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Abstract. We present an empirical model for the estima-
tion of diurnal variability in net ecosystem CO2 exchange
(NEE) in various biomes. The model is based on the use
of a simple saturated function for photosynthetic response of
the canopy, and was constructed using the AmeriFlux net-
work dataset that contains continuous eddy covariance CO2
flux data obtained at 24 ecosystems sites from seven biomes.
The physiological parameters of maximum CO2 uptake rate
by the canopy and ecosystem respiration have biome-specific
responses to environmental variables. The model uses sim-
plified empirical expression of seasonal variability in biome-
specific physiological parameters based on air temperature,
vapor pressure deficit, and annual precipitation. The model
was validated using measurements of NEE derived from
10 AmeriFlux and four AsiaFlux ecosystem sites. The pre-
dicted NEE had reasonable magnitude and seasonal varia-
tion and gave adequate timing for the beginning and end of
the growing season; the model explained 83–95% and 76–
89% of the observed diurnal variations in NEE for the Amer-
iFlux and AsiaFlux ecosystem sites used for validation, re-
spectively. The model however worked less satisfactorily
in two deciduous broadleaf forests, a grassland, a savanna,
and a tundra ecosystem sites where leaf area index changed
rapidly. These results suggest that including additional plant
physiological parameters may improve the model simulation
performance in various areas of biomes.

1 Introduction

Simulation of atmospheric CO2 variability by atmospheric
transport modeling depends critically on the use of terrestrial
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ecosystem models to accurately simulate diurnal and sea-
sonal variations in terrestrial biospheric processes. Compar-
isons of seasonal cycles and their amplitudes between ob-
served atmospheric CO2 variability and that simulated by
several terrestrial ecosystem models based on simplified as-
sumptions of biospheric processes have often shown poor
agreement (e.g.,Nemry et al., 1999). Often model parameter
adjustment is necessary to improve fit with the atmospheric
observations.Fung et al.(1987), for example, adjusted the
seasonal cycle amplitude by modifying the value of theQ10
temperature coefficient for ecosystem respiration.

Successful simulations of seasonal cycle have been made
with more recent and sophisticated models, e.g., CASA (Pot-
ter et al., 1993; Randerson et al., 1997). Process-based mod-
els differ in their parameterization of primary production.
Models based on light-use efficiency, such as CASA and
TURC (Ruimy et al., 1996), assume a linear relationship be-
tween monthly net primary production (NPP) and monthly
solar radiation (Monteith, 1972) that is limited by water
availability and temperature. Although these models appear
to be successful in seasonal cycle simulation as a whole, their
extension to cover diurnal cycles should be accompanied by
the introduction of a more realistic, non-linear relationship
between CO2 uptake by terrestrial vegetation and solar radi-
ation at an hourly time scale. The biochemical model pro-
posed byFarquhar et al.(1980) describes the dependence of
photosynthesis on solar radiation, with CO2 uptake rate lim-
ited by maximum photosynthetic capacity. This concept is
used widely in land-surface schemes for meteorology and hy-
drology, such as SiB (Sellers et al., 1986) and LSM (Bonan,
1996, 1998), but is less successful in carbon cycle studies be-
cause of a lack of empirical data or models for describing the
seasonal and spatial variability of the necessary parameters,
such as maximum photosynthetic capacity. Alternative ways
of evaluating biospheric processes are therefore required for
the estimation of diurnal cycles in CO2 variability. In some
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cases, empirical models can fit the data more closely than
mechanistic models (Thornley, 2002).

For studies of the diurnal cycle of CO2 variability, long-
term field measurement studies using the eddy covariance
method have been conducted in recent years at many sites,
covering various ecosystems around the world (Baldocchi,
2008). These sites are now organized into a global network,
FLUXNET, and a large body of observation data is being
accumulated. The eddy covariance method routinely pro-
vides direct measurements of net ecosystem CO2 exchange
(NEE) between the atmosphere and the biosphere. The data
obtained from these field measurements can be useful, espe-
cially for constructing models to predict the diurnal cycle of
CO2 variability associated with biospheric processes, since
they provide direct information on turbulence and scalar fluc-
tuations at time scales from seconds to hours over the local
vegetation canopy.

In the present work, our focus is on constructing a model
that simulates the diurnal variability of NEE in various
ecosystems based solely on environmental forces. For this
work, we used data from the AmeriFlux and AsiaFlux net-
works.

2 Materials and methods

2.1 Input data

All half-hourly or hourly CO2 flux data used were obtained
from the AmeriFlux network (Hargrove et al., 2003). Sixty-
two years’ worth of eddy covariance flux data taken from
24 AmeriFlux ecosystem sites and covering seven major
biomes in the latitudes from Alaska to Brazil were ana-
lyzed. The biomes consisted of six evergreen needle-leaf
forests (ENF), two evergreen broadleaf forests (EBF), four
deciduous broadleaf forests (DBF), four mixed forests (MF),
three grasslands (GRS), two savannas (SVN), and three tun-
dra ecosystems (TND) (Table1). Each site was equipped
with an eddy covariance system consisting of an open- or
closed-path infrared gas analyzer and a three-dimensional
sonic anemometer/thermometer. AmeriFlux Level 2 prod-
ucts, which contain non-gap-filled CO2 flux data, were used
as input data to avoid contamination associated with gap-
filling procedures. The periods analyzed for each ecosystem
site are listed in Table1.

Half-hourly or hourly air temperature (◦C), vapor pressure
deficit (VPD; kPa), incident photosynthetic photon flux den-
sity (PPFD;µmol photon m−2 s−1), and precipitation (mm)
for individual sites were also obtained from the AmeriFlux
network. For all sites, air temperature and precipitation data
that were missing because of instrument malfunction were
filled using the Global Surface Summary of Day (GSOD)
data sets to compute annual mean temperature and annual
precipitation. The GSOD is a product of the Integrated Sur-
face Data provided by the National Climate Data Center, and
includes 13 daily summary parameters over 9000 global sta-
tions.

2.2 Modeling approach

To predict vegetation photosynthesis and its light response, a
nonrectangular hyperbolic model:

NEE=
1

2θ

(
αQ+Pmax−

√
(αQ+Pmax)2−4αθQPmax

)
−RE (1)

has been widely applied (e.g.,Rabinowitch, 1951; Peat,
1970), where α is the initial slope of the light re-
sponse curve and an approximation of the canopy
light utilization efficiency (µmol CO2 (µmol photon)−1),
Pmax is the maximum CO2 uptake rate of the canopy
(µmol CO2 m−2 s−1), RE is the average daytime ecosystem
respiration (µmol CO2 m−2 s−1), θ is a curvature parame-
ter, andQ is PPFD.Johnson and Thornley(1984) have
shown that a nonrectangular hyperbola predicts the inte-
grated daily canopy photosynthesis with an accuracy bet-
ter than 1% when it is averaged over various irradiances.
More recently, this hyperbola has been successfully used in
the gap-filling method to obtain continuous eddy covariance
CO2 fluxes over a year, and to estimate the total annual car-
bon budget over various biomes (e.g.,Gilmanov et al., 2003;
Hirata et al., 2008).

Here, we derive a simple and empirical model for predict-
ing the diurnal variability in NEE over a number of biomes
on the basis of the nonrectangular hyperbolic model. To ap-
ply the nonrectangular hyperbola, the unknown number pa-
rameters (α, Pmax, and RE in Eq. (1)) have to be determined,
whereasθ is fixed at 0.9 followingKosugi et al.(2005) and
Saigusa et al.(2008). To formulate individual unknown pa-
rameters, we first calculated the seasonal course of those pa-
rameters for every site listed in Table1 by using all available
daytime data. The values of parameters were estimated for
each day by fitting the data to Eq. (1) using the least-squares
method. To reduce poor fitting of Eq. (1) that results from
the limited availability and noise in CO2 flux data, the pa-
rameters for each day were estimated using a 15-day moving
window. Individual parameters exhibited seasonal variations,
and the variability and amplitude of individual parameters
clearly differed among the ecosystem sites and biomes mea-
sured. Below we describe how we formulated the seasonal
courses of three unknown parameters for each biome.

The seasonal course ofPmax was correlated with those of
temperature and VPD for each biome, and the strength of the
correlations with these environmental factors differed among
biomes. Figure1 shows the normalizedPmax under different
daily mean air temperaturesTa (◦C) and VPDa (kPa) aver-
aged over a 15-day period, consistent with that used in the
fitting of Eq. (1). The value ofPmax was normalized by the
maximumPmax at the site over the entire period analyzed.
The largest values of the normalizedPmax occurred in each
biome, except for TND, whenTa was approximately between
20◦C and 25◦C, and VPDa was lower than 1 kPa. Although
scatter exists, the normalizedPmax for each biome decreased
with decreasingTa and increasing VPDa. On the basis of the

Biogeosciences, 6, 585–599, 2009 www.biogeosciences.net/6/585/2009/



M. Saito et al.: An empirical model simulating long-term diurnal CO2 flux 587

Table 1. List of AmeriFlux eddy covariance measurement sites analyzed in this study. Annual mean temperature (AMT) and annual
precipitation (AP) are mean values for the period indicated.

Site, country Year Latitude, longitude AMT AP Reference
(◦C) (mm)

Evergreen needle leaf forest (ENF)

UCI-1930 burn site, Canada 2002–2004 55.91◦ N, 98.53◦ W −2.7 412 Wang et al.(2003)
UCI-1850 burn site, Canada 2002–2004 55.88◦ N, 98.48◦ W −2.7 412 McMillan et al. (2008)
Duke Forest loblolly pine, USA 2002–2004 35.98◦ N, 79.09◦ W 17.3 1140 Katul et al.(1999)
Howland forest, USA 2002–2004 45.20◦ N, 68.74◦ W 6.8 836 Hollinger et al.(2004)
Metolius, USA 2004–2005 44.45◦ N, 121.56◦ W 9.1 405 Schwarz et al.(2004)
Slashpine-Donaldson, USA 2002–2004 29.76◦ N, 82.16◦ W 20.4 1072 Gholz and Clark(2002)

Evergreen broadleaf forest (EBF)

Santarem-Km67-Primary Forest, Brazil 2002–2004 2.86◦ S, 54.96◦ W 25.3 1591 Martens et al.(2004)
Florida-Kennedy Space Center, USA 2004–2006 28.61◦ N, 80.67◦ W 21.6 1123 Dore et al.(2003)

Deciduous broadleaf forest (DBF)

Duke Forest hardwoods, USA 2003–2005 35.97◦ N, 79.10◦ W 15.1 1091 Katul et al.(2003)
Harvard Forest EMS Tower, USA 2001–2003 42.54◦ N, 72.17◦ W 7.5 1023 Goulden et al.(1996)
Missouri Ozark Site, USA 2005–2006 38.74◦ N, 92.20◦ W 13.5 878 Gu et al.(2006)
Bartlett Experimental Forest, USA 2004–2005 44.07◦ N, 71.29◦ W 7.1 1402 Jenkins et al.(2007)

Mixed forest (MF)

Intermediate hardwood, USA 2003 46.73◦ N, 91.23◦ W 5.3 625 –
Mature red pine, USA 2003–2005 46.74◦ N, 91.17◦ W 5.6 706 –
Mixed young jack pine, USA 2004 46.65◦ N, 91.09◦ W 5.0 649 –
Park Falls/WLEF, USA 1997, 1999 45.95◦ N, 90.27◦ W 5.2 842 Yi et al. (2001)

Grassland (GRS)

Duke Forest open field, USA 2003–2004 35.97◦ N, 79.09◦ W 14.9 1144 Katul et al.(2003)
Brookings, USA 2005–2006 44.35◦ N, 96.84◦ W 7.2 608 Gilmanov et al.(2005)
Walnut River Watershed, USA 2002–2004 37.52◦ N, 96.86◦ W 13.7 1046 LeMone et al.(2002)

Savanna (SVN)

Santa Rita Mesquite, USA 2004–2006 31.82◦ N, 110.87◦ W 19.1 303 Scott et al.(2008)
Audubon Research Ranch, USA 2004–2006 31.59◦ N, 110.51◦ W 15.8 361 –

Tundra (TND)

Atqasuk, USA 2004–2006 70.47◦ N, 157.41◦ W −10.6 108 –
Barrow, USA 2000–2002 71.32◦ N, 156.63◦ W −11.3 172 Eugster et al.(2000)
Ivotuk, USA 2004–2006 68.49◦ N, 155.75◦ W −9.3 241 Epstein et al.(2004)

variability in the normalizedPmax shown in Fig.1, and in the
interest of reducing the number of parameters and using me-
teorological data that were readily available everywhere, we
expressedPmax as a function of the environmental variables
of air temperature and VPD as follows:

Pmax = P PM
max · FT · FV (2)

whereP PM
max is the potential maximum value ofPmax under

unstressed conditions, andFT andFV denote the coefficient
functions for air temperature and VPD, respectively. We used

the following equations to expressFT andFV , respectively:

FT =
(Ta − Tmax)(Ta − Tmim)

(Ta − Tmax) (Ta − Tmim) − (Ta − Topt)2
(3)

FV =

[
1

1 + (VPDa/aFV)bFV

]
(4)

whereTmax, Tmin, andTopt are the maximum, minimum, and
optimum temperatures (◦C), respectively, for photosynthesis,
andaFV (kPa) andbFV are constant coefficients.aFV is the
value of VPD whenFV =0.5. The parameter values ofTmax,
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Fig. 1. Dependence of normalized Pmax on daily mean air temperature (Ta; ◦C) and vapor pressure deficit

(VPDa; kPa) over 15-day periods for seven biomes. The daily values of Pmax were normalized by the maximum

Pmax at the site, and were then aggregated for each biome. The normalized values of Pmax in each grid are

averages corresponding to the range of Ta and VPDa, and the magnitudes of these are represented in color.

24

Fig. 1. Dependence of normalized Pmax on daily mean air temper-
ature (Ta ; ◦C) and vapor pressure deficit (VPDa ; kPa) over 15-day
periods for seven biomes. The daily values ofPmax were normal-
ized by the maximumPmax at the site, and were then aggregated
for each biome. The normalized values ofPmax in each grid are
averages corresponding to the range ofTa and VPDa , and the mag-
nitudes of these are represented in color.

Tmin, Topt, aFV, andbFV were determined for each biome
by fitting the normalizedPmax to Eqs. (3) and (4) using the
nonlinear least-squares method (Table2). An example of the
fitting is shown in Fig.2 for ENFs.

To formulateP PM
max in Eq. (2), all dailyPmaxobtained by fit-

ting Eq. (1) with observed CO2 flux data were divided byFT

andFV , and then the annual maximum value of unstressed
Pmax was selected for each ecosystem site from among the
data observed under conditions whenTa was±5◦C in Topt.
To avoid uncertainty in the value ofPmax due to random
flux measurement error, a computed unstressed maximum
Pmax was averaged for the 7-day period around the maxi-
mum day. This value was defined asP PM

max. Next,P PM
max was
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Fig. 2. NormalizedPmax in evergreen needle-leaf forests (ENF)
under different conditions ofTa (◦C) and VPDa (kPa). The solid
circles corresponds to grids shown in Fig.1, and the response sur-
face fit of Eqs. (3) and (4) using the nonlinear least squares method.

approximated as a function of annual NPP, assuming that the
maximum value ofPmax was proportional to the annual NPP.
Annual NPP (g C m−2 y−1) for each site was estimated using
the Miami model (Lieth, 1975), as follows:

NPP(AMT , AP) = min{NPPT (AMT), NPPh(AP)};

NPPT (AMT) =
1350

1+exp(1.315−0.119·AMT)
,

NPPh(AP) = 1350(1 − exp(−0.000664· AP))

(5)

where AMT is annual mean temperature (◦C) and AP is an-
nual precipitation (mm). The unstressed maximumPmax
(i.e., P PM

max) computed from the observed CO2 flux data in-
creased substantially with increasing NPP (Fig.3). This
P PM

max dependence on NPP was found for all biomes exam-
ined.P PM

max was defined as follows:

P PM
max = aPM exp(bPM · NPP) (6)

whereaPM (µmol CO2 m−2 s−1) andbPM ((g C m−2 y−1)−1)
are constant coefficients empirically determined for each
biome by the least-squares method (Table2).

The initial slopeα in Eq. (1) shows the complicated sea-
sonal course of the light response curve and ofPmax, as
shown in previous studies (e.g.,Gilmanov et al., 2003).
Owen et al.(2007) have shown thatα can be expressed as
a linear function of canopy CO2 uptake capacity. Similarly,
we found that seasonal variation inα was correlated with that
in Pmax (Fig. 4). Therefore, we definedα as a linear function
of Pmax:

α = aIni · Pmax + bIni (7)

whereaIni andbIni are also constant coefficients empirically
determined for each biome by the least-squares method (Ta-
ble2).

RE is the sum of autotrophic plant respiration and het-
erotrophic soil respiration, and is usually expressed as a func-
tion of soil temperature (e.g.,Falge et al., 2001). It has been
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Table 2. List of biome-specific parameter values.

Types Terms Eq. (3) Eq. (4) Eq. (6) Eq. (7) Eq. (8)

Tmax Tmin Topt aFV bFV aPM bPM aIni bIni REref Q10

Units ◦C ◦C ◦C kPa – µmol CO2 (g C m−2 (µmol photon µmol CO2 µmol CO2
m−2 s−1 y−1)−1 m−2 s−1)−1 (µmol photon)−1 m−2 s−1

ENF 41 1 25 3.78 0.73 14.85 0.0013 0.00075 0.0059 1.48 1.91
EBF 43 2 28 2.14 0.73 11.03 0.0015 0.0014 −0.0058 1.55 2.32
DBF 41 1 25 1.87 0.52 34.64 0.0004 0.00078 0.008 1.88 1.62
MF 40 0 23 3.28 0.60 4.21 0.0045 0.0012 0.0003 1.24 1.61
GRS 40 3 25 1.60 0.56 16.03 0.0013 0.00082 0.0059 1.51 1.94
SVN 40 9 28 1.11 1.55 8.82 0.0043 0.0009 0.0028 0.25 3.36
TND 26 −3 15 0.59 0.60 2.06 0.0108 0.0011 0.0048 0.96 1.49
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further argued that RE varies with differences in short- and
long-term temperature sensitivities (Reichstein et al., 2005),
the start of the wet season and the timing of rain events (Xu
and Baldocchi, 2004), differences in temperature sensitivities
among ecosystem sites, even in the same biome (Gilmanov
et al., 2007), and photosynthetic rate (Sampson et al., 2007).
Accordingly, we can expect that seasonal variation in RE is
in part site-specific, so universal attributes are difficult to
formulate with a single equation. However, for application
over large areas covering numerous biomes, a simple model
driven by limited input data is required. We therefore used a
traditional exponential relationship between RE and temper-
ature as:

RE = REref Q
(Ta−10)/10
10 (8)

where REref is the ecosystem respiration rate
(µmol CO2 m−2 s−1) when Ta=10◦C , and Q10 repre-
sent the temperature sensitivity of RE. The values of REref
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Fig. 4. Relationship between bin-averagedPmax and initial slope
α in grassland. Sites are indicated as follows: open squares, Duke
forest open field; solid circles, Brookings; and open circles, Walnut
River Watershed. The solid line is the regression curve, and error
bars represent standard deviation from the mean.

and Q10 were empirically determined for each biome by
fitting all available RE data, estimated in the fitting of
Eq. (1), to Eq (8) using the least-squares method (Table2).

To summarize the approach used for modeling diurnal
variations in NEE presented in the section above, all parame-
ters required to operate the model involve only four variables:
air temperature, VPD, annual precipitation, and PPFD. In ap-
plying the model, the parametersPmax andα in the nonrect-
angular hyperbola are estimated by using Eqs. (2) and (7) for
each day, whereas the value ofP PM

max in Eq. (2) is determined
for each year using Eq. (6). Hence, diurnal variation in gross
primary production (GPP) – the first term on the right-hand
side in Eq. (1) – is attributed to changes in the diurnal course
of PPFD, as obtained from local observations. On the other
hand, RE is estimated for every half-hour or hourly time step,
both during the day and at night, with local observed air tem-
perature data in place ofTa in Eq. (8). This assumes that the
half-hour or hourly temperature response of RE is the same
as that in the 15-day period, the temperature of which was
used as the representative mean temperature to determine the
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empirical coefficients in Eq. (8). In general, the temperature
response of RE is determined using nocturnal eddy covari-
ance CO2 flux data, and this nocturnal temperature depen-
dence is extrapolated to daytime (e.g.,Goulden et al., 1996;
Falge et al., 2002). However, nocturnal eddy covariance sur-
face fluxes calculated using typical averaging times of about
30 min generally exhibit large scatter because of measure-
ment error by mesoscale motion, since the cospectral gap,
which separates turbulence and mesoscale contributions, is
commonly located at a time scale of a few minutes or less
during the nocturnal period (e.g.,Vickers and Mahrt, 2003).
Therefore, we extrapolated the daytime temperature depen-
dence of RE to the night-time dependence (e.g.,Suyker and
Verma, 2001; Gilmanov et al., 2003).

2.3 Validation data

To examine model validity, we used higher-quality Level 4
products of 10 AmeriFlux ecosystem sites (Table3). Only
the data not used in model construction were selected here.
Half-hourly air temperature, VPD, and annual precipitation,
used as input data to operate the model, and variability in
observed NEE were obtained from Level 4 products, while
PPFD data were obtained from quality-checked Level 3
products, since Level 4 does not contain PPFD data.

We also ran the model using the AsiaFlux network data
(Fukushima, 2002) to check the simulation performance of
the model in regions other than North America. For this
check, data from four selected sites, which are located in
ENF, EBF, DBF, and MF, were used.

3 Results and discussion

3.1 Variations in parameters among biomes

We examined the relationships between estimated annual
NPP and unstressed maximumPmax at all sites (Fig.5a).
Increasing NPP was correlated with increasing unstressed
maximumPmax, regardless of the biome type. Since NPP
is estimated using annual mean temperature or annual pre-
cipitation, this result suggests that canopy assimilation ca-
pacity, to a large degree, depends on temperature and water
conditions at the measurement sites. The NPP response of
the unstressed maximumPmax varied among biomes: the un-
stressed maximumPmax in TND ecosystems was most sen-
sitive to NPP, and that in DBFs was least sensitive (Table2
and Fig.5a). The low values ofR2 may be mainly associ-
ated with the limited amount of available data, and additional
datasets covering various ranges in temperature and precip-
itation would improve the estimate of unstressed maximum
Pmax.

We plotted regression lines ofα, estimated as a linear
function of Pmax, for every biome (Fig.5b). At the leaf
level, previous studies (e.g.,Ehleringer and Bj̈orkman, 1977;
Ehleringer and Pearcy, 1983) have shown thatα is nearly

universally the same among unstressed plants. At the canopy
level in the current analyses, however,α for the seven biomes
showed clear seasonal variations; these may result from sea-
sonal changes in the canopy including physiological devel-
opment and changes in leaf area index (LAI). A remarkable
point in Fig.5b is the similarities in the correlation between
Pmax andα for all biomes analyzed. This result suggests that
the relationship betweenPmax andα may be universal, re-
gardless of biome type. A similar result has been reported by
Owen et al.(2007). However, little information is available
on the physiological mechanisms behind the general relation-
ship betweenα andPmax, and the similarities in the correla-
tion betweenα andPmax may, in part, be the result of poor
fitting in Eq. (1). In the following analyses we therefore used
the individual regression lines estimated for each biome (see
Table2).

The relationships between temperature and RE for the
seven biomes are shown in Fig.5c. The sensitivities of RE
to temperature varied among biomes. SVN had the highest
temperature response (Q10=3.36), and the lowest response
was found in TND (Q10=1.49) (Table2). Tjoelker et al.
(2001) reported that theQ10 value is not constant and de-
clines with increasing temperature for various species, and
they represented this fraction inQ10 as a function of temper-
ature. In addition,Curiel Yuste et al.(2004) found that the
fraction inQ10 for soil respiration also depends on seasonal
patterns of plant activity, such as changes in LAI. Consider-
ation of this seasonality inQ10 may improve RE estimation
in the model; however, it would require further investigation
of the relationship between the seasonalQ10 course and en-
vironmental factors. In this study, therefore, simple tempera-
ture dependence and constantQ10 values estimated for each
biome were used to represent the diurnal variations in RE at
all ecosystem sites.

Before comparing the observed and predicted diurnal vari-
ations in NEE, we compared the seasonal changes inPmax
(Fig. 6) and α (Fig. 7) computed by the model with the
observed changes. Individual points in the graphs are the
weekly averaged values of parameters. The seasonal cycle
amplitudes ofPmax andα at the Duke Forest site, an ENF,
were larger than those at the other sites. The Santarem site,
an EBF, had large values with small amplitudes year round.
The results for the DBF and MF sites clearly reflected the ex-
istence of both growing and non-growing seasons in a year,
while the start and end times of the growing season in the
mature red pine site are not shown in the figures because of
a lack of data. In contrast, variability ofPmax and α was
always observed at the evergreen sites.

The seasonal courses of the modeledPmax andα, and the
magnitudes of these two parameters, showed good agreement
with observational data from the Duke Forest site. On the
other hand, the model did not account for the seasonality in
two parameters at the Santarem site. Small variations in tem-
perature and VPD at the site throughout the year resulted in a
smooth and small amplitude in parameters estimated by the
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Table 3. List of AmeriFlux eddy covariance measurement sites used
for validation.

Site Year AMT AP
(◦C) (mm)

ENF
UCI-1930 burn site 2005 −1.3 882
Howland forest 2001 7.2 524
Slashpine-Donaldson 2001 19.7 1047

EBF
Florida-Kennedy Space Center 2002 21.2 932

DBF
Harvard Forest EMS Tower 2004 7.6 1175
Missouri Ozark Site 2007 13.7 645

MF
Mature red pine 2002 6.4 640

GRS
Brookings 2004 7.6 831

SVN
Audubon Research Ranch 2003 16.5 353

TND
Barrow 1999 −11.3 94

model. However, the model captured mean magnitudes of
parameters when compared with observed values. For DBF
and MF sites, the model captured the seasonality ofPmax and
α, and the approximate timing of the start and end of ecosys-
tem productivity, but overestimates ofPmax were found at the
Bartlett site. This overestimation ofPmax during the growing
season is due to the overestimatedP PM

max in Eq. (2), which
was estimated from the annual NPP computed using the Mi-
ami model. Additional data from new sites may lead to an
alteration of the constant coefficients empirically determined
for individual parameters.

3.2 Variations in NEE

Next, to demonstrate the capability of the proposed model,
we ran the model for 10 AmeriFlux ecosystem sites with
data for a year not used in the model development (Table3).
Variations in half-hourly NEE were calculated for all sites
during the entire period for which input meteorological data
were available (Fig.8). At the Slashpine-Donaldson site, in
an ENF, net CO2 uptake was observed during daytime year
round, but at the Howland site in an ENF, NEE was very
close to 0µmol CO2 m−2 s−1 during the period between the
end of the year and spring. The model successfully predicted
these seasonal variations in NEE; in addition, it predicted the
diurnal variations, such as when NEE becomes positive or
negative, for both ENF and EBF sites.

On the other hand, the model underestimated the length of
the net CO2 uptake periods at the Missouri Ozark and Brook-
ings sites (DBF and GRS, respectively), and did not predict
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Fig. 5. Distributions of three parameters for seven biomes.(a)
Same as Fig.3, but for all biomes analyzed,(b) relationships be-
tweenPmax andα, and(c) between temperature and RE. Red: ever-
green needle-leaf forests (ENF); green: evergreen broadleaf forests
(EBF); blue: deciduous broadleaf forests (DBF); magenta: mixed
forests (MF); lightblue: grasslands (GRS); black: savanna (SVN);
and orange: tundra (TND).

the low observed negative NEE during the daytime in win-
ter (Fig. 8). This is because net CO2 uptake was observed
at both sites, even in winter whenTa<0◦C, while the mini-
mum temperatures for photosynthesis in this model were set
to 1◦C for DBF and 3◦C for GRS (Table2). Burba et al.
(2008) reported that CO2 flux measured with an open-path
gas analyzer can yield unreasonable CO2 uptake values under
low-temperature conditions, due to heating of the instrument
body. Differences in NEE between the observations and the
model during the winter may result partly from this problem.

Overall, the predicted diurnal and seasonal patterns of
CO2 uptake and release agree with the observed data, except
for the SVN at the Audubon Research Ranch and the TND at
the Barrow site. For SVN and TND, the model failed in the
prediction of NEE variations, especially for SVN. The errors
for these two biomes will be revisited later in this section.
The degree of model prediction for half-hourly variations
in the observed NEE was evaluated by regression analysis.
At individual sites, the values ofR2, slope, and y-intercept
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in 2004. The dashed line with closed circles representsPmax esti-
mated from the observed data, and the solid line with open circles
is Pmax predicted using the proposed model. DOY=day of year.

were between 0.55 and 0.84, 0.59 and 0.90, and−2.07 and
0.74, respectively (Table4), when all available half-hourly
NEE data were used. The model explained only 55% of
the half-hourly variations in NEE at the Missouri Ozark site
(N=17 468), but explained 84% of the NEE variations in the
UCI-1930 burn site (N=3259). These results suggest that dif-
ferences exist between predicted and observed NEE, and that
the degree of agreement is site-dependent. However, the ob-
servation records often contain noise that, to some extent, is
due to measurement error. To reduce the influence of mea-
surement error and smooth the variability in NEE, the ob-
served and predicted NEE data were averaged for each half-
hourly interval over 10-day periods.

The model performance improved considerably when the
10-day averaged half-hourly NEE variations were used (Ta-
ble 4 and Fig.9). At six forest sites, except the Missouri
Ozark and Brookings sites, the model provided acceptable
values ofR2, ranging between 0.83 and 0.95. The slope of
the regression line was 0.63 at the Howland forest site, but
this small slope value is partly attributable to model underes-
timation of RE at night. Indeed, the slope of the regression
line was improved to 0.72 at the Howland forest site when
only daytime NEE data were used. Nighttime RE will be
discussed in the next subsection.

In contrast to the six forest sites described above, the
model explained only 65% of 10-day averaged half-hourly
NEE variations at the Missouri Ozark site. A steep net up-
take of CO2 was observed at this site after DOY 120 in
2007, and this net uptake rapidly decreased around DOY 220
(Fig. 8). However, the model predicted smooth net uptake
over the period between DOY 60 and 330, which resulted
in large differences between observed and predicted NEE, as
shown in Fig.9. The rapid changes in amplitude of diurnal
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Fig. 7. Same as Fig.6, but forα.

NEE variations during the growing season may be mainly as-
sociated with the rapid changes in LAI. Moderate Resolution
Imaging Spectroradiometer (MODIS) MOD15A2 products
indicated that LAI increased from 0.9 on DOY 121 in 2007
to 3.7 on DOY 129, and decreased from 4.2 on DOY 209 to
2.2 on DOY 225, and these drastic variation in LAI seem to
be consistent with those in NEE.

The low value ofR2 at the Brookings site (R2=0.65)
is attributed, in part, to the low CO2 uptake ob-
served from DOY 200 to DOY 260 (Fig.8). A day-
time maximum NEE of−11.3µmol CO2 m−2 s−1 was ob-
served for DOY 171–180, but daytime NEE decreased to
−3.2µmol CO2 m−2 s−1 for DOY 221–230, and increased
again to−7.6µmol CO2 m−2 s−1 for DOY 261–270. One
possible explanation for the low negative NEE observed in
this period is disturbance such as grazing and mowing. Graz-
ing intensity markedly affects aboveground biomass (e.g.,
Cao et al., 2004) and can thus cause variations in ecosystem
productivity. However, the MOD15A2 products did not show
drastic changes in LAI during the period from DOY 200 to
260; thus, this pattern remains to be explained.

Daytime NEE observed at the Audubon and Barrow sites
varied during the growing season (Fig.8). High CO2 re-
lease was observed at both sites during the daytime around
DOY 180, but NEE changed to net CO2 uptake a few weeks
later. At the Audubon site, analysis of the observation data
revealed that the duration of the assimilation period was nar-
rowly restricted to about 100 days, and the seasonal patterns
of the physiological parameters were very sharp. These pro-
cesses were less sensitive to changes in temperature and VPD
than in other biomes.Leuning et al.(2005) have shown
that the productivity of a SVN ecosystem is controlled al-
most exclusively by the amount and timing of rainfall dur-
ing the wet season.Ma et al. (2007) similarly noted that
both photosynthesis and respiration processes in SVN de-
pend on the amount of seasonal precipitation. These pre-
vious studies suggest that precipitation is the dominant fac-
tor controlling SVN ecosystem productivity under drought
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Table 4. Slopes (a), intercepts (b), andR2 values of regression lines, y=ax+b, between the observed and modeled NEE, and the number of
observations (N) at 10 AmeriFlux sites. The y-axis values are model predictions and the x-axis values are the observations.all represents
the values calculated from all available half-hourly NEE data, and10 daythe values from NEE averaged at half-hourly intervals over 10-day
periods.

Site aall a10 day ball b10 day R2
all R2

10 day Nall N10 day

UCI-1930 burn site, ENF 0.79 0.84 −0.25 −0.19 0.84 0.95 3259 390
Howland forest, ENF 0.59 0.63 −0.66 −0.64 0.79 0.90 17 518 1728
Slashpine-Donaldson, ENF 0.85 1.00−2.07 −1.85 0.69 0.83 17 424 1728
Florida-Kennedy Space Center, EBF 0.71 0.74 0.74 0.75 0.82 0.91 13 408 1392
Harvard Forest EMS Tower, DBF 0.79 0.81−1.52 −1.44 0.83 0.89 12 338 1294
Missouri Ozark Site, DBF 0.90 1.04 −1.64 −1.53 0.55 0.65 17 468 1728
Mature red pine, MF 0.82 0.94 −1.37 −0.43 0.72 0.84 7890 864
Brookings, GRS 0.68 0.73 −1.04 −1.02 0.59 0.65 12 114 1221
Audubon Research Ranch, SVN −0.21 −0.29 −0.75 −0.68 0.03 0.05 17 376 1728
Barrow, TND 0.10 0.15 −0.32 −0.25 0.13 0.23 4362 480

Fig. 8. Diurnal and seasonal patterns of observed (left) and predicted (right) NEE at 10 AmeriFlux ecosystem sites. The magnitudes of
half-hourly NEE are represented by colors. The blank spaces in the figure, such as the period between DOY 1 and about DOY 100 for the
UCI-1930 site, are due to gaps in NEE and meteorological data.

conditions. Figure10 shows the seasonal courses of LAI
from the MOD15A2 products and daily precipitation at the
Audubon site in 2003. LAI was nearly constant, ranging
from 0.2 to 0.3, during the dry period before DOY 190, but

rapidly increased following the rainfall events that occurred
frequently after DOY 192. An LAI of 0.3 on DOY 193
increased to 0.8 on DOY 209. Figures8 and 10 clearly
show that plant development and CO2 gas exchange at the
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Fig. 9. Comparisons between half-hourly variations in observed and predicted NEE, averaged over 10-day periods, at 10 AmeriFlux ecosys-
tem sites. The open circles represent NEE, solid lines are regression lines, and dashed lines are y=x.
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Audubon SVN site are mainly limited by water stress, as dis-
cussed byLeuning et al.(2005) andMa et al.(2007).

For the Barrow site, LAI data for 1999 were not avail-
able from the MOD15A2 products, and the relationship be-
tween LAI and rapid changes in NEE could not be examined.
However,Harazono et al.(2003) reported that photosynthetic
activity on the flooded Barrow TND is immediately observed
after snowmelt, which strongly influences the rapid develop-
ment of TND vegetation. Although further investigation us-
ing local observation data is required, drastic changes in NEE
at the Barrow site, shown in Fig.8, could be explained by the
seasonal course of LAI at the site.

Despite the simplicity of the proposed model and its
basis in empirical regression methods driven by four
environmental parameters, it performed well for half-hourly
variations in NEE over long periods, particularly for forest
biomes. These results indicate that the nonrectangular hyper-
bola with biome-specific seasonality of physiological param-
eters can be applied to various biomes to predict diurnal vari-
ations in NEE. However, at some of the sites with very rapid
changes in LAI, there was poor agreement between observed
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and predicted NEE. Because the proposed model does not
use any plant physiological information to estimate diurnal
variations in NEE, the model cannot predict rapid changes in
NEE associated with changes in LAI.Yuan et al.(2007) de-
veloped a light-use-efficiency model using information from
a normalized difference vegetation index (NDVI) that was
able to predict seasonal variability in GPP in GRS and SVN
biomes. Similarly,Leuning et al.(2005) estimated seasonal
variability in a SVN during the wet season using MODIS
data. These remote-sensing data products respond directly to
changes in overall canopy conditions such as LAI and canopy
structure. For future studies, these data may be useful for fur-
ther improvement of the proposed model.

3.3 Nocturnal RE

As mentioned above, the model uses the response of daytime
ecosystem respiration to temperature to estimate variability
between daytime and nighttime RE over the entire period.
To demonstrate the ability of the model to predict RE vari-
ability, we show the observed and modeled seasonal course
of monthly averaged nocturnal RE at the Howland and Don-
aldson sites (ENF) and the Missouri Ozark site (DBF), for
which nocturnal RE data are available over the entire period
(Fig.11). The model captures the seasonal cycle of nocturnal
RE at the Donaldson and Missouri Ozark sites, but the com-
puted amplitudes are somewhat smaller than those of the ob-
servation data. For these two sites, the model slightly under-
estimates RE in summer; the difference between the observa-
tions and the model is approximately 1.7µmol CO2 m−2 s−1.
This discrepancy could be attributed to the simplifying ap-
proach of the model. In the interest of constructing the model
as simply as possible, RE variability over a year was intro-
duced using a single equation as a function of temperature for
each biome, regardless of differences in soil conditions and
plant developmental stages.Sampson et al.(2007), for exam-
ple, demonstrated that there is considerable variability in the
temperature dependence of soil respiration associated with
seasonal differences in photosynthesis. However, to avoid
complexity and obviate the need to obtain additional infor-
mation on the mechanics of the relationship between RE and
photosynthesis, the model does not account for the influence
of these physiological activities on RE. On the other hand,
as shown by the large error bars in Fig.11, it is also clear
that the nocturnal eddy covariance data provide large scatter
associated with weak turbulence. This noise is mainly due to
flux sampling errors, which may, in part, be the cause of the
difference between the observed and predicted RE.

In contrast to the Donaldson and Missouri Ozark sites,
modeled nocturnal RE was clearly much lower than ob-
served nocturnal RE at the Howland site during the grow-
ing season. The model predicted an average nocturnal RE
of 2.2µmol CO2 m−2 s−1 in July, while the observed data
were 7.8µmol CO2 m−2 s−1. Air temperature at the How-
land site was generally lower than that at the Donaldson site
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Fig. 11. Seasonal course of monthly averaged nocturnal RE at the
Howland ENF site in 2001, the Donaldson ENF site in 2001, and the
Ozark DBF site in 2007. A dashed line with open circles represents
observed data, and a solid line with closed diamonds is the model
data. Error bars represent the standard deviation from the mean.

year round, which resulted in the lower predicted RE at the
Howland site, since the proposed model estimates RE using
the same temperature response for the same biome. However,
higher nocturnal RE observed at the Howland site during the
growing season compared to that at the Donaldson site led to
the model being unable to predict this site-specific variability
in RE. This high observed nocturnal RE at the Howland site
may, in part, be due to carbon richness of the soil, although
no detailed evidence exists to support this proposal. It is im-
portant to be aware of the abovementioned problems when
computing RE variability using the model.

3.4 Application to AsiaFlux ecosystems

To validate the applicability of the proposed empirical model,
constructed with the AmeriFlux data sets, to other regions,
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Table 5. Same as Table1, but for AsiaFlux eddy covariance measurement sites analyzed.

Site, country Year Latitude, longitude AMT (◦C) AP (mm) Reference

ENF
Fujiyoshida forest meteorology research site, Japan 2000 34.45◦ N, 138.76◦ E 9.6 1599 Ohtani et al.(2005)

EBF
Sakaerat, Thailand 2002 14.29◦ N, 101.55◦ E 24.4 1813 Gamo and Panuthai(2005)

DBF
Mae Klong, Thailand 2003 14.34◦ N, 98.50◦ E 24.7 1708 Huete et al.(2008)

MF
CC-LaG experiment site, Japan 2002 45.03◦ N, 142.06◦ E 5.6 973 Takagi et al.(2005)
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Fig. 12. Same as Fig.9, but for four AsiaFlux ecosystem sites.

we applied the model to data obtained from the AsiaFlux
network. Details of individual ecosystem sites can be found
in Table 5. All half-hourly or hourly CO2 fluxes were
measured at four forest sites using the eddy covariance
method. Micrometeorological data such as air temperature
and PPFD were also obtained from the AsiaFlux network.
The ecosystem-specific parameter values, such asTmax in
Eq. (3) andaFV in Eq. (4), from the AmeriFlux network listed
in Table2 were used without any modifications to estimate
variations in half-hourly or hourly NEE in the AsiaFlux for-
est sites.

Figure 12 shows comparisons between the observations
and model results of 10-day averaged half-hourly or hourly
NEE variations at each site, as in Fig.9. Overall, the model
gave reasonable predictions of NEE variation during the day-

time CO2 uptake period, although scatter was rather large at
the Mae Klong DBF site. The values ofR2 at three sites,
apart from the Mae Klong site, ranged from 0.76 to 0.89,
which are comparable to the results obtained using the model
on the AmeriFlux sites. This result suggests that the environ-
mental forces used in this model are critical determinants of
photosynthesis in various biomes, and that the biome-specific
responses to environmental forces, determined by the Amer-
iFlux data, may be applicable to other regions. However, it
is evident that there was a discrepancy between observed and
predicted nocturnal RE, and that the model produced system-
atic underestimates. Unfortunately, this study was unable to
generalize the variation in RE in response to temperature;
therefore, accurate modeling of RE is necessary to substan-
tially improve the model’s simulation of long-term diurnal
CO2 exchange.

4 Conclusions

We explored a simple approach to predicting diurnal vari-
ations in NEE over seven biomes and proposed an empiri-
cal model based on the use of a nonrectangular hyperbola
and eddy covariance flux data obtained from the AmeriFlux
network. Physiological parameters in the nonrectangular
hyperbola –Pmax, α and RE – clearly exhibited seasonal
variations. While these seasonal variations were complex,
Pmax andα generally showed a dependence on temperature
and VPD, and the degree of this dependence varied among
biomes. The study expressed the seasonality in parameters
as a function of only environmental variables – air temper-
ature, VPD, and precipitation – for each biome, and diurnal
variability in NEE was predicted using these biome-specific
parameters together with PPFD. The proposed model suc-
cessfully predicted the diurnal variability of NEE for almost
all forest biomes in the AmeriFlux network over the entire
annual observation period. However, the model was unable
to account for drastic changes in the magnitude of NEE and
CO2 uptake and release associated with rapid changes in
LAI that were mainly observed in SVN and TND ecosys-
tems. The model demonstrated acceptable performance for
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the AsiaFlux ecosystem sites, although further refinement is
needed for RE. Therefore, the approach used in this study
should be applicable to many other regions. Adjustment of
the methodology used in parameter estimations, application
of remote-sensing products, and subdivision of the biome
types would further improve the precision of the model.
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