V.., respectively. Oy is
the temperature coefficient with the value of 2.0, T is a reference
temperature, 7' is the canopy temperature, b is a constant, w is the
soil moisture of the first layer and w; is the corresponding wilting
point of soil moisture. In this study, the effect of leaf nitrogen
concentration is not considered and we assume f(N)=1.

J G —T*
w; = —
I 4G 4T

®

The calculation of C; is supposed to be a function of the spe-
cific humidity deficit of the canopy (Jacobs et al., 1996) and has
been given by Lu and Ji (2006).

f=o = a(1- 2 (10)
_CS—F*_ ’ Dsmax '

Where D; = q4(T)—q,. is the leaf-to-air specific humidity
deficit and is similar to the vapor pressure deficit (VPD), C; is
the CO, concentration at the leaf surface, f is the value of f at
D, = 0 and D, i1s the maximum value of D, when the stomata
are closed.

The canopy conductance g, is linked with photosynthesis

by the following equation: g, = Cl'_6_AC‘" (Farquhar et al., 1980;

Farquhar and Sharley, 1982; Jacobs et al., 1996), where Ac =
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Table 1. The principle input variables used in AVIM from
the GCM
Symbol Definition Unit
Air temperature K
q Air specific humidity kgkg™!
Prp Precipitation/snow ms~!
U Zonal wind speed ms~!
A% Meridional wind speed ms~!
Pre Atmospheric surface pressure Pa
Sw Atmospheric surface short wave radiation Wm™2
Lw Atmospheric surface long wave radiation Wm™2
CO, Atmospheric CO, pressure Pa
GPP, and we get
1 1.6A,
& = " = =i~ (11)

re (Co=THUA=f)

Where r; is the canopy resistance, which affects CO, and H,O
vapour diffusion in and out of the leaf.
J is the light-saturated rate of electron transport

J = aQ = 4.6aPAR, (12)

Where « is quantum yield of electron transport and Q is the
absorbed quantum flux(x mol photon m~2s~1).

Ryi = oM x Q"™ i = fosr (13)

Here, M, is biomass of each tissue and the subscripts f, s, r
represent leaves, stems and roots, respectively. «; is a constant
coefficient, T is the canopy temperature for leaf and stem and
the soil temperature for root (Ji et al., 2005), R,, is the sum
of maintenance respiration of the three vegetation components
(Lu and Ji, 2006).

i

R — d
gi = i dt

Where 7; is the allocation coefficients for the leaves, stems
and roots with ), 1; = 1, dM/dt is the growth rate for the three
components (Li and Ji, 2001, Ji et al., 2005), and R,; = 0 if
dM;/dt < 0. Total growth respiration is equal to sum of the three
components. The phenological phase is assumed to be controlled
by the growing-degree days temperature sum (above 5 °C), and
the falling leaves are dependent on the life time of the leave,

i=f,s,r (14)

which is similar to the phenology used by Lu and Ji (2006).
The principal input variables from the climate model are
shown in Table 1. They include nine basic variables from at-
mospheric boundary layer: air temperature, specific humidity,
precipitation, two components of wind speed, surface air pres-
sure, surface downward short- and long-wave radiation, and at-
mospheric CO, pressure. The principal prognostic variables are
presented in Table 2. They include seven surface physical fields
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Table 2.
two-way coupled model over land

The principle outputs or prognostic variables of the

Symbol Definition Unit
Su Surface sensible heat flux Wm—2
Lu Surface latent heat flux Wm~2
T; Soil temperature of each layer K

M. Water stored in the canopy m

Wi Soil moisture of each layer m*m~3
af Albedo of vegetation fraction
Sg Snow depth at land surface m

LAI Leaf area index m’m~2
NPP Net primary production ¢Cm~2
BM; Biomass of leaf, stem and root. ng’2

of energy and water budget, and three variables related to vege-
tation morphology and dry matter accumulation.

AVIM has been validated in many basic ecosystems including
forests, grasslands, shrublands and croplands (Ji and Yu, 1999;
Li and Ji, 2001; Lu and Ji, 2002b; Dan et al., 2005). The simu-
lations reveal the reasonable spatiotemporal variation of NPP in
relation to the climatic change in terms of air temperature and
precipitation. AVIM has participated in the Ecosystem Model-
Data Intercomparison (EMDI) organized by IGBP project on
Global Analysis, Interpretation and Modelling (GAIM), and the
simulated NPP agrees well with the measured NPP (Dan et al.,
2005). The global soil texture data were taken from Zobler (1986)
with six classification types. The plant function type is classified
into 13 types similar to Xue et al. (2004).

The GCM, Global Ocean-Atmosphere-Land System Model
(GOALS), is developed at Institute of Atmospheric Physics/State
Key Laboratory of Numerical Modelling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics (IAP/LASG). This cli-
mate model has nine layers in the atmosphere and is truncated
rhombically at the 15 wave numbers (Wu et al., 1997). The hor-
izontal resolution is 7.5 ° longitude by 4.5 ° latitude. The re-
duction of a standard atmosphere proposed by Zeng (1963) and
Phillips (1973) was used in the dynamical framework to improve
the GCM performance. A new k-distribution radiation scheme
(Wang et al., 2000) was introduced to make the cloud radiation
processes more reasonable. The monthly mean climatologically
observed sea surface temperature (SST) and sea ice was taken
from the 1979-1988 data of Atmospheric Model Intercompari-
son Project (AMIP). The integration time step is 30 min and the
land-air coupling is synchronous. The GOALS GCM performs
well in global climate simulations, especially for the large-scale
features and seasonal cycle (Liu et al., 2001). It has been used to
study the climate changes, such as the maintenance mechanism
of subtropical anticyclone (Liu et al., 2004) and future climate
projection under different scenarios (Coquard et al., 2004).

Considering the coarse resolution of GOALS, the land surface
model AVIM is designed to relatively fine grid of 1.5 ° by 1.5 °

and the interface coupling adopts the nesting technique to link
the two models. Thus a unit grid of the GCM is subdivided into
15 grid cells down to the surface. The two-way coupled model
has run for 30 yr, and the last 15 yr outputs were selected for the
analysis.

2.2. The ERA40 flux data, observation LAI and IGBP
NPP data

The sensible and latent heat flux reanalysis data in this study were
provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF). The ECMWEF 40-yr reanalysis (Simmons
and Gibson, 2000) for surface physical fluxes (abbreviated as
ERAA40 flux data) was monthly daily mean fields with a reso-
lution of 2.5 ° by 2.5 °. The observation LAI data provided by
the Max Planck Institute for Meteorology were derived from the
minimum and maximum values for fractional vegetation cover
and LAI from the land surface parameters (LSP) dataset, monthly
values for fraction of absorbed photosynthetically active radia-
tion (FPAR), and a monthly 2 m temperature climatology in
high latitudes (Hagemann et al., 1999; Hagemann, 2002). This
dataset is 0.5 ° by 0.5 ° and it covers the global land areas ex-
cluding Greenland and Antarctica. The LSP dataset has been
successfully used in the RCMs of HIRHAM and REMO as well
as in the global European Centre Hamburg Model (ECHAM)
model (Hagemann, 2002). The International Geosphere Bio-
sphere Programme (IGBP) Global NPP Model Intercomparison
Data (IGBP NPP data) with the resolution of 0.5 ° by 0.5 °, were
downloaded from the website of International Satellite Land Sur-
face Climatology Project Initiative II (ISLSCP II). The annual
mean IGBP NPP data used to intercompare the simulated NPP of
the coupled model AVIM-GOALS were derived from the orig-
inal data containing gridded average NPP for 17 global models
of biogeochemistry (Cramer et al., 1999).

3. Results and analysis

3.1. The global SPFs, NPP and LAI

(1) The SPFs simulations

The global distribution of SH and LH is shown in Fig. 1. The
climatologically annual mean SH and LH is generally consistent
with the ERA40 flux data. The maximum SH (greater than 60
W/m?) is located in the arid or semi-arid regions of southern and
eastern coast of Africa, Western China, Australia, and the West
Coast of North and South America. The SH in tropical rainforests
and boreal forests is below 20 Wm~2, and the negative SH occurs
in northern high latitudes. But the simulated SH in high latitudes
is underestimated with the minimum of ~40 Wm~2? compared to
the —20 Wm 2 of ERA40 SH; the reason for this is the less net
surface radiation (Zhang et al., 2002). The maximum SH simu-
lation in Southern Africa and Australia is 40 Wm~2 lower than
the ERA40 SH and this reflects the large discrepancies of SPFs
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Fig. 1. Annual mean surface sensible heat flux (SH) and latent heat flux (LH) for the coupled model AVIM-GOALS and ERA40 reanalysis:
(a) AVIM-GOALS SH, (b) ERA40 SH; (c) AVIM-GOALS LH, (d) ERA40 LH, units: Wm™2.

simulation. The discrepancy can be easily understood according
to the PILPS LSMs intercomparison result (Pitman, et al., 1999),
which presents 79 Wm™2 range for SH and 80 W/m? for LH in an-
nual mean simulations of tropical rainforests for different LSMs,
and shows 34 and 27 Wm™? range for SH and LH of grassland.
The large SH centre in the Tibetan Plateau seems to be reason-
able compared to the high value of the previous work (Gao and
Lu, 1981; Lu and Ji, 2002a) in this region. The large LH occurs
in the tropical rainforests (80—-120 Wm™2), followed by 40-80
W/m? in the temperate forests of southeast China and south-
east USA, and 20-40 Wm~2 in boreal forests. Compared to the
previous version of overestimated ERA15 LH data in southeast
China (Figure not shown), the ERA40 LH shows the improve-
ment with the July maximum slightly larger than the 100 Wm™2
according to the Climatological Atlas of China (Gao and Lu,
1981), whereas ERA15 July maximum LH presents large-area of
120 Wm™2 in this region.

The seasonal cycle of the exchanges of energy, mass and mo-
mentum between the land and atmosphere can be modified by
vegetation through morphological change and carbon assimila-
tion, and it plays a major role in the seasonal variations of local
surface hydrology (Varejao-Silva et al., 1998). It is important to
evaluate the seasonality of the coupled model to understand the
capacity of simulating the seasonal change of SPFs and vegeta-
tion. Here, the seasonal variation range or oscillation amplitude
for SH, LH, LAI and NPP was analyzed using the difference be-
tween boreal summer and winter values (representative of July
minus January averages). Fig. 2 shows the seasonal oscillation
amplitude of SH and LH. The simulated SH difference (Fig. 2a)
agrees well with the ERA40 SH difference in that the positive
SH difference above 40 Wm™2 is distributed to north of 30 °N.
The large positive SH difference up to 80 Wm™2 emerges in
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the northern mid-latitudes (3050 °N). The region centred about
15 °S of Africa and South America shows also the 0—40 W/m?
positive difference. The noticeable negative SH difference be-
low —40 Wm~2 occurs in the southern end of Africa, Australia
and South America. The LH difference (Fig. 2¢ and d) exhibits
a large winter-to-summer increase in northern mid-latitudes, but
the simulation is about 20 Wm~2 lower than ERA40 LH variation
that has maximum up to 100 Wm™2. Unlike the SH difference
pattern, the LH difference in Southern Hemisphere is nearly neg-
ative.
(2) The NPP simulations

Global human consumption proportion of terrestrial NPP is
about 20% (range of 14-26%) of the total NPP generated on land
(Imhoff et al., 2004). Due to the importance in human needs and
climate change, many terrestrial ecosystem models attempted
to simulate the global NPP patterns e.g. the IGBP NPP inter-
comparison work. The IGBP NPP data are considered to be
a comprehensive representation of NPP fluxes (Cramer et al.,
1999), so the simulated NPP of the coupled model was com-
pared with the data. Fig. 3a is the multi-year annual mean NPP
of the coupled model AVIM-GOALS, and the simulation is con-
sistent with the IGBP NPP data (Fig. 3b). The largest annual NPP
across the globe (with the value greater than 1000 gCm2year')
is distributed through the tropical rainforests of Africa, South-
east Asia and Amozonia. The areas with 500-700 gCm~year'
are located in the temperate forests and the lower NPP below
200 gCm~2year' distributes in the cold or arid regions. But the
simulated NPP of boreal forests is generally smaller than the
IGBP data, especially in northern high latitudes. For instance,
the simulation of Western Europe can be 200 gCm~2year! lower
in contrast to IGBP data. The reason is the cold bias of surface
air temperature (Dan et al., 2005) due to less surface heating.
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Fig. 2. As Fig. 1, but for the difference of July minus January sensible heat flux (SH) and latent heat flux (LH): (a) AVIM-GOALS SH difference,

(b) ERA40 SH difference; (c) AVIM-GOALS LH difference, (d) ERA40 LH difference, units: Wm 2.
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Fig. 3. The net primary production (NPP) for the coupled model AVIM-GOALS and IGBP model intercomparison average data: (a) Annual mean
AVIM-GOALS NPP, (b) annual mean IGBP NPP, units: ng_zyear_l; (c) AVIM-GOALS NPP in January, (d) AVIM-GOALS NPP in July,

(e) AVIM-GOALS NPP difference of July NPP minus January NPP, units: gCm~2month~!.
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The simulation to south of 15 °S in Africa is larger than IGBP
data mainly because of the land cover classification of broadleaf
trees in contrast to grassland of other models (e.g. BIOME-BGC,
Hunt et al., 1996).

In January, the simulated NPP (Fig. 3c) larger than
20 gCm~>month~"! is mainly located to south of 30 °N, and a large
area of the Northern Hemisphere is below 10 gCm~>month™".
The marked increase in July (Fig. 3d) occurs in the temperate and
boreal forests in Northern Hemisphere, and the NPP of South-
ern Hemisphere shows the decrease to south of 15 °S. Fig. 3e
is the difference between July and January NPP, and the major
variation (>40 gCm~2month~') is shown in the northern mid-
latitudes (30-50 °N) as well as in southeast China and USA.
Other regions vary little for NPP difference distribution, and the
largest decrease below —20 gCm~>month™! occurs in Eastern
Australia and southeastern South America.

(3) The LAI simulations

Due to the lack of global NPP observation and the IGBP model
intercomparison. NPP data only available for annual average,
the comparison of the simulated LAI against observation is one
way to validate the simulated vegetation. NPP is closely related
to the LAI through photosynthesis (see eq.(3) and (4)), and its
variation can be reflected in the LAI change. Fig. 4a and b are
the simulated and observed annual mean LAI respectively. The
global spatial pattern of LAI is similar to NPP distribution; in
other words, the areas with large LAI generally have large NPP.
The largest LAI (>8 m*m~2) is distributed throughout the trop-
ical rainforests of Africa, Southeast Asia and Amozonia. The
intermediate LAI (4-6 m*m~2) occurs in the temperate and bo-
real forests. The smallest LAI (<3 m?m™2) is located in the
arid/semi-arid regions of the Sahara, Western China, Western

coast of North America, and cold northern high latitudes. The
seasonal variation magnitude of LAI is shown in Fig. 4c and
d. The marked variation of the difference (>3 m’m~2) occurs
in Northern Hemisphere including mid-latitudes, Eastern China
and USA, But the simulated LAI variation amplitude in north-
ern high latitudes is underestimated due to the lower July LAI
affected by the cold bias of air temperature (Dan et al., 2005),
which causes the lower NPP simulation. The seasonal variation
of LAI in the arid regions and tropical rainforests is relatively
small, reflecting the two extremes of LAI with a minimum for the
former and a maximum for the latter, which indicates the stable
state of vegetation in these regions. For the seasonal LAI differ-
ence of Southern Hemisphere, the positive difference emerges
in Australia, but the largest value of the simulation is located
in northern part in contrast to the southern part for observation,
which can be attributed to the different spatial pattern of pre-
cipitation between the GCM simulation and observation (Dan
et al., 2005). The vegetation of Australia is highly sensitive to
precipitation changes (Barrett et al., 2002), thus the fact can be
helpful to understand the discrepancy of LAI difference. The
seasonal LAI difference in Southern Africa shows the reverse
sign to observation due to the higher LAI in July resulting from
the overestimated temperature and precipitation. The simulated
seasonal LAI difference in South America is smaller in contrast
to the observation, and this can be mainly attributed to the over-
estimated January LAI affected by a warm bias in simulated
temperature in this region.

(4) The water use efficiency (WUE) simulations

The WUE is a variable that shows the plant dry matter per unit
of water consumed and can be regarded as a link between the
carbon cycle and the surface hydrological cycle. There are many
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Fig. 4. (a) Annual mean leaf area index (LAI) of AVIM-GOALS, (b) annual mean observed LAI from Max Planck Institute for Meteorology;
(c) AVIM-GOALS LAI difference of July LAI minus January LAI, (d) observed LAI difference of July LAI minus January LAI, units: m?>m~2.
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Fig. 5. The water use efficiency (WUErT) defined as the ratio of NPP to evapotranspiration (ET): (a) AVIM-GOALS WUET in January, (b)
AVIM-GOALS WUETr in July; (c) AVIM-GOALS annual mean WUET, (d) reference WUET with the ratio of IGBP NPP to ERA40 ET, units: gkg’1 .

definitions of WUE, such as the WUE using transpiration at leaf
scale and WUE using ET at canopy scale (Li et al., 2003 and Sun
et al., 2006). In this study, WUE is defined as the ratio of NPP
to the ET and is similar to definition of previous studies using
the ratio of dry matter production to ET (Riedo et al., 1999). We
use WUET to be distinguished from the WUE often using tran-
spiration. Since the latent heat flux equals the total evaporation
(including evaporation and transpiration), ET can be obtained
from the LH by dividing the L of eq. (2). This index can show
the NPP change with the energy variation related to the per unit
water consumed. Fig. 5a and b present the global WUET simu-
lation in January and July, respectively. The WUEr in January is
distributed mainly to south of 30 °N and the zero isoline reaches
50 °N of North America, which reflects the northern boundary of
vegetation growth affected by the surface energy balance (with
NPP > 0). In July, WUEr presents the increase in the Northern

!in tem-

Hemisphere and the value can be more than 1.0 gkg™
perate forests, boreal forests and tundra. The seasonal variation
of WUEr in the Southern Hemisphere is smaller compared to
the great change to north of 30 °N.

For the WUEt comparison, the ratio of annual mean IGBP
NPP to the ET transferred from annual ERA40 LH is used as
the reference WUET and presented in Fig. 5d. The ERA40 ET
is interpolated into 0.5 ° by 0.5 ° with the bilinear interpolation
method. The reference WUEr (Fig. 5d) and the simulated an-
nual mean WUEr (Fig. 5¢) show the large value 1-1.5 gkg~! in
northern mid-latitudes, but the simulation in the boreal forests
of Eurasia centered at 60 °N is lower than the reference WUEr
mainly due to the lower NPP. The simulated WUEr is much lower
than the reference WUEqr in Sahara and the maximum reference
WUE- in Sahara can be attributed to the quite small ERA40 LH
of desert (most energy partitioning into SH). The reason of the

smaller simulated WUE in this region is that the vegetation type
of the coupled model is the broadleaf shrubs with bare soil (Dan
et al., 2005) of which the simulated LH is higher than that of
desert in ERA40 data (cf. Fig. 1c and d). The simulated annual
WUE- in northern high latitudes, especially in North America,
seems to be overestimated due to the lower simulated LH. The
reason is a smaller heat surplus from the radiation budget, which
induces the small LH in this region.

3.2. The seasonality of SPFs, NPP and LAl

The vegetation phenology exists across the globe: vegetation
growth in summer and dormancy (falling leaf) in winter. For the
global vegetation, what is seasonal cycle distribution, and what
region shows the most drastic seasonality? To study the global
seasonality of physical fluxes and vegetation, the monthly time
series of global mean SPFs, LAI and NPP were calculated by
the transfer of opposite season in Southern Hemisphere (accord-
ing to the onset and offset month of four seasons in Northern
Hemisphere) to obtain the uniform season shift across the globe.
The correlation coefficient between the monthly mean variable
and its globally averaged value is shown in Fig. 6 and Fig. 7.
The seasonal adjustment of the Southern Hemisphere according
to the vegetation onset and offset time of the Northern Hemi-
sphere does not affect the basic pattern of the global significance
level. Without the adjustment, only present positive correlation
in the regions south of 15 °S in Fig. 6 and Fig. 7 will be negative
coefficients (Figures not shown). This accounts for the fact that
seasonal cycle at land areas of the Southern Hemisphere is less
significant than that of the Northern Hemisphere, and the major
contributor to the global seasonality is located in the Northern
Hemisphere.
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Fig. 6. The correlation coefficients between the monthly mean variable and its globally averaged monthly mean value: (a) For AVIM-GOALS
sensible heat flux (SH), (b) for ERA40 SH; (c) For AVIM-GOALS latent heat flux (LH), (d) for ERA40 LH. (seasonal adjustment over Southern
Hemisphere according to the onset and offset time of Northern Hemisphere, only values above 99.9% significance level presented)
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Fig. 7. AsFig. 6, but for leaf area index and NPP: (a) AVIM-GOALS LAI correlation coefficient, (b) observed LAI correlation coefficient (data
from Max Planck Institute for Meteorology); (c) AVIM-GOALS NPP correlation coefficient. (seasonal adjustment over Southern Hemisphere
according to the onset and offset time of Northern Hemisphere, only values above 99.9% significance level presented)

The seasonal cycle of SPFs plays an important role in climate
change. For example, the seasonal heating of SH can be help-
ful to simulate the abrupt northward jump of the eastern Asian
monsoon (Xue et al., 2004). Fig. 6 shows the global terrestrial
correlation coefficients of SH and LH with their global monthly
mean values over land. The areas with statistical significance of
99.9% using the Student’s t-test are mainly located to north of
30 °N and south of 15 °S. But due to the relatively small area of
Southern Hemisphere passing the significance level in contrast

Tellus 59B (2007), 3

to that of Northern Hemisphere, only the seasonality in North-
ern Hemisphere is analyzed in this study. The seasonality in low
latitudes is so weak with a lower significance and the correlation
has large spatial heterogeneity (the positive and negative correla-
tion coexists in this region). The correlation coefficient of LH in
northern mid-latitudes shows the largest value above 0.94. What
should be noticed is the global monthly means averaged over
land areas, and this kind of correlation excludes the impact of
oceans.
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The correlation coefficients for LAI and NPP with their cor-
responding global averages are shown in Fig. 7. The correlation
coefficients distribution is similar to that of SH and LH. How-
ever, mostregions in Africa and northern high latitudes of Eurasia
cannot pass the significance test, especially for LAI. The corre-
lation coefficient of simulated LAI (Fig. 7a) agrees well with
that of the observation (Fig. 7b), presenting large value above
0.92 in northern mid-latitudes, where the biggest contributor to
global seasonality exists. Consequently, the 30 °N-50 °N re-
gion was chosen to analyze the seasonality of SPFs, LAI and
NPP.

The zonal mean of SPFs, LAI and NPP between 30 °N-50 °N
in each month is shown in Fig. 8. All variables in this statistical
sensitive region present the marked seasonal variation, high in
summer and low in winter. There are three peaks around 34 °N,
42 °N and 48 °N in the month-latitude variation of SPFs, LAI
and NPP. The nearly simultaneous variation of SPFs and vege-
tation along latitude in this region is the indication of the close
linkage between them. It is due to the interaction of the energy
and water cycle that the SPFs and vegetation show the inter-

Fig. 8. The 30 °N-50 °N zonal mean of
monthly mean fluxes and LAI: (a)
AVIM-GOALS sensible heat flux (SH),

(b) ERA40 SH; (c) AVIM-GOALS latent
heat flux (LH), (d) ERA40 LH, units: Wm™2.
(e) The simulated leaf area index (LAI) of
AVIM-GOALS, (f) the observed LAI, units:
m?/m?. (g) The simulated NPP of
AVIM-GOALS, units: g¢Cm~>month~!.

correlated seasonality in the coupled model. The simulated LAI
variation (Fig. 8e) is corresponding to the observation (Fig. 8f),
which shows the LAI above 1.8 m?>m™2 from April to September
and below 1.2 m*m~2 in boreal winter. The noticeable season-
ality also exists for NPP, above 30 gCm~2month™! in summer
and below 10 gCm~>month~! in winter. This phenomenon may
explain the large amplitude of seasonal cycle of surface CO,
in Northern Hemisphere mid-latitudes (Olsen et al., 2004). The
simulated magnitude of SPFs is generally lower than the ERA40
data, especially for the LH, and the maximum discrepancy can
reach 35 Wm™2,

To test the degree of correlation of the SH, LH, LAI and NPP
in northern mid-latitudes, the correlation coefficients of any area-
averaged variable in each month in this 30 °N-50 °N region with
others are presented in Table 3. All the correlation coefficients in
the Table 3 show the high statistical significance and nearly pass
the 99.9% level (only one coefficient between the observation
LAI and modelled SH passing 99.5%) in the Student’s t-test.
The high correlation with high significance presents the close
linkage of the seasonality in northern mid-latitudes for surface
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Table 3. The correlation coefficients between any modelled and observed variable among area-averaged monthly
mean sensible heat flux (SH), latent heat flux (LH), LAI and NPP for terrestrial 30 °N—50 °N. The symbol ‘M’
means ‘simulation’, ‘O’ for ‘observation’” and ‘R’ for reanalysis data

SH-M LHM LAIM NPPM
Correlation coefficient (Wm~=2) (Wm~2) (m*m~2) (gCm~2month~!)
SH_R 0.985 0.995 0.943 0.954
LHR 0.927 0.978 0.985 0.988
LAI.O 0.819*  0.866 0.978 0.977
Remark The number with asterisk means passing 99.5% significance level, others for 99.9% level.

energy, water and carbon flux, which shows the most marked
seasonality in this region across the globe.

4. Discussion

The SPFs, LAI and NPP are key variables to represent the en-
ergy and water exchange, vegetation morphology variation and
carbon exchange at the land/air interface. The SPFs are regarded
as the physical processes (Lu and Ji, 2002a), and vegetation pro-
cesses including structure and functioning belong to ecological
field. However, the physical and ecological variation should be
linked in mechanism to study their interaction. To study the feed-
backs between physical climate system and vegetation, the cou-
pled ocean-atmosphere-carbon model is a good choice (Govin-
dasamy et al., 2005) This kind of linkage has been realized in the
two-way coupled model AVIM-GOALS, which helps to study
the interaction of surface energy, water flux and terrestrial carbon
cycle. This study analyzed the global pattern and the magnitude
of SPFs, LAI and NPP, and explored the relationship between
physical fluxes and biological fields in global seasonality.
Although to accurately quantify the global SPFs is diffi-
cult, the intercomparison of modelled SPFs to reanalysis is one
method to understand strength and weakness of representation
of SPFs in LSMs. Previous studies have analyzed SPFs over
oceans, such as Yu and Mechoso (1999) analyzed the modelled
LH errors in the tropical Pacific Ocean. Frankignoul et al. (2004)
compared modelled SPFs over global ocean to NCEP reanalysis
and found the strong SPFs feedback effect at the extratropical
ocean. In this paper, we analyzed the global terrestrial SPFs and
found the strong signal in its seasonality located in northern
mid-latitudes. The simulated SPFs distribution corresponds to
ERAA40 flux data across the globe. The discrepancy of SPFs is
the overall lower value in contrast to ERA40 flux derived from
the data assimilation model, such as the 20 Wm~?2 lower in north-
ern high latitudes. The shortage of radiation surplus in northern
high latitudes can account for the lower simulated SPFs. How-
ever, the SPFs difference in magnitude can be understood since
different LSMs adopt different parametrization for SPFs, similar
to the discrepancy of LSMs driven by the same meteorological
conditions of PILPS (Pitman et al., 1999). The seasonal oscilla-
tion amplitude, represented by the July SPFs minus the January

Tellus 59B (2007), 3

SPFs, is consistent with ERA40 data. The absolute value of SH
in seasonal change (above 40 Wm™2) emerges in extratropical
land areas north of 30 °N and south of 30 °S. The seasonal dif-
ference of LH shows a large positive value up to 80 Wm™2 in
boreal forests, but the simulation is 20 Wm~2 smaller than the
ERA40 LH difference, even up to 40 wm~2 in Eastern China and
USA.

The simulations show that the spatial pattern of annual NPP
agree with IGBP NPP data from 0-200 gCm2year™' in arid
and cold regions to high value above 1000 gCm 2year™!
tropical rainforests. The simulated NPP in northern high lati-

in

tudes is underestimated due to the lower simulated temperature
and the value south of 15 °S is overestimated because of the
land cover types used here different from other vegetation mod-
els. Due to the opposite season in contrast to Northern Hemi-
sphere, the NPP difference between January and July shows the
decrease in Southern Hemisphere with the negative centre in
Eastern Australia and southeastern South America. The sim-
ulated annual mean LAI corresponds to the observation: above
8 m?m~? for rainforests and 4-6 m?>m~2 for temperate forests and
boreal forests. The simulated seasonal difference in LAI above
2 m®>m~2 is mainly located in Eastern China, Eastern USA and
boreal forests, which agrees with the observation magnitude of
July—January difference in these regions.

As a variable linking carbon with water flux, the water use
efficiency shows a large seasonal increase in extratropical re-
gions over land, especially in northern mid to high latitudes. The
annual mean WUEr of the coupled model is roughly consistent
with the reference WUEr. Compared to WUE using transpira-
tion in the calculation, WUEr incorporating evaporation from
the soil has the large difference in transitional regions (semi-arid
regions, e.g. northwestern China and southeastern USA), where
the soil evaporation can be comparable to vegetation transpira-
tion due to the comparatively adequate amounts of soil water
and surface energy. In these transitional regions, WUEr is lower
than WUE because soil evaporation can be up to 40-80% of ET.
In forest regions, the effect of soil evaporation on WUEr can be
neglected in regards to WUE. Transpiration in forests dominates
the calculation of WUET or WUE because the magnitude of soil
evaporation is much smaller than vegetation transpiration. In the
desert, the values of NPP, soil evaporation and ET are small, thus
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it is hard to evaluate the difference between WUEt and WUE,
and the equations of soil transpiration and ET can be found in
the appendix A2 of Lu and Ji (2006).

To investigate the seasonality of SPFs and vegetation, the re-
gion with high statistical significance (99.9%) was found by
calculating the correlation coefficient between the variable and
its global monthly average. The seasonal cycle of SPFs is im-
portant to climate predictability, and is most pronounced over
mid-latitude continental regions and less so over the oceans and
at lower latitudes (Elsner et al., 1994). The reason for the en-
hanced predictability in northern mid-latitudes is the dependence
of tropospheric heating related to SH (Elsner et al., 1994), thus
the northern mid-latitudes are unique for climate study. For the
carbon cycle, land-use change has strong impact on the carbon
storage in this region (Zhuang et al., 2003) and the northern mid-
latitudes including Eurasian boreal and North American tem-
perate forests have been large variable carbon sink since 1981
(Barford et al., 2001; Myneni et al., 2001; Cao et al., 2005). Con-
sequently, the northern mid-latitudes are key regions to study
the interaction between SPFs and terrestrial carbon. The largest
contributor to the global seasonal variation is the northern mid-
latitudes with correlation coefficient above 0.92. The correlation
can not be altered by the opposite season phase of the South-
ern Hemisphere compared with the Northern Hemisphere, which
shows the strong seasonality in contrast to SH, LH, LAI and NPP
of other regions across the globe. The interaction between the
physical fluxes and vegetation can be reflected in the zonal mean
fields as well as the correlation coefficients for any two area-
averaged variables. The month-latitude distribution between
30 °N-50 °N shows the three-peak seasonal variation for SPFs,
LAI and NPP. The obvious discrepancy is the lower simulated
LH in contrast to ERA40 LH data. The correlation coefficients
between any two fields present high statistical significance: one
for the 99.5% level and eleven for the 99.9%.

5. Conclusions

We have coupled the new version of AVIM into GOALS GCM
and explored the global surface water, energy and carbon flux
in the two-way coupled model. The SPFs are related to the ter-
restrial ecosystem through the energy and water budget at the
surface as well as the morphology of vegetation (e.g. LAI). Our
results show that the SPFs, LAI and NPP are generally consis-
tent with ERA40 reanalysis, observation LAI and IGBP model
intercomparison NPP, respectively, in the global spatial pattern
and seasonal oscillation amplitude. Our results also indicate that
the main contributor to global mean seasonality of surface fluxes
over land is located in northern mid-latitudes, and the strong con-
tribution can not be changed by the opposite season of Southern
Hemisphere in contrast to Northern Hemisphere. The seasonality
contribution has high statistical significance of 99.9% confidence
level in the Student’s t-test, and the significant seasonality occurs
in the region of 30-50 °N for the SPFs, LAI and NPP.
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