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Abstract

In this study we present a new biosphere model called the Biosphere model
integrating Eco-physiological And Mechanistic approaches using Satellite data (BEAMS).
BEAMS provides a new method of calculating the environmental stress affecting plant
growth (Stress). Stress is calculated eco-physiologically using a photosynthesis model and
stomatal conductance formulation, providing a more realistic result than previous models.
Stress values are used to estimate Gross Primary Production (GPP) estimates via the light use
efficiency concept. We used BEAMS, including our new Stress approach, to investigate
global spatial and temporal patterns of Net Primary Production (NPP) and Net Ecosystem
Production (NEP). BEAMS was run for the years 1982-2000 using global-scale satellite and
climate data. Comparison of model results with observational measurements at flux sites
reveals that GPP values predicted by BEAMS agree with measured GPP. Obtained Stress
values were compared with those of MOD17 and CASA; the three methods produce
contrasting spatial patterns. Upon comparing predicted and observed NPP, the pattern of NPP
for each plant functional type can be adequately estimated. In terms of trend analysis, NPP
increased for the years 1982-2000 in most regions. Different NPP trends were observed in
Europe, Russia, and northeast Canada than those proposed by Nemani et al. [2003]; we
attribute these differences to climate-related processes. Simulated inter-annual variations in
global NEP are similar to results from inverse modeling. A sensitivity study of obtained NEP
shows that the inter-annual variability in NEP is strongly controlled by air temperature,

precipitation, CO,, and the fraction of absorbed photosynthetically active radiation.
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1. Introduction

Atmospheric CO, concentration is strongly controlled by the terrestrial biosphere.
Net Primary Production (NPP) and Net Ecosystem Production (NEP) represent the rates of
atmospheric carbon uptake by vegetation and the carbon exchange between the atmosphere
and biosphere, respectively, both of which play important roles in the terrestrial carbon cycle.
Accurate estimates of the spatial and temporal patterns of NPP and NEP are necessary to
understand both the current-day and future terrestrial carbon cycles, which have a strong
affect on global environmental change. Importantly, quantitative estimates of regional- and
global-scale NPP and NEP values are extremely difficult to obtain, as these fluxes cannot be
directly measured at a large scale.

A number of biosphere models have previously been proposed as a means of
estimating the spatial pattern of NPP and NEP fluxes. These models are of two types:
diagnostic models that require satellite and climate data as input parameters [e.g., Potter et al.,
1993; Ruimy et al., 1996], and prognostic models that require only climate data as input
parameters [e.g., Warnant et al., 1994; Foley et al., 1996; Kucharik et al., 2000; Sitch et al.,
2003]. Existing global biosphere models produce contrasting estimates of annual global NPP,
ranging from 40 to 80 GtC/yr [Cramer et al., 1999, Ruimy et al., 1999]. This uncertainty
indicates the need to develop a more realistic and accurate method of calculating global
carbon fluxes.

Accurate calculation of Gross Primary Production (GPP) is required for estimating
NPP and NEP. One of the primary methods of calculating GPP is the Light Use Efficiency
(LUE) concept, which assumes that photosynthesis productivity is proportional to light

absorption [Monteith, 1972, 1977; Asrar et al., 1984]:

GPP = APAR * LUE = (FPAR * PAR) * (LUEmax * Stress) (1)
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where PAR is Photosynthetically Active Radiation (MJ/m*/month), APAR is absorbed PAR
(MJ/m*/month), and FPAR is the Fraction of absorbed PAR, based on satellite data (See
Section 3.2.). LUE (gC/MJ) represents the quantum efficiency of vegetation growth including
environmental factors, and is generally described as LUE=LUEmax*Stress, derived from
maximum LUE (LUEmax; gC/MJ) and a reduction of LUEmax due to environmental stresses
(Stress) [e.g. Potter et al., 1993; Cramer et al., 1999]. The LUE concept has been applied in
many existing models [e.g. Jarvis and Leverenz, 1983; Prince, 1991; Potter et al., 1993;
Prince and Goward, 1995; Ruimy et al., 1994, 1996; Runyon et al., 1994; Running et al.,
1999; Heinsch et al., 2003], and has been used to analyze interannual variations in NPP and
NEP at the regional and global scale [Goetz et al., 2000; Potter et al., 2003; Nemani et al.,
2003].

A large degree of uncertainty exists in estimating LUE values. Ruimy et al. [1999]
demonstrated that the large differences in NPP estimates of existing biosphere models result
from differences in LUE values used by those models. Two major problems in this regard are
(1) accurately predicting the LUEmax value for each Plant Functional Type (PFT), and (ii) the
simple and empirical calculation of stress factors, which lacks a biophysical and biochemical
approach.

Although biochemical photosynthesis models [e.g. Farquhar et al., 1980; Farquhar
and von Caemmerer, 1982; Collatz et al., 1991, 1992] describe the effect of air temperature,
vapor pressure, soil water, and atmospheric CO, on photosynthesis, no existing LUE-based
models provide a comprehensive account of these environmental stresses. For example,
Monteith [1977] and Ruimy et al. [1994] did not include any stress factors in their
formulations, while Ruimy et al. [1996], Prince and Goward [1995], and Heinsch et al. [2003]
included only air temperature and vapor pressure. Potter et al. [1993] calculated stress factors
empirically from air temperature and evapotranspiration. To improve the accuracy of GPP
estimates that employ the LUE concept, it is necessary to develop a more comprehensive

4
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theoretical model that incorporates stress factors that reflect biochemical and biophysical
photosynthesis processes.

In the current paper, we propose a new Stress calculation method for the LUE
concept based on a photosynthesis model and stomatal formulation. We call this model the
Biosphere model integrating Eco-physiological And Mechanistic approaches using Satellite
data (BEAMS), and evaluate the model on a global scale by comparing our results with those
of existing biosphere models. We use our model, including the stress calculation, to simulate
spatial and temporal variations in NPP and NEP at a global scale over the past two decades,

and use sensitivity analysis to evaluate the primary mechanisms of change in NPP and NEP.

2. Description of BEAMS

BEAMS consists of hydrological and carbon cycle submodels, including the Stress
calculation (Figures 1 and 2); these two submodels are linked as required during the
simulation. The temporal resolution is monthly, and spatial resolution is 1*1 degree. The
Stress calculation and two submodels are described in the following sections, while
parameters used in the calculations are listed in Table 1.
2.1. Definition of Stress

Photosynthesis activities have a large effect on terrestrial carbon fluxes, and are in
turn affected by environmental factors such as light, temperature, water, CO, and nitrogen. In
the present study, we developed a new stress approach for the LUE concept, defining
interaction using biophysical and biochemical equations. As temperature and water factors
play an important role in plant growth activity, we focus on the effects of temperature and
water on GPP. These two factors can generally be expressed using the three parameters of soil
water, vapor pressure and air temperature. We calculate Stress from all three parameters,
applying the biophysical responses of photosynthesis using a photosynthesis model coupled
with a stomatal conductance formulation [Farquhar et al., 1980; Collatz et al., 1991; Ball et al.,

5
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1987; Leuning, 1990]. Upscaling from leaf to canopy is based on the big-leaf approach. This
method of calculation provides a more realistic Stress estimate, and accommodates interaction
between all environmental factors.

We define Stress as the ratio of actual to maximum photosynthesis (Pactal and Prax
in pmol/m?/s) based on a photosynthesis rate (Figure 1), which accounts for the biochemical

responses of temperature, relative humidity, and soil water content:

Stress — Pacwal P(temp, hs, Fsm.ll , Fsoil2) ' @
Prax P(temp_opt, hS_opt, FSOlll_opt, FSOIIZ_opt)

where temp, hs, and Fsoil are temperature, relative humidity, soil water status, respectively.
Relative humidity is derived from vapor pressure and air temperature using Tetens’s equation.
Pactual and Py are calculated using the given and optimum climate conditions of temperature
(temp and temp_p), relative humidity (hs and hs_op) and soil water status (Fsoill, Fsoil2,
Fsoill o, and Fsoil2 ). Maximum photosynthesis (Pmax) 1s calculated using the optimum
temperature (temp_,p is calculated by an iterative computation, in which temperature values
are varied from 0 to 35 degC), optimum humidity (hs_,, = 100%), optimum soil water status
for the maximum rate of carboxylation (Fsoill o, = 1.0), and optimum soil water status for
stomatal conductance (Fsoil2 ., = 1.0), which maximizes the photosynthesis rate at a given
condition.
2.2. Photosynthesis model and stomatal conductance formulation

Photosynthesis rate is calculated from climate parameters via a photosynthesis
model and stomatal conductance formulation. Biophysical and biochemical parameters used
in these equations are described in Table 1-1. Temperature-dependent parameters are Kc, Ko,
Vcemax, and t, while Vemax and Gst are water-dependent. The photosynthesis rate (P) is

described by the following equation:
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P = min {Pl, Ps, Pm} 3)

where Pl, Ps, and Pm are potential photosynthesis rates (umol/m?s). The above equation

shows that C3 species are expressed as the minimum of the three potential capacities to fix

carbon following the simplified Farquhar’s equations [Farquhar et al., 1980; Collatz et al.,

1991; De Pury and Farquhar, 1997]. P1, Ps, and Pm are given by the following equations;
Vemax *(pi- I'+)

Ps = — 4
pi + Kc*(1.0+02/Ko)

J *(pi - T¥)
4.0*(pi + 2.0T%)

Pl =

)

Pm 0.5 * Vemax (6)

Kc and Ko are dependent on temperature [Collatz et al., 1991], while Vcmax varies with

temperature and soil moisture:

-298.15)/10.0
Kce = Kcas * Qo™ ) (7)
-298.15)/10.0
Ko = Koy * QlOKo(temp ) (8)
Vemax = Vemaxass * Qrovemay P 22819100 % Booil] 9)

where Vemaxys is defined for each PFT [Wullschlenger, 1993], and Qjoke, Q1oko, and Q1ovemax
are given by Collatz et al. [1991]. Fsoill is given by the following equation [Sellers et al.,

1996]:

Fsoill = 1.0 (10)
1.0+exp (0.02*(WYwp -Y¥))
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where Wwp and V¥ are calculated by the hydrology submodel (Section 2.4.). ¥ represents the
relative quantity of the soil water and is one of the essential environmental factors that affect
plant photosynthetic activity. ¥ was calculated from the volumetric soil moisture (V), as

follows:

¥ o= Ps*V P (11)

where Ws and B are defined for each soil type [Zobler, 1986].T'* is given by

%
% = P_atm *Oxy (12)
20*7

where 1 is dependent on temperature:

_ temp-298.15)/10.0
T = T * QlOtau( P ) (13)

J is required in equation (5), and is calculated from the following equation [De Pury and

Farquhar, 1997]:

0% + (Jmax+I)*J + Jmax*I =0 (14)

where I; is dependent on downward short wave radiation. Finally, the leaf net assimilation rate,

Pn, is given by

Pn = P - Rd (15)
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where Rd is proportional to Vemax [Sellers et al., 1992, 1996].
The relationship between photosynthesis rate (Pn) and CO, pressure in intercellular space

(p1) is expressed by a diffusion equation:

G *(patm-pi)

Pn 16
P_atm (16)

Where G is the total conductance to CO,, given as:
1.0/G = 10/Gst + 1.0/Gbl (17)

where Gbl is calculated from wind speed, the zero plane displacement, surface roughness, and
the Karman constant [Monteith, 1965]. The value of Gst is calculated from the equation of
Ball et al. [1987], as adopted by Leuning [1990]:

m *hs *Pn

Gst = 1.0/1.6*(b+ ——*Fso0il2) (18)
(patm-T')

where b and m are assumed as universal constant values (= 0.01, 9.2). The soil water stress for
stomatal conductance (Fsoil2) is calculated from the following equation [Hanan and Prince,

1997]:

Y - Ywp

Fsoil2 = ————
Yfc - Ywp

19)

where Wfc and Wwp are defined for each soil type.
2.3. Carbon cycle submodel
The carbon cycle submodel consists of three biomass pools, four litter pools, and

9
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five components of soil organic matter pools, with four carbon fluxes of GPP, autotrophic
respiration (Ra), litter fall (LF), and soil decomposition (SD; Figure 2). NPP is defined as the
carbon flow of GPP minus Ra (NPP = GPP - Ra). We modeled GPP based on the LUE
concept using a satellite-based monthly FPAR data set and stress calculation, while other
carbon pools and fluxes were modeled mechanically. Phenology is expressed on the basis of
satellite-based FPAR and Leaf Area Index (LAI) as seasonally variable inputs. SD modeling is
based on the carbon cycle component of the Century model [Parton et al., 1993].

The GPP calculation is based on the LUE concept including Stress calculated in the
photosynthesis model (see equation (1) and Section 3.2.), which takes into account the
environmental effects of air temperature, relative humidity, soil moisture, and atmospheric
CO, concentrations on vegetation growth. GPP is allocated into leaf, stem, and root
components by an empirical equation using climate parameters [Friedlingstein et al., 1999].

The Ra of leaf, stem, and root (Ram jef, stem, root) cOnsists of maintenance and
growth respiration. Maintenance respiration (Ram) is modeled in proportion to biomass with
temperature dependence [McGuire et al., 1992; Heinsch et al., 2003], and growth respiration
(Rag) is modeled in proportion to the potential NPP (=GPP - Ram) [Raich et al., 1991], as

follows:

Ram_leaf; stems root — kr_leafa stems root * Cblo_leafa stems root * QlOfU.l’lCthl’l (20)

Rag_leafa stems root — ff_g * (GPP_leaf, stems root — Ram_leaf, stems root) (21)

where Kt jeaf, stems root 18 the specific respiration rate of leaf, stem, and root [Heinsch et al.,
2003], and Cbio_jeaf, stem> root 18 the carbon mass of leaf, stem and root. Only Cbio jes 18
calculated using LAI and Specific Leaf Area (SLA) defined for each PFT [Heinsch et al.,
2003]. The Q10 function is the temperature dependence of maintenance respiration (Q10 =
2.0).

10
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The LF of stem and root (LF sem, root) are assumed to be proportional to stem and
root biomass, respectively (Ito and Oikawa, 2002). Leaf LF (LF ) is calculated from

Cbio_jear 0f the previous and current months. Each litter fall is calculated as

LF7 stems root = klistem, root * Cbiofstem, root (22)

LF_leaf

NPP jear — ( CbiO_leaf (t) - CbiO_leaf (t-1)) (23)

where Kkl gem k1100 are the specific litter fall rate of stem and root, respectively. LF is divided
into structural and metabolic plant material based on the ratio of lignin to nitrogen (LN),
defined as a constant for each PFT (Fm = 0.99 - 0.0018*LN; Fm is a fraction of metabolic
litter fall). LF jor and LF e are metabolic and structural surface litter, respectively, and
LF ;o0 is metabolic and structural root litter, following Parton et al. [1993].

The SD submodel is based on the carbon cycle component of the CENTURY model
[Parton et al., 1993], and describes the major soil carbon pools and transformation processes
that connect them at the ecosystem level. The model comprises four litter carbon pools and
five soil organic matter pools (SOMs; Figure 2).

The structural and metabolic LF i¢ar and LF . are absorbed into “surface structural
C” and “surface metabolic C”, respectively, as inputs into the SD submodel. The structural
and metabolic LF ;. are absorbed into “root structural C” and “root metabolic C”,
respectively. SD is proportional to each litter or soil carbon pool size, and is affected by
differences in each PFT and soil type, including water and temperature dependences. Carbon

fluxes (Cflow) from each soil reservoir are calculated by:

Cflowi = ki*Lc*Cs i*Dy*(1-Mi) i=1.2 (24)
Cflowi = k i*Tm*Cs i*Dy*(1-Mi) i=3 (25)
Cflowi = k i*Cs i*Dy*(1—M i) i=4,5.6,7,8 (26)

11
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where k i is the maximum decay rate constant for each soil carbon pool (/month); Cs i is the
carbon content of litter or SOM pool (gC/mz; 1: surface structural C, 2: root structural C, 3:
soil microbe, 4: surface microbe, 5: surface metabolic C, 6: root metabolic C, 7: slow C, 8:
passive C, and 9: leached C); M 1 includes the effect of soil type and soil water flow, while
carbon transfer to microbial pools is estimated as a fraction of M _i instead of 1-M i; Dyy
depends on soil water content and temperature, and only the temperature dependence of Dy, is
modified using a Qo function; and Tm is calculated from the silt plus clay fraction [Parton et
al., 1993].
2.4. Hydrological submodel

The hydrological submodel is based on the BIOME3 model [Haxeltine and Prentice,
1996], and includes three water pools and six water fluxes. The water pools consists of a
surface snow pack pool, and two layers at depths of 0-500 mm and >500 mm, defined for
each soil type. The fluxes represent precipitation, evaporation, transpiration, snowmelt,
percolation from the upper to lower soil layer, and run-off from soil water pools (overswell
from soil bucket pools).

The soil water content (W;, W) is given by the equations below. Only the field
capacity (FC) and wilting point (WP) limit the maximum and minimum soil water content,

and are defined for each soil property [Saxton et al., 1986].

W, ® _ pprty— g - EET (1)  Perc(t)  runoff 27)
dV\ézt(t) _ Perc(t) _ﬂz -EET (t) — runoff 2 (28)

where £, and [, are derived from the soil water content and a root fraction for each soil

layer ( £ 1+ £ > = 1.0) [Haxeltine and Prentice, 1996], Perc is the percolation determined from

12
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the empirical equation based on Darcy’s law [Neilson, 1995], and PPT is water flux into the
soil, including snowmelt. For monthly average air temperatures (Temp) of <0 degC,
precipitation is stored in the snow pack pool, and PPT = 0. Snowpack is added to PPT in the
first month when temp >0 [Potter et al., 1993, Parton et al., 1993]. The estimated

evapotranspiration (EET; mm/month) is given by an empirical method [Potter et al., 1993]:

EET(t) = min{ PPT(t) + (PET(t) ~PPT(t))*RDR, PPT(t) + (W(t-1) - WP) }
(For PPT < PET) (29)

EET(t) = PET(t) (For PPT > PET) (30)

where RDR is calculated using an empirical equation based on the relationship between the
soil water potential and volumetric moisture content [Saxton et al., 1986; Potter et al., 1993].
The potential evapotranspiration (PET) is obtained using the Penman-Monteith method,
which requires inputs of soil temperature (Ts), and stomatal resistance (rs). Ts is calculated as
the soil temperature at the top of each soil layer using soil thermal diffusivities, air
temperature, and soil water content [Campbell and Norman, 1998; Sitch et al., 2003].
Stomatal resistance is calculated from the photosynthesis model and conductance formulation

(see Section 2.2.).

3. Input data

Table 2 summarizes the input data sets used in this study. All input data sets were
re-sampled to a 1-degree spatial resolution for conformity with the vegetation map. Details of
the input data sets are described in the following sections.
3.1. Climate data

The climate parameters used in our analysis were precipitation (Prec, mm), air
temperature (Temp, degC), vapor pressure (VP, hPa), incoming surface solar radiation (SOL,

13
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W/m?), net surface short/long wave radiation flux (NSW/NLW, W/m?), and wind speed
(WND, m/s). Values of Prec, Temp and VP are sourced from the Climatic Research Unit
(CRU) TS 2.0 data-set [Mitchell et al., 2003], which covers the period of 1901-2000 with a
spatial resolution of 0.5 degrees lat/longitude and a monthly temporal resolution. SOL, WND,
NSW and NLW were derived from the the National Centers for Environmental Prediction and
National Center for Atmospheric Research (NCEP/NCAR) reanalysis data set, and were
converted from daily to monthly temporal resolution. Atmospheric CO, concentrations are
sourced from monthly observation records at Mauna Loa [Keeling and Whorf, 2002], and
assumed to be representative of global values.
3.2. Satellite-based FPAR and LAI data

We used FPAR and LAI data sets based on the Normalized Difference Vegetation
Index (NDVI) of the Global Inventory Monitoring and Modeling Studies (GIMMS). FPAR
and LAI were obtained using a canopy radiative transfer model [Myneni et al., 1997a;
Nemani et al., 2003]. The data set covers 1981 to 2002 with a temporal resolution of one
month and spatial resolution of 0.5 degrees.
3.3. Land Cover Map, Soil and Elevation data

We used the NDVI-derived land cover map of Defries and Townshend [1994], which
classifies vegetation types into 11 classes: broadleaf evergreen forest, coniferous evergreen
forest and woodland, high latitude deciduous forest and woodland, tundra, mixed coniferous
forest and woodland, wooded grassland, grassland, bare ground, shrubs and bare ground,
cultivated crops, and broadleaf deciduous forest and woodland. Soil texture data from the
United Nations Food and Agriculture Organization (FAO) and NASA’s Goddard Institute for
Space Studies (GISS) data sets [Zobler, 1986] were used and physical soil parameters such as
volumetric water content and field capacity were estimated using the techniques of Cosby et
al. [1984]. Soil profile depth is from Webb et al. [1993]. Elevation was derived from the U.S.
Navy Fleet Numerical Oceanography Center (FNOC) 10-minute elevation data set [Cuming

14
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et al., 1981]. Elevation data were used only for the calculation of atmospheric pressure.

4. Experiment

BEAMS-derived GPP estimates were evaluated using observed GPP values (see
Section 5.1.). First, we evaluated the seasonal variation in GPP for an 8-year period from
1992 to 1999 using inventory data from the Harvard Forest, a deciduous broadleaf forest
located at 42°32°21.6”N, 72°10°40.6”W. Following this, annual GPP values were calculated
using the same method for 16 flux sites in Europe and North and South America, and these
annual GPP values were evaluated against annual GPP values observed at flux site. BEAMS
simulates GPP at a point scale and temporal resolution of one month (our GPP). Assuming
that the terrestrial carbon cycle at each flux site was in equilibrium during the first year of the
simulation, we ran the model until NEP reached an equilibrium state. GPP was estimated from
meteorological data (e.g. solar radiation, vapor pressure) and FPAR based on satellite
observations. The meteorological parameters required by the LUE concept were obtained
from meteorological data measured at the flux site [Falge et al., 2001a, 2001b]. FPAR data
were sourced from FPAR data sets based on GIMMS [Myneni et al., 1997a; Nemani et al.,
2003]. To compare our estimates with those of other studies, additional GPP values were
calculated using the MOD17/GPP algorithm from the same inputs (mod_GPP). Our_GPP and
mod_GPP were evaluated using GPP based on the Net Ecosystem Exchange of CO, (NEE) as
measured at each flux site (flux GPP). Flux GPP was calculated from nighttime and total
NEE using the Q10 function. Measured NEE data were based on gap-filled flux data [Falge et
al., 2001a, 2001b], while Q10 values were sourced from previous studies [e.g. Hollinger et al.,
1999; Boone et al., 1998; Law et al., 1999].

BEAMS was used to simulate terrestrial carbon fluxes and pools on a global scale
with 1-degree spatial resolution and a monthly temporal resolution (Section 5.2. to 5.5.).
Assuming that the terrestrial carbon cycle was in equilibrium during 1982, we first ran the

15
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model until NEP reached an equilibrium state using 1982 climate, atmospheric CO,, and LAI
and FPAR data. On the basis of the equilibrium status, BEAMS was operated from 1982 to
2000 using climate, atmospheric CO,, and LAI and FPAR time-series data.

Stress factors were simulated using our Stress approach (Section 5.2.). Stresses
caused by temperature and water factors were simulated independently by alternately fixing
water (Stress w) and temperature (Stress t) status as optimal to evaluate temperature and
water stress separately. Spatial variation in Stress was also calculated via the CASA model
[Potter et al., 1993] and MOD17 product [Heinsch et al., 2003] to enable comparison with
BEAMS data. CASA-derived Stress is modeled empirically using two temperature factors and
one water factor. CASA-derived Stress t is modeled to account for (1) large respiration costs
for cold and hot environments (equation (6) in Potter et al. [1993]), and (2) the reduction in
light use efficiency at temperatures above and below the optimum (equation (7) in Potter et al.
[1993]). CASA-derived Stress w is modeled using estimated and potential evapotranspiration
within the range 0.5-1.0 (equation (8) in Potter et al. [1993]). MOD17-derived Stress includes
the effects of temperature and vapor pressure deficit determined using a linear function, while
setting the temperature and vapor pressure deficit at Stress = 1.0 (optimum conditions) and
Stress = 0.0 (no growth). The Stress factors in CASA and MOD17 were calculated using the
same input data sets (Section 3.).

We evaluated the simulated annual average NPP values from 1982 to 2000 with data
from the IGBP-DIS Global Primary Production Data Initiative (GPPDI) [Zheng et al., 2003]
(Section 5.3.). The GPPDI data set was obtained from the Oak Ridge NPP database as
observational NPP data, and contains 2335 cells based on observational and modeling data.
We extrapolated or regionalized the higher quality data sets to grid cell sizes of up to 0.5 * 0.5
degrees; we used data resampled to 1 * 1 degree (pixel values were averaged from half-degree
data).

We calculated a linear trend in NPP from 1982 to 2000, and analyzed the factors that

16
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influenced this trend (Section 5.4.). We estimated the linear trend in NPP based on
time-variable climate data and satellite-based LAI and FPAR data (default-run). To
understand the mechanisms of the NPP trend, we analyzed the sensitivity of the NPP trend to
variation in different input variables (climate parameters, vegetation data based on the satellite
observation, or atmospheric CO;) while other variables were held constant at their 1982
monthly values over the period 1982 to 2000.

Inter-annual variations in NEP, and the mechanisms responsible for these variations,
were analyzed on a global scale from 1983 to 2000 (Section 5.5.). Higher NEP anomalies
indicate an increase in carbon uptake by the biosphere, while lower values indicate increased
carbon release. A default-run was first conducted with time-variable climate and FPAR and
LAI data. A sensitivity analysis was performed for each input variable to determine the effect
of climate and vegetation parameters on inter-annual NEP variations. We varied successive
input variables over the period 1982 to 2000, while all other variables were held at their 1982
monthly values. NEP, which in 1982 was largely affected by spin-up, was not considered in

this analysis.

5. Results and Discussion
5.1. Comparison of GPP with flux site data

The first result is a comparison of modeled and observed seasonal GPP variation
(Figure 3). Our_GPP data shows a better fit to flux GPP than that achieved by mod GPP. By
improving the Stress calculation, we achieved a better correspondence, in absolute values,
between our GPP and flux GPP, indicating that our GPP data are more accurate than
mod_GPP. In terms of detecting the growing season and leaf drop season, the accuracy
achieved in describing the two seasonal changes indicates a strong correspondence with
flux_GPP, as both our GPP and mod GPP have a strong dependence on FPAR. For the
summer season, our GPP values are reasonable, but mod GPP values were clearly

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

underestimated. These results indicate that seasonal variation in GPP is more accurately
calculated using our new Stress approach. In the future, BEAMS will be used to simulate GPP
for the years from 2000 using MODIS/FPAR data sets, and the results will need to be
evaluated by comparison with observational data.

Our second result is a comparison of mod_GPP, our GPP and flux GPP (Figure 4,
Table 3). We found that our GPP produced a stronger correlation with GPP measurements at
more flux sites than that achieved by mod GPP. Both our results and MOD17 results contain
a slight overestimation, but the correlation coefficient for our estimate (R>=0.76) was stronger
than that for the MOD17 estimate (R’=0.47). We conclude that our estimates are in good
agreement with observational data at the flux sites in terms of seasonal changes and annual
absolute GPP values. The differences between our GPP and flux GPP shown in Figure 4 are
larger than those shown in Figure 3, because annual GPP values include the accumulated
errors involved in the monthly GPP values. We conclude that the errors result not only from
our estimation method, but also include errors involved in the calculation of GPP from
observed NEE, errors in the observation equipment, and errors resulting from observation
conditions. In the future, the accuracy of our GPP calculations will be improved by calibrating
vegetation parameters defined for each PFT.
5.2. Spatial distribution of modeled Stress

We calculated the spatial distribution of annual average water and temperature
stresses (Stress), Stress_t, and Stress w by BEAMS for 1982-2000 (left-hand image in Figure
5). High Stress values were recorded for eastern North America, temperate South America,
central Africa and parts of Southeast Asia, while low Stress readings were recorded for high
latitudes and semi-desert areas. Stress_t values were lower than Stress w in some areas. In the
Amazon area, the Stress factor was limited more by temperature (Stress t = 0.81-0.88, Stress
= 0.74-0.80) than by lack of water or dryness (Stress w = 0.92-0.98). This indicates that the
limitations on plant activity related to air temperature are greater than the limitations due to
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water availability or the effect of high temperature stress. The stresses recorded in central
Africa and parts of Southeast Asia showed similar trends. Values of Stress t in tundra areas
were low (Stress t = 0.08-0.13, Stress w = 0.23-0.30, Stress = 0.06-0.12), indicating that
plants in cold conditions were affected by low temperature stress. Temperature conditions
were optimal for plants in tropical and temperate semiarid regions such as southern and
northern Africa, parts of western North America, Australia, and China.

The highest Stress values were recorded in the equatorial regions, and these values
decrease toward higher latitudes and in drier regions (upper images in Figure 5). The three
different models used in this study produced contrasting Stress values in certain areas. In
equatorial regions, the highest Stress was produced by MOD17 (0.95-0.99), while CASA
produced intermediate values (0.85-0.93), and BEAMS produced the lowest values
(0.74-0.83). In Europe, MOD17 generated the highest Stress values (0.72-0.85), followed by
BEAMS (0.42-0.82) and CASA (0.39-0.63). In parts of Western Europe, the BEAMS and
MODI17 Stresses are similar, but in other arcas the BEAMS values are similar to those
generated by CASA. In parts of western North America, BEAMS Stress values are lowest and
MOD17 values highest, while in eastern North America, the CASA Stress values are lowest
and those of MOD17 highest. In northwest China, the MOD17 Stress values are highest and
the BEAMS values lowest (0.07-0.42).

Values of Stress w are high in humid tropical and temperate regions, and decrease
toward drier regions. The BEAMS Stress w values generally differ from values derived from
the other models (lower images in Figure 5); BEAMS Stress w values for middle and high
latitudes are lower than MOD17 and CASA values. MOD17 Stress w values are generally
highest, especially at high latitudes, while BEAMS values are generally lowest in these
regions. We consider the MOD17 and CASA values to be anomalously high due to problems
in the calculation methods of the models. For example, MOD17 uses only vapor pressure
deficit, and does not account for the water stress derived from soil moisture. In CASA,
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calculated Stress w values were >0.5 for every cell, even for dry semi-desert areas. Stomatal
behavior is sensitive to vapor pressure, and as saturate vapor pressure is low in low
temperature conditions, stomata are likely respond to such conditions with a water deficit. It
seems unlikely that the vapor pressure was close to saturation for the entire year. The MOD17
and CASA models need to be reevaluated and their accuracy improved, as well as being made
easier to use. We recommend that estimates of water stress should be based increasingly on
biophysical responses.

BEAMS-derived Stress t for equatorial and high latitude regions is lower than that
derived from the MOD17 and CASA models, but the three Stress t patterns are similar
(middle image, Figure 5). Considering the values of Stress_w, air temperature is a dominant
factor influencing the determined Stresses, however, the degree of dependence on Stress w
and Stress t differs between the three models. At high latitudes, all three Stress t values
(0.06-0.41 for BEAMS, 0.12-0.28 for CASA, 0.24-0.32 for MOD17) are larger than Stress w
values (0.46-0.05, 0.81-0.95, 0.97-1.0), although the difference between BEAMS Stress t and
Stress w is relatively small. In semi-desert areas such as northwest China, CASA and
MODI17-derived Stress t is significantly lower than Stress w, but our results produce similar
values of Stress w and Stress t. For global Stress values therefore, the effect of air
temperature on plant activity is greater than the effect of water conditions such as vapor
pressure and soil water, however, the biophysical stress approach has identified that water
stress is an important factor in photosynthesis activity. In dry areas such as northwest China,
water stress is as important a factor as temperature stress.

In equatorial regions, the Stress t component of BEAMS Stress was larger than the
Stress w component, whereas for CASA and MOD17 this trend was reversed. This pattern is
explained by the fact that BEAMS Stress t is limited by the effect of interaction between
water and temperature stresses and high temperature stress. In considering such interaction,
our two Stress calculations might not be appropriate, as they are expressed only as a simple
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multiplication. In addition, Stress_t was calculated using uncritical equations. For example, in
MOD17, higher air temperatures result in higher Stress_t values. In CASA, the calculation of
stress equations involved fitting two curves, while parameters were determined empirically or
arbitrary. In reality, photosynthesis activity is limited by temperature in excess of optimum
conditions, and response curves are different for different environmental conditions (e.g. PFT,
soil type, solar radiation, soil water content). We recommend that Stress calculations include a
more accurate account of temperature response. BEAMS, CASA, and MOD17 Stress values
are high for equatorial regions, indicating that an understanding of these regions is important
for our understanding of global carbon fluxes, and that we need to calculate Stress more
accurately.

We have demonstrated that our BEAMS results differed markedly from the results of
the CASA and MOD17 models. In the areas where the predicted Stress values of the three
models are different, we should carefully consider the effect of environmental stresses on
photosyntesis activity. Our simplified and more accurate Stress approach enabled the
estimation of GPP from satellite data. The Stress calculations used in the present study
represent a significant advance over those of other models, as we employ biophysical
photosynthesis models. However, there is room for improvement in our Stress calculation
method; biophysical parameters and processes used in the model contain an element of
uncertainty (e.g. the relationship between soil water and photosynthesis activity, and
photosynthesis processes in C4 species). In terms of the relationship between soil water and
photosynthesis rate, equations (10) and (19) are embedded empirically, and there exists room
for improvement in this regard. Understanding of these biophysical processes is important for
carbon cycle research, and we need to further clarify the mechanisms of photosynthesis
activity and stomatal behavior. These mechanisms should then be incorporated into carbon
estimates.

5.3. Spatial distribution of NPP and comparison with GPPDI database
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The spatial variation in annual NPP averaged for the period 1982-2000 is a
reasonable representation of climate effects (e.g. air temperature, precipitation) on plant
growth [e.g. Cramer et al., 1999] (Figure 6). High NPP values occur over the tropical forest
regions, and generally decrease at higher latitudes. High NPP values, above 1200 gC/m?/yr,
are obtained for eastern North America, Amazon basin, central Africa, and parts of Southeast
Asia. In contrast, low NPP values are found in the desert regions and at high latitudes. Global
NPP values determined by BEAMS are 54.9 GtC/yr averaged for the period 1982-2000,
which is within the range of estimates made in previous studies [Cramer et al., 1999].

The correlation coefficient for average BEAMS NPP over 19 years compared with
the GPPDI database is 0.86 (Figure 7). The BEAMS estimates are slightly higher than the
GPPDI database, but a NPP pattern for each PFT is adequately estimated. For example, the
highest NPP value was in broadleaf evergreen forest, while NPP in grassland was lower than
in forests. The BEAMS correlation coefficient is significantly higher than the value obtained
for the Miami model (R? = 0.73; Zheng et al. [2003]). We therefore conclude that the spatial
patterns and absolute NPP values for each PFT generated by BEAMS are reasonable. In the
future, we need to consider the vegetation parameters defined for each PFT. Observed or
measured NPP values generally include some uncertainties, such as empirical approximations
and scaling issues, and it would be difficult to evaluate NPP values in greater detail than that
attempted in the present analysis.

5.4. NPP trend analysis using a sensitivity study of input parameters

NPP increased in most regions (e.g. Northern mid-latitudes, high latitudinal zones,
and equatorial regions) from 1982 to 2000 (Figure 8). Marked NPP increases in excess of +10
gC/m2/yr were recorded in the Amazon, Europe, eastern North America, equatorial Africa,
and Russia. In contrast, decreases in NPP in excess of —10 gC/m’/yr were recorded in
Southeast Asia, central Africa, and Canada. The greatest changes in NPP occurred in the
northern mid-latitudes and high latitudes of Europe and eastern North America, equatorial
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areas of the Amazon, southern Africa, and Southeast Asia (p < 0.05; p is the significance level
of the linear trend).

By isolating these NPP trends to identify the effects of independent input parameters,
we found that temporal variations in FPAR, air temperature, precipitation, vapor pressure,
radiation (downward short wave radiation and net short and long wave radiation), wind speed,
and atmospheric CO, have significant effects on the NPP trends (Figure 9). To confirm the
effect on NPP trends of the rate of annual change in 8 time-series inputs, we also calculated
the spatial variation in the change rates as a supplement to the trend analysis (Figure 10). The
effects of each parameter on the NPP trends are as follows: (1) temperature increase (e.g.
northern North America, Amazon, Southeast Asia, Siberia) generates a negative BEAMS NPP
trend due to increases in autotrophic respiration; (2) changes in precipitation and wind speed
generally result in both increased and decreased NPP in several regions; (3) changes in vapor
pressure result in positive NPP trends in northern mid-latitudes and high latitudinal areas; (4)
increases in radiation result in positive trends in the Amazon; (5) increases in CO;
concentration generate positive NPP trends in equatorial areas, Europe, and eastern North
America, and (6) FPAR results in positive trends in northern mid-latitudes and high latitudinal
regions and the Africa Sahel region, and negative NPP trends in equatorial Africa, Canada,
and parts of Southeast Asia. In contrast, temporal variations in LAI contribute to NPP
increases in parts of Canada and in Siberian forest regions.

On the basis of the above results, the mechanisms of regional NPP trends can be
characterized as follows: the observed NPP increase in the Amazon is mainly caused by an
increase in radiation; in Europe, NPP increase results from increases in FPAR, radiation, and
vapor pressure; in eastern Russia, increase in NPP results from increases in FPAR, vapor
pressure, air temperature, wind speed, and precipitation; in southern North America increase
in NPP results from increases in FPAR, vapor pressure, and radiation; in northern Africa
increase in NPP results from increases in FPAR and precipitation; and in Australia increase in
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NPP results from increases in FPAR and precipitation. In terms of decreases in NPP, the
decrease in central Africa is caused by decreases in precipitation, radiation, and FPAR; in
parts of Southeast Asia the decreases in NPP are related to decreases in radiation, FPAR,
precipitation, and wind speed; and in Canada by air temperature, wind speed, precipitation,
radiation, and FPAR decreases. The NPP increase recorded in northern mid-latitudes and high
latitudes and the Amazon is consistent with the results of previous studies. Many previous
papers report that terrestrial plants in the northern mid-latitudes and high latitudes have
increased in activity with global warming [e.g. Myneni et al., 1997b; Lucht et al., 2002], and
our results demonstrate that NPP increases in some of these areas were caused by changes in
air temperature. Nemani et al. [2003] documented an increase in NPP in the Amazon area due
to solar radiation increase over the period 1982-2000; we obtained similar results.

The BEAMS-derived NPP trend and sensitivity to various input parameters differs to
the results of Nemani et al. [2003], which comprise NPP trend analysis and sensitivity studies
for vegetation (FPAR and LAI) and climate data. Nemani et al. [2003] calculated NPP using
the same LUE concept as BEAMS, but Stress was calculated only from Vapor Pressure
Deficit (VPD) and temperature via an empirical equation and stress parameterization
[MOD17 algorithm of Heinsch et al., 2003]. Nemani et al. used the FPAR and LAI data sets
derived from GIMMS, the Pathfinder AVHRR Land data set (PAL; Myneni et al. [1997]) as
vegetation data, and NCEP/NCAR as climate data.

The NPP trends derived from our analysis differ from the results of Nemani et al.
[2003] for several regions. Our trends of increasing NPP are larger for Europe (+6 to +11
gC/m’/yr by BEAMS, compared with +4 to +6 by Nemani et al. [2003]), and Russia (+7 to
+10, compared with +4 to +8), while we obtained smaller increases in northeast Canada (-2 to
-8, +2 to +8), and central Africa (-1 to —10, +8 to -6). To determine which input data sets
produced these differences in NPP trends, we investigated the trend values from our
sensitivity study. Sensitivity studies of changing vegetation data with constant climate data
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(“Vegetation” in Figure 9) show that the results of the two studies are largely similar (Figure
S8 in supplementary file of Nemani et al. [2003]), although slight differences exist for
equatorial Africa and Southeast Asia, and our results decreased more than those of Nemani et
al. The reason for these similarities is that both vegetation data sets are based on
NOAA/AVHRR satellite observations. In contrast, analysis of changing climate data with
constant vegetation data (“Climate” in Figure 9) shows clear differences between the two NPP
trends, especially for Russia, Canada, and central South America. The effects of climate data
(except radiation) on these differences can be explained as follows. The NPP increase
recorded for Russia is controlled by vapor pressure, precipitation, air temperature, and wind
speed; the increase for Canada is controlled by air temperature, precipitation, wind speed and
atmospheric CO, concentration; and for central South America by vapor pressure and
precipitation.

Differences in the two NPP trends result from differences in the Stress calculation
method, as the sensitivity analysis revealed that the result for changing climate data with
constant vegetation data was vastly different from NPP trends for changing vegetation data
with constant climate data. The above comparisons show that the extent of the effects of each
parameter on NPP is quite different, as reflected in the differences in the Stress calculation. If
NPP was estimated over a longer time period, these differences would have an even greater
affect on NPP variations. The Stress calculation is important for considering time variations in
NPP. In the future, we need to deal with Stress more carefully, and evaluate or confirm the
accuracy of the environmental parameters.

5.5. Inter-annual variations in NEP

Inter-annual variation in global NEP was simulated using BEAMS, and the results
compared with terrestrial carbon exchange via the inverse approach (Figure 11). Temporal
variation in simulated NEP corresponds well with the results of Bousquet et al. [2000]. Our
model consists of vegetation and soil components, allowing us to calculate NEP from NPP

25



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

and SD using a bottom-up approach. We compared our simulated NEP temporal variation
with the global terrestrial carbon exchange estimated for inverse modeling using atmospheric
CO, observations and atmospheric transport for 1983 to 1997: the top-down approach of
Bousquet et al. [2000]). We found that temporal variation in estimated NEP is reasonably
simulated by BEAMS for these periods. It should be noted that there remain uncertainties in
the inverse modeling process (e.g., Gurney et al. 2002), and that future studies should
continue to compare carbon exchanges described by the two different approaches.

The sensitivity studies clarified the relative contribution of climate data, vegetation
data by satellite observations and each of the four input climate parameters to interannual
variability in NEP (Figure 12). The three time variation trends presented in Figure 12(a)
demonstrate that NEP variability is strongly controlled by both climate and vegetation data.
Figure 12(b) shows the contribution of the four climate parameters. NEP is strongly controlled
by air temperature and precipitation; an increase in atmospheric CO; concentration results in
an increase in NEP.

Several processes within BEAMS are affected by soil water and precipitation (GPP,
including the new Stress approach, productivity allocation and soil decomposition processes).
Air temperature is also important because most processes in BEAMS include a temperature
variable. Recent increases in atmospheric CO, concentrations, which the other LUE models
do not accommodate, act to enhance NEP. Increases in atmospheric CO, concentrations
during 1983-2000 resulted in an increased NEP of approximately + 0.12 GtC/18 years. CO;
fertilization is important for plant growth activity, and needs to be taken into account for
satellite-based NPP modeling.

Volcanic eruption events have a strong effect on terrestrial carbon exchange. NEP
increased during 1992-93 (+0.56, +0.18 GtC/yr in 1992, 93), following the eruptions at Mt.
Pinatubo in 1991. Volcanic eruptions affect simulated terrestrial carbon via the following
processes: (1) temperature cooling due to stratospheric volcanic aerosols [e.g. Ingersoll, 1983;
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Rampino and Self, 1984; Self et al., 1996] results in decreases in GPP, Ra and SD, and (2)
apparent decreases in satellite-based NDVI related to scattering of stratospheric aerosol
results in anomalously low FPAR and LAI [e.g. Myneni et al., 1997b; Lucht et al., 2002].

Only BEAMS, which used the FPAR and LAI data sets based on GIMMS data,
includes an atmospheric correction for volcanic eruption. Sensitivity studies of our results
show that the decreases related to climate data are clearly larger than those related to
vegetation data (Figure 12a). Our results are consistent with several studies that show a large
terrestrial carbon uptake following the Mt. Pinatubo eruption [e.g. Bousquet et al., 2000; Le
Quere et al., 2000]. Figure 12(b) shows that the NEP decrease is largely influenced by air
temperature. Air temperature affects Ra and SD levels more than GPP. Our simulation of the
volcanic eruption event shows that the increase in terrestrial carbon sink resulted from a
decrease in Ra and SD.

BEAMS-derived NEP estimates correspond well with results from the top-down
approach and volcanic eruption events, indicating that BEAMS can simulate NEP as well as
GPP and NPP. Sensitivity analysis demonstrated that NEP is most affected by precipitation
and air temperature. Results of the hydrological submodel, in combination with the
relationships between carbon and hydrological processes, indicate that precipitation is also
important for NEP estimation, and that temporal variation in NEP is largely controlled by
climate and vegetation data. These results highlight the importance of evaluating the precision
and accuracy of input data sets. Recent studies show that increases in diffused radiation
following volcanic eruptions might affect photosynthesis activity (e.g. Gu et al., 2003).
Radiation processes in the BEAMS model may therefore be important in evaluating the effect
of volcanic eruption on NEP. To analyze NEP variation more successfully, we should evaluate
input data sets (e.g. compare the temporal patterns of climate parameters in different data

sets), and further develop the structure of BEAMS.
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6. Conclusions

In this study we proposed a more realistic method of calculating Stress using the
LUE concept and based on a photosynthesis model; from this we established a new biosphere
model (BEAMS) to estimate terrestrial NPP and NEP. The Stress value is defined more
realistically as the ratio of actual and optimum photosynthesis rates using climate input
variables of temperature, relative humidity, and soil water content. BEAMS is based on the
water and carbon cycles, and requires climate and satellite-based vegetation parameters as
model inputs. We used BEAMS to simulate terrestrial carbon fluxes on a global scale.

The biophysical approach of BEAMS produces a more realistic Stress estimate than
that of other models. We demonstrated that the spatial distribution of BEAMS Stress values is
different from that of the MOD17 and CASA models. For example, the BEAMS water stress
is lower than that of the other models because of soil moisture stress in the middle and high
latitudinal regions. We analyzed environmental stress on a biophysical basis, enabling carbon
fluxes to be accurately estimated. To confirm that BEAMS data provide an advantage in
calculating terrestrial carbon fluxes, we compared BEAMS GPP estimates with observational
measurements from flux sites. We found that the absolute BEAMS GPP value and patterns of
temporal variation are consistent with GPP measured at flux sites.

We used BEAMS to successfully simulate spatial NPP patterns by comparing
measurements with the GPPDI database. Recent changes in NPP and NEP were also analyzed
via BEAMS. Trend analysis of NPP showed that global NPP increased during 1983-2000.
CO, fertilization effects, which are not accounted for in previous models, also affect the
calculated increases in NPP, especially at low latitudes. Comparison of our results with
Nemani et al. [2003] reveal that differences in the Stress calculation and related processes (i.e.
CO; fertilization, high temperature and soil moisture stress) are the cause of different patterns
in NPP trends predicted by the two models. In addition, our results show that NEP estimated
via BEAMS corresponds with results from the top-down approach, and accommodates the
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effects of volcanic eruption events. The BEAMS model therefore provides a reasonable
estimate of NEP, as well as simulating GPP and NPP.

We conclude that BEAMS is an appropriate method for the estimation of spatial and
temporal patterns in terrestrial carbon fluxes, however, two further improvements to the
model are recommended. First, the accuracy of plant and soil model parameters, which are
currently based on the results of previous studies, should be revised and improved for future
studies. Improvements are also required in terms of the realistic reconstruction of ecosystem
processes, especially litter fall, by considering plant structure patterns in the same way as the
Dynamic Global Vegetation Model (DGVM) [e.g. Sitch et al., 2003]. We recommend the
development of a plant structure analysis for vegetation carbon pools, and verification of
model analyses of these components using inventory data.

The second area of potential improvement is that of data sets. Many climate data sets
are currently available, including CRU, NCEP/NCAR, NCEP Department of Energy AMIP-II
Re-analysis (NCEP/DOE), and the 40-year European Center for Medium range Weather
Forecasting Re-Analysis project (ECMWEF/ERA40). To estimate the accuracy of terrestrial
carbon flux estimates, these data sets must be evaluated and better land surface data sets
selected. Terrestrial carbon fluxes should be reevaluated based on these proposed

improvements.
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Figure 6. Spatial variation in annual NPP averaged for the period 1982 to 2000.

The white areas indicate desert, ice cover or areas of no data, while the grey areas are ocean.
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Figure 7. Comparison of simulated NPP and measured NPP from the GPPDI database.
The data set includes 9 PFTs, which are grouped according to Land Cover Map of Defries and

Townshend [1994].
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Figure 8. Global variation in the rate of average annual change in NPP for the period 1982 to 2000.

The white areas indicate desert, ice cover or areas of no data, while grey areas are ocean.
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Figure 9. Results of the sensitivity analysis for the influence of various input data on NPP trends.

The white zones indicate desert, ice cover or areas of no data, while grey areas are ocean.
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Figure 10. Global variation in the rate of annual change of 8 different time-series inputs.

The white areas indicate desert, ice cover or areas of no data, while grey areas are ocean.
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Figure 11. Temporal variation in NEP anomaly estimated by BEAMS and terrestrial carbon flux

anomaly estimated by the top-down approach of Bousquet et al. [2000] for the period 1983 to 1997.
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Figure 12. Results of sensitivity analysis for inter-annual NEP variations for (a) vegetation and climate

data, and (b) for five different climate parameters.
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