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Abstract. We present an empirical model for the estima- ecosystem models to accurately simulate diurnal and sea-
tion of diurnal variability in net ecosystem G@xchange sonal variations in terrestrial biospheric processes. Compar-
(NEE) in various biomes. The model is based on the usdsons of seasonal cycles and their amplitudes between ob-
of a simple saturated function for photosynthetic response okerved atmospheric GOvariability and that simulated by
the canopy, and was constructed using the AmeriFlux netseveral terrestrial ecosystem models based on simplified as-
work dataset that contains continuous eddy covariancg COsumptions of biospheric processes have often shown poor
flux data obtained at 24 ecosystems sites from seven biomeagreement (e.gNemry et al, 1999. Often model parameter
The physiological parameters of maximum £@ptake rate  adjustment is necessary to improve fit with the atmospheric
by the canopy and ecosystem respiration have biome-specifiobservations.Fung et al.(1987, for example, adjusted the
responses to environmental variables. The model uses sinseasonal cycle amplitude by modifying the value of thg
plified empirical expression of seasonal variability in biome- temperature coefficient for ecosystem respiration.

specific physiological parameters based on air temperature, Successful simulations of seasonal cycle have been made
vapor pressure deficit, and annual precipitation. The modelith more recent and sophisticated models, e.g., CAS#(
was validated using measurements of NEE derived fromter et al, 1993 Randerson et 3l1997). Process-based mod-
10 AmeriFlux and four AsiaFlux ecosystem sites. The pre-els differ in their parameterization of primary production.
dicted NEE had reasonable magnitude and seasonal varidodels based on light-use efficiency, such as CASA and
tion and gave adequate timing for the beginning and end offTURC (Ruimy et al, 1996, assume a linear relationship be-
the growing season; the model explained 83-95% and 76+tween monthly net primary production (NPP) and monthly
89% of the observed diurnal variations in NEE for the Amer- solar radiation Monteith, 1972 that is limited by water
iFlux and AsiaFlux ecosystem sites used for validation, re-availability and temperature. Although these models appear
spectively. The model however worked less satisfactorilyto be successful in seasonal cycle simulation as a whole, their
in two deciduous broadleaf forests, a grassland, a savannaxtension to cover diurnal cycles should be accompanied by
and a tundra ecosystem sites where leaf area index changeide introduction of a more realistic, non-linear relationship
rapidly. These results suggest that including additional planbetween CQ@ uptake by terrestrial vegetation and solar radi-
physiological parameters may improve the model simulationation at an hourly time scale. The biochemical model pro-
performance in various areas of biomes. posed byFarquhar et al(1980 describes the dependence of
photosynthesis on solar radiation, with €@ptake rate lim-

ited by maximum photosynthetic capacity. This concept is
used widely in land-surface schemes for meteorology and hy-
drology, such as SiBSellers et al.1986 and LSM Bonan

transport modeling depends critically on the use of terrestriaFause 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

Correspondence tdvl. Saito of evaluating biospheric processes are therefore required for
BY (saito.makoto@nies.go.jp) the estimation of diurnal cycles in GQuariability. In some

1 Introduction
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cases, empirical models can fit the data more closely thar2.2 Modeling approach
mechanistic modelsThornley, 2002.
For studies of the diurnal cycle of GQvariability, long- To predict vegetation photosynthesis and its light response, a
term field measurement studies using the eddy covariancgonrectangular hyperbolic model:
method have been conducted in recent years at many sites,
covering various ecosystems around the woBdl@occhj NEE=2— <ozQ+Pmax—\/(ozQ+Pmax)2—4a9QPmax) -RE (1)
2008. These sites are now organized into a global network, o
FLUXNET, and a large body of observation data is beinghas been widely applied (e.gRabinowitch 1951 Peat
accumulated. The eddy covariance method routinely pro-1970, where « is the initial slope of the light re-
vides direct measurements of net ecosystem E&hange sponse curve and an approximation of the canopy
(NEE) between the atmosphere and the biosphere. The datight utilization efficiency {tmol CG; (wmol photon) 1),
obtained from these field measurements can be useful, esp@max is the maximum C@ uptake rate of the canopy
cially for constructing models to predict the diurnal cycle of (umol CO, m~2s71), RE is the average daytime ecosystem
CO, variability associated with biospheric processes, sincerespiration fgmol COy m~2s-1), 6 is a curvature parame-
they provide direct information on turbulence and scalar fluc-ter, and Q is PPFD.Johnson and Thornley1984 have
tuations at time scales from seconds to hours over the locaghown that a nonrectangular hyperbola predicts the inte-
vegetation canopy. grated daily canopy photosynthesis with an accuracy bet-
In the present work, our focus is on constructing a modelter than 1% when it is averaged over various irradiances.
that simulates the diurnal variability of NEE in various More recently, this hyperbola has been successfully used in
ecosystems based solely on environmental forces. For thithe gap-filling method to obtain continuous eddy covariance
work, we used data from the AmeriFlux and AsiaFlux net- CO; fluxes over a year, and to estimate the total annual car-

works. bon budget over various biomes (e @ilmanov et al.2003
Hirata et al, 2008.

2 Materials and methods Here, we derive a simple and empirical model for predict-

2.1 Inputdata ing the diurnal variability in NEE over a number of biomes

on the basis of the nonrectangular hyperbolic model. To ap-

All half-hourly or hourly CQ flux data used were obtained ply the nonrectangular hyperbola, the unknown number pa-
from the AmeriFlux networkKlargrove et al.2003. Sixty- rametersd¢, Pmax, and RE in Eq. 1)) have to be determined,
two years’ worth of eddy covariance flux data taken from wheread is fixed at 0.9 followingKosugi et al.(2005 and
24 AmeriFlux ecosystem sites and covering seven majoiSaigusa et al2008. To formulate individual unknown pa-
biomes in the latitudes from Alaska to Brazil were ana- rameters, we first calculated the seasonal course of those pa-
lyzed. The biomes consisted of six evergreen needle-leafameters for every site listed in Tadepy using all available
forests (ENF), two evergreen broadleaf forests (EBF), fourdaytime data. The values of parameters were estimated for
deciduous broadleaf forests (DBF), four mixed forests (MF), each day by fitting the data to Ed.)(using the least-squares
three grasslands (GRS), two savannas (SVN), and three turmethod. To reduce poor fitting of Eql)(that results from
dra ecosystems (TND) (Tably. Each site was equipped the limited availability and noise in Cflux data, the pa-
with an eddy covariance system consisting of an open- orrameters for each day were estimated using a 15-day moving
closed-path infrared gas analyzer and a three-dimensionalindow. Individual parameters exhibited seasonal variations,
sonic anemometer/thermometer. AmeriFlux Level 2 prod-and the variability and amplitude of individual parameters
ucts, which contain non-gap-filled G@lux data, were used clearly differed among the ecosystem sites and biomes mea-
as input data to avoid contamination associated with gapsured. Below we describe how we formulated the seasonal
filling procedures. The periods analyzed for each ecosystemourses of three unknown parameters for each biome.
site are listed in Tablé. The seasonal course Hfax Was correlated with those of

Half-hourly or hourly air temperatur€C), vapor pressure temperature and VPD for each biome, and the strength of the
deficit (VPD; kPa), incident photosynthetic photon flux den- correlations with these environmental factors differed among
sity (PPFD;mol photon nt2s~1), and precipitation (mm)  biomes. Figurel shows the normalize#inay under different
for individual sites were also obtained from the AmeriFlux daily mean air temperature®, (°C) and VPL} (kPa) aver-
network. For all sites, air temperature and precipitation dataaged over a 15-day period, consistent with that used in the
that were missing because of instrument malfunction werefitting of Eq. (1). The value ofPmax Was normalized by the
filled using the Global Surface Summary of Day (GSOD) maximum Pnmayx at the site over the entire period analyzed.
data sets to compute annual mean temperature and annughe largest values of the normalizéax occurred in each
precipitation. The GSOD is a product of the Integrated Sur-biome, except for TND, whefi, was approximately between
face Data provided by the National Climate Data Center, and2(°C and 25C, and VPL} was lower than 1 kPa. Although
includes 13 daily summary parameters over 9000 global stascatter exists, the normalizeéthax for each biome decreased
tions. with decreasing; and increasing VPR On the basis of the
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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 58.M198.53 W —-2.7 412 Wang et al(2003
UCI-1850 burn site, Canada 2002-2004 55.R898.48 W 2.7 412 McMillan et al. (2008
Duke Forest loblolly pine, USA 2002-2004 35°%98, 79.09 W 17.3 1140 Katul et al.(1999
Howland forest, USA 2002-2004 452R,68.74 W 6.8 836 Hollinger et al.(2004
Metolius, USA 2004-2005 44.4%\,121.56 W 9.1 405 Schwarz et al(2004
Slashpine-Donaldson, USA 2002-2004 29.X682.16 W 20.4 1072 Gholz and Clark2002
Evergreen broadleaf forest (EBF)
Santarem-Km67-Primary Forest, Brazil 2002-2004 2364.96 W 25.3 1591 Martens et al(2009
Florida-Kennedy Space Center, USA 2004-2006 Z8MNBO.67 W 21.6 1123 Dore et al(2003
Deciduous broadleaf forest (DBF)
Duke Forest hardwoods, USA 2003-2005 38MNH779.10W 151 1091 Katul etal.(2003
Harvard Forest EMS Tower, USA 2001-2003 42.8472.17W 7.5 1023 Goulden et al(1996
Missouri Ozark Site, USA 2005-2006 389M™,92.20 W 135 878 Gu etal.(2006
Bartlett Experimental Forest, USA 2004-2005 44.N771.29 W 7.1 1402 Jenkins et al(2007)
Mixed forest (MF)
Intermediate hardwood, USA 2003 46°78,91.23 W 5.3 625 —
Mature red pine, USA 2003-2005 46°M™,91.17W 5.6 706 -
Mixed young jack pine, USA 2004 46.85(,91.09 W 5.0 649 -
Park Falls/WLEF, USA 1997,1999 459H,90.27 W 5.2 842 Yietal. (200))
Grassland (GRS)
Duke Forest open field, USA 2003-2004 358[79.09 W 149 1144 Katul et al.(2003
Brookings, USA 2005-2006 44.35,96.84 W 7.2 608 Gilmanov et al(2005
Walnut River Watershed, USA 2002-2004 37.5296.86 W 13.7 1046 LeMone etal(2002
Savanna (SVN)
Santa Rita Mesquite, USA 2004-2006 3r.82110.87 W 191 303 Scott et al(2009
Audubon Research Ranch, USA 2004-2006 31MA10.5PW 15.8 361 -
Tundra (TND)
Atgasuk, USA 2004-2006 70.4W,157.4PW -10.6 108 -
Barrow, USA 2000-2002 71.8N,156.63W —-11.3 172 Eugster et al(2000
Ivotuk, USA 2004-2006 68.4N,155.73 W  —9.3 241 Epstein et al(2009

variability in the normalized’ynax shown in Fig, and in the

interest of reducing the number of parameters and using me-

teorological data that were readily available everywhere, weg,. —
expressed’max as a function of the environmental variables

of air temperature and VPD as follows:

Prax= P,EQAX- Fr - Fy

where PPM is the potential maximum value dfmax under
unstressed conditions, af¢} and Fy denote the coefficient

the following equations to expre$s and Fy, respectively:

(Ta — Tmax) (Ty — Tmim)

1

(Ta — Tmax) (Ta — Tmim) — (T — Topt)2

()

Fv = [1 T (VPD, /aFV)bFV:|

®)

(4)

whereTmax, Tmin, @andTopt are the maximum, minimum, and

optimum temperature§C), respectively, for photosynthesis,
andapy (kPa) andbpy are constant coefficientsigy is the

functions for air temperature and VPD, respectively. We usedvalue of VPD whenFy=0.5. The parameter values B ax,
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Fig. 1. Dependence of normalizegRx on daily mean air temper-
ature ([,; °C) and vapor pressure deficit (VRDkPa) over 15-day
periods for seven biomes. The daily valuesRafax were normal-
ized by the maximunmPmax at the site, and were then aggregated
for each biome. The normalized values Bfax in each grid are
averages corresponding to the rang&pand VPDQ,, and the mag-
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nitudes of these are represented in color.

Tmin, Topt, arv, andbpy were determined for each biome
by fitting the normalizedPmax to Eqs. B) and @) using the
nonlinear least-squares method (Ta®)leAn example of the

fitting is shown in Fig2 for ENFs.

To formulateP"M in Eq. (2), all daily Pmax0btained by fit-
ting Eq. ) with observed C@flux data were divided byr

)
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Fig. 2. Normalized Pmax in evergreen needle-leaf forests (ENF)
under different conditions of, (°C) and VPD, (kPa). The solid
circles corresponds to grids shown in Fig.and the response sur-
face fit of Egs. 8) and @) using the nonlinear least squares method.

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

NPRAMT, AP) = min{NPPr(AMT), NPP, (AP)};

1350
NPPr (AMT) = T+exp(1.315-0.119AMT)’ ®)
NPPR, (AP) = 13501 — exp(—0.000664 AP))

where AMT is annual mean temperatuf€j and AP is an-
nual precipitation (mm). The unstressed maximufax
(i.e., PPMy computed from the observed G@ux data in-
creased substantially with increasing NPP (Rjy. This
PPM dependence on NPP was found for all biomes exam-
ined. PPM was defined as follows:

(6)

whereapy (umol CO, m—2s71) andbpy ((g Cm2y—1)—1)
are constant coefficients empirically determined for each
biome by the least-squares method (Tab)le

The initial slopex in Eq. (1) shows the complicated sea-
sonal course of the light response curve andPgfy as
shown in previous studies (e.ggilmanov et al. 2003.
Owen et al.(2007) have shown that can be expressed as
a linear function of canopy Cfuptake capacity. Similarly,
we found that seasonal variationdrwas correlated with that
in Pmax (Fig. 4). Therefore, we defined as a linear function
of Pmax:

PEN = apm exp(bpm - NPP)

@)

o = dinj * Pmax+ bini

and Fy, and then the annual maximum value of unstressed
Pmax Was selected for each ecosystem site from among thevherea|,; andb,; are also constant coefficients empirically

data observed under conditions whEnwas £5°C in Topt.
To avoid uncertainty in the value dfyax due to random

determined for each biome by the least-squares method (Ta-
ble 2).

flux measurement error, a computed unstressed maximum RE is the sum of autotrophic plant respiration and het-
Prmax Was averaged for the 7-day period around the maxi-erotrophic soil respiration, and is usually expressed as a func-

mum day. This value was defined 2§M. Next, PEM was

Biogeosciences, 6, 58599, 2009

tion of soil temperature (e.gralge et al.200]). It has been
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Table 2. List of biome-specific parameter values.

Types Terms EqgJ) Eq. @) Eq. 6) Eq. (7) Eq. @)
Tmax Tmin Topt arv bry  apm bpm anj bini REref Q10
Units °C °C °C kPa - umolCO, (gCm2  (umolphoton pmol COy nmol COp
m2s1  y =1 m251)-1  (umolphotony! m2s1
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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Fig. 3. Relationship between annual NPP and unstressed maxirig. 4. Relationship between bin-averag@hax and initial slope
mum Pmax in evergreen needle-leaf forests. Sites are indicated ag, in grassland. Sites are indicated as follows: open squares, Duke
follows: open squares, UCI-1930 burn; solid diamonds, UCI-1850+qest open field; solid circles, Brookings; and open circles, Walnut
burn; solid circles, Duke Forest loblolly pine; open triangles, How- Riyer Watershed. The solid line is the regression curve, and error
land forest; open circles, Metolius; and open diamonds Slashpinepays represent standard deviation from the mean.

Donaldson, for each year. The solid line is the regression curve.

The square of the correlation coefficieR? was determined by the

least squares method. B . )
and Q10 were empirically determined for each biome by

fitting all available RE data, estimated in the fitting of
further argued that RE varies with differences in short- andEg. (1), to Eq @) using the least-squares method (Tadjle
long-term temperature sensitivitieRdichstein et al.2005, To summarize the approach used for modeling diurnal
the start of the wet season and the timing of rain eveXts ( yariations in NEE presented in the section above, all parame-
and Baldocchi2004, differences in temperature sensitivities ters required to operate the model involve only four variables:
among ecosystem sites, even in the same bid&len@nov  jr temperature, VPD, annual precipitation, and PPFD. In ap-
etal, 2007, and photosynthetic rat&ampson et al2007.  plying the model, the parametePsax anda in the nonrect-
Accordingly, we can expect that seasonal variation in RE iSanguIar hyperbola are estimated by using E2jsatid (7) for
in part site-specific, so universal attributes are difficult t0 g5¢ch day, whereas the valueREM in Eq. @) is determined
formulate with a single equation. However, for application for each year using Eq6). Hence, diurnal variation in gross
over large areas covering numerous biomes, a simple modeyrimary production (GPP) — the first term on the right-hand
driven by limited input data is required. We therefore used asjde in Eq. {) —is attributed to changes in the diurnal course
traditional exponential relationship between RE and temperyf ppED, as obtained from local observations. On the other

ature as: hand, RE is estimated for every half-hour or hourly time step,
_ (T,—10)/10 both during the day and at night, with local observed air tem-
RE = REreleo (8) : : ;
perature data in place @f, in Eq. (8). This assumes that the

where REs is the ecosystem respiration rate half-hour or hourly temperature response of RE is the same
(umolCO, m~2s~1) when 7,=10°C , and Q1o repre- as that in the 15-day period, the temperature of which was
sent the temperature sensitivity of RE. The values of:RE used as the representative mean temperature to determine the

www.biogeosciences.net/6/585/2009/ Biogeosciences, 6 59852009
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empirical coefficients in Eq8]. In general, the temperature universally the same among unstressed plants. At the canopy
response of RE is determined using nocturnal eddy covaritevel in the current analyses, howewefor the seven biomes
ance CQ flux data, and this nocturnal temperature depen-showed clear seasonal variations; these may result from sea-
dence is extrapolated to daytime (e@qulden et a].1996 sonal changes in the canopy including physiological devel-
Falge et al.2002. However, nocturnal eddy covariance sur- opment and changes in leaf area index (LAI). A remarkable
face fluxes calculated using typical averaging times of aboupoint in Fig.5b is the similarities in the correlation between
30 min generally exhibit large scatter because of measurefnaxanda for all biomes analyzed. This result suggests that
ment error by mesoscale motion, since the cospectral gaghe relationship betweeRyax anda may be universal, re-
which separates turbulence and mesoscale contributions, igardless of biome type. A similar result has been reported by
commonly located at a time scale of a few minutes or lessOwen et al(2007). However, little information is available
during the nocturnal period (e.d/ckers and Maht2003. on the physiological mechanisms behind the general relation-
Therefore, we extrapolated the daytime temperature depership betweerr and Pnax, and the similarities in the correla-
dence of RE to the night-time dependence (eSgyker and  tion betweerx and Pmax may, in part, be the result of poor

Verma 2001, Gilmanov et al, 2003. fitting in Eq. (1). In the following analyses we therefore used
the individual regression lines estimated for each biome (see
2.3 Validation data Table2).

. . . ) The relationships between temperature and RE for the
To examine model validity, we used higher-quality Level 4 gqyen piomes are shown in Fic. The sensitivities of RE
products of 10 AmeriFlux ecosystem sites (TaBJe Only 4 temperature varied among biomes. SVN had the highest
the data not used in model construction were selected her‘?emperature respons@(o=3.36), and the lowest response
Half-hourly air temperature, VPD, and annual precipitation, ;o< found in TND 010=1.49) (,Table2). Tjoelker et al.

used as input data to opgrate the model, and variability' ir[ZOOJ) reported that the21o value is not constant and de-
observed NEE were obtained from Level 4 products, while jines with increasing temperature for various species, and
PPFD data were obtained from quality-checked Level 3yhqy represented this fraction o as a function of temper-
products, since Level 4 does not contain PPFD data. ature. In additionCuriel Yuste et al(2004) found that the

We also ran the model using the AsiaFlux network dataf 4 ction in 04, for soil respiration also depends on seasonal
(Fukushima 2002 to check the simulation performance of patterns of plant activity, such as changes in LAI. Consider-

the model in regions other than North A_merlca. For th|§ ation of this seasonality i1o may improve RE estimation
check, data from four selected sites, which are located in, the model: however, it would require further investigation
ENF, EBF, DBF, and MF, were used. of the relationship between the seaso@ah course and en-
vironmental factors. In this study, therefore, simple tempera-
ture dependence and consté@hip values estimated for each
biome were used to represent the diurnal variations in RE at
3.1 \Variations in parameters among biomes all ecosystem sites.
Before comparing the observed and predicted diurnal vari-

We examined the relationships between estimated annualtions in NEE, we compared the seasonal change®ix
NPP and unstressed maximuBhax at all sites (Fig.5a). (Fig. 6) and « (Fig. 7) computed by the model with the
Increasing NPP was correlated with increasing unstressedbserved changes. Individual points in the graphs are the
maximum Pmay, regardless of the biome type. Since NPP weekly averaged values of parameters. The seasonal cycle
is estimated using annual mean temperature or annual prexmplitudes ofPnax anda at the Duke Forest site, an ENF,
cipitation, this result suggests that canopy assimilation cawere larger than those at the other sites. The Santarem site,
pacity, to a large degree, depends on temperature and watan EBF, had large values with small amplitudes year round.
conditions at the measurement sites. The NPP response dhe results for the DBF and MF sites clearly reflected the ex-
the unstressed maximuRpax varied among biomes: the un- istence of both growing and non-growing seasons in a year,
stressed maximun®max in TND ecosystems was most sen- while the start and end times of the growing season in the
sitive to NPP, and that in DBFs was least sensitive (T&ble mature red pine site are not shown in the figures because of
and Fig.5a). The low values oR? may be mainly associ- a lack of data. In contrast, variability dmax ando was
ated with the limited amount of available data, and additionalalways observed at the evergreen sites.
datasets covering various ranges in temperature and precip- The seasonal courses of the modeRgy anda, and the
itation would improve the estimate of unstressed maximummagnitudes of these two parameters, showed good agreement
Prax- with observational data from the Duke Forest site. On the

We plotted regression lines @f, estimated as a linear other hand, the model did not account for the seasonality in
function of Pmax, for every biome (Fig5b). At the leaf  two parameters at the Santarem site. Small variations in tem-
level, previous studies (e.dehleringer and Bjrkman 1977, perature and VPD at the site throughout the year resulted in a
Ehleringer and Pearcy1983 have shown thatr is nearly  smooth and small amplitude in parameters estimated by the

3 Results and discussion

Biogeosciences, 6, 58599, 2009 www.biogeosciences.net/6/585/2009/
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Table 3. List of AmeriFlux eddy covariance measurement sites used ® ‘ ‘ ‘ T @ | ¢ BN R
. . o EBF, R°=0.66
for validation. lér ol o OBF. K010
gt\:‘m « MF, R%=026
Site Year AMT AP Few oRs, R-0ss
1 B , R™=0.69
(°C)  (mm) é% + TND, R%=006
ENF g0 .
UCI-1930 burn site 2005 -1.3 882 > :;f
Howland forest 2001 72 524 T T T e a1
Slashpine-Donaldson 2001 19.7 1047 NPP (g Cm2yY)
EBF I ‘ ‘ ‘ ® | — BV R?=0.73
Florida-Kennedy Space Center 2002 21.2 932 2 ool — EBF, R™=092
g — DBF, R?=0.65
£ — 2
el 2 o, Fecos2
Harvard Forest EMS Tower 2004 76 1175 3 SN R0
Missouri Ozark Site 2007 13.7 645 g oo 2 1 — TND. RR0s4
MF g
Mature red pine 2002 6.4 640 s
GRS ° 0 io éo o 310 40
Brookings 2004 76 831 Pmax (umol GO m™s)
SVN 1 ‘ ‘ ‘ ‘ © | — ENF R?=0.33
— EBF, R%=037
Audubon Research Ranch 2003 16.5 353 8T 1 — DBF, R%029
i — MF, R’=0.14
TND & GRS, R%=055
Barrow 1999 -11.3 94 z — SVN, R2=0.48
g 1 — TND, R%=0.28
w
o
model. However, the model captured mean magnitudes of

-10 0 10 20 30

parameters when compared with observed values. For DBF .
Temperature ("C)

and MF sites, the model captured the seasonalif§@k and

«, and the approximate timing of the start and end of ecosysFig. 5. Distributions of three parameters for seven biom¢a)

tem productivity, but overestimates Bf,oxwere found atthe ~ Same as Fig3, but for all biomes analyzedb) relationships be-
Bartlett site. This overestimation #f,ax during the growing ~ tWeenPmax ande, and(c) between temperature and RE. Red: ever-
season is due to the overestimaTE,ﬁaMX in Eq. (2), which green needle-leaf forests (ENF); green: evergreen broadleaf forests

: ; :(EBF); blue: deciduous broadleaf forests (DBF); magenta: mixed
was estimated from the annual NPP computed using the Mif ’ S ’ :
. . . P 9 forests (MF); lightblue: grasslands (GRS); black: savanna (SVN);
ami model. Additional data from new sites may lead to an ,
. - - . and orange: tundra (TND).
alteration of the constant coefficients empirically determined

for individual parameters. . . L
P the low observed negative NEE during the daytime in win-

3.2 Variations in NEE ter (Fig.8). This is because net GQuptake was observed
at both sites, even in winter whefy <0°C, while the mini-

Next, to demonstrate the capability of the proposed modelmum temperatures for photosynthesis in this model were set
we ran the model for 10 AmeriFlux ecosystem sites with to 1°C for DBF and 3C for GRS (Table2). Burba et al.
data for a year not used in the model development (Taple (2008 reported that C@flux measured with an open-path
Variations in half-hourly NEE were calculated for all sites gas analyzer can yield unreasonable;@Ptake values under
during the entire period for which input meteorological data low-temperature conditions, due to heating of the instrument
were available (Fig8). At the Slashpine-Donaldson site, in body. Differences in NEE between the observations and the
an ENF, net CQ uptake was observed during daytime year model during the winter may result partly from this problem.
round, but at the Howland site in an ENF, NEE was very Overall, the predicted diurnal and seasonal patterns of
close to Qumol CO, m~2s~1 during the period between the CO, uptake and release agree with the observed data, except
end of the year and spring. The model successfully predictedor the SVN at the Audubon Research Ranch and the TND at
these seasonal variations in NEE; in addition, it predicted thehe Barrow site. For SVN and TND, the model failed in the
diurnal variations, such as when NEE becomes positive oprediction of NEE variations, especially for SVN. The errors
negative, for both ENF and EBF sites. for these two biomes will be revisited later in this section.

On the other hand, the model underestimated the length oThe degree of model prediction for half-hourly variations
the net CQ uptake periods at the Missouri Ozark and Brook- in the observed NEE was evaluated by regression analysis.
ings sites (DBF and GRS, respectively), and did not predictAt individual sites, the values ak?, slope, and y-intercept
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Fig. 6. Seasonal course of weekly averag@gax at (a) the Duke Fig. 7. Same as Fig, but fora.

Forest site, ENF, in 2004b) the Santarem site, EBF, in 200&;)

the Bartlett site, DBF, in 2004; ar(d) the mature red pine site, MF,

in 2004. The dashed line with closed circles repres@hisy esti- NEE variations during the growing season may be mainly as-

mated from the observed data, and the solid line with open circlessgcjated with the rapid changes in LAI. Moderate Resolution

iS Pmax predicted using the proposed model. DOY=day of year. Imaging Spectroradiometer (MODIS) MOD15A2 products
indicated that LAl increased from 0.9 on DOY 121 in 2007
to 3.7 on DOY 129, and decreased from 4.2 on DOY 209 to

were between 0.55 and 0.84, 0.59 and 0.90,-a8d7 and 2 2 on DOY 225, and these drastic variation in LAl seem to

0.74, respectively (Tabld), when all available half-hourly  pe consistent with those in NEE.

NEE data were used. The model explained only 55% of Tne Jow value of R? at the Brookings site K2=0.65)

the half-hourly variations in NEE at the Missouri Ozark site js attributed, in part, to the low GO uptake ob-

(N=17468), but explained 84% of the NEE variations in the seryed from DOY 200 to DOY 260 (Fig8). A day-
UCI-1930 burn site (N=3259). These results suggest that diftime maximum NEE of-11.3umol CO, m—2s-1 was ob-

ferences exist between predicted and observed NEE, and thakryed for DOY 171-180, but daytime NEE decreased to
the degree of agreement is site-dependent. However, the 0b:3.2umol CO,m~2s! for DOY 221-230, and increased
servation records often contain noise that, to some extent, i§gain to—7.6,mol CO, m~2s-1 for DOY 261-270. One

due to measurement error. To reduce the influence of Meanossible explanation for the low negative NEE observed in
surement error and smooth the variability in NEE, the ob-thjs period is disturbance such as grazing and mowing. Graz-
served and predicted NEE data were averaged for each hal]‘ng intensity markedly affects aboveground biomass (e.g.,
hourly interval over 10-day periods. Cao et al.2004 and can thus cause variations in ecosystem
The model performance improved considerably when theproductivity. However, the MOD15A2 products did not show
10-day averaged half-hourly NEE variations were used (Ta-drastic changes in LAl during the period from DOY 200 to
ble 4 and Fig.9). At six forest sites, except the Missouri 260; thus, this pattern remains to be explained.
Ozark and Brookings sites, the model provided acceptable Daytime NEE observed at the Audubon and Barrow sites
values ofR?, ranging between 0.83 and 0.95. The slope ofvaried during the growing season (Fi§). High CO re-
the regression line was 0.63 at the Howland forest site, butease was observed at both sites during the daytime around
this small slope value is partly attributable to model underes-DOY 180, but NEE changed to net GQptake a few weeks
timation of RE at night. Indeed, the slope of the regressioniater. At the Audubon site, analysis of the observation data
line was improved to 0.72 at the Howland forest site whenrevealed that the duration of the assimilation period was nar-
only daytime NEE data were used. Nighttime RE will be rowly restricted to about 100 days, and the seasonal patterns
discussed in the next subsection. of the physiological parameters were very sharp. These pro-
In contrast to the six forest sites described above, thecesses were less sensitive to changes in temperature and VPD
model explained only 65% of 10-day averaged half-hourlythan in other biomes.Leuning et al.(2005 have shown
NEE variations at the Missouri Ozark site. A steep net up-that the productivity of a SVN ecosystem is controlled al-
take of CQ was observed at this site after DOY 120 in most exclusively by the amount and timing of rainfall dur-
2007, and this net uptake rapidly decreased around DOY 22(nhg the wet seasonMa et al. (2007 similarly noted that
(Fig. 8). However, the model predicted smooth net uptakeboth photosynthesis and respiration processes in SVN de-
over the period between DOY 60 and 330, which resultedpend on the amount of seasonal precipitation. These pre-
in large differences between observed and predicted NEE, agious studies suggest that precipitation is the dominant fac-
shown in Fig.9. The rapid changes in amplitude of diurnal tor controlling SVN ecosystem productivity under drought
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Table 4. Slopes (a), intercepts (b), aiF 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 obsgjvamesents

the values calculated from all available half-hourly NEE data, gngythe values from NEE averaged at half-hourly intervals over 10-day
periods.

Site all &0day Dbal bioday RZ R%, day Nall N10day
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 17518 1728
Slashpine-Donaldson, ENF 0.85 1.00-2.07 -1.85 0.69 0.83 17424 1728
Florida-Kennedy Space Center, EBF 0.71 0.74 0.74 0.75 0.82 0.91 13408 1392
Harvard Forest EMS Tower, DBF 0.79 0.81-1.52 -1.44 0.83 0.89 12338 1294
Missouri Ozark Site, DBF 0.90 1.04 -1.64 -153 0.55 0.65 17468 1728
Mature red pine, MF 0.82 094 -1.37 -0.43 0.72 0.84 7890 864
Brookings, GRS 0.68 0.73 —-1.04 -1.02 0.59 0.65 12114 1221
Audubon Research Ranch, SVN -0.21 -0.29 -0.75 -0.68 0.03 0.05 17376 1728
Barrow, TND 0.10 0.15 -0.32 -0.25 0.13 0.23 4362 480
UCI-1930, ENF Howland, ENF Donaldson, ENF Kennedy, EBF
0 T T T 9 F T T T q 360 F—T 3 F =
300 | . | | Model 10::. 10:: 10:: ; 10::
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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. FigurelO shows the seasonal courses of LAl rapidly increased following the rainfall events that occurred
from the MOD15A2 products and daily precipitation at the frequently after DOY 192. An LAl of 0.3 on DOY 193
Audubon site in 2003. LAl was nearly constant, ranging increased to 0.8 on DOY 209. Figur&sand 10 clearly
from 0.2 to 0.3, during the dry period before DOY 190, but show that plant development and €@as exchange at the
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UCI-1930, ENF Howland, ENF Donaldson, ENF Kennedy, EBF
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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.

08 —— ———T——1 40 For the Barrow site, LAl data for 1999 were not avail-
- LA ° able from the MOD15A2 products, and the relationship be-
06 W Precipitaion 1% tween LAl and rapid changes in NEE could not be examined.
HoweverHarazono et al2003 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-
ddp L . ing local observation data is required, drastic changes in NEE
240 300 360 at the Barrow site, shown in Fi§, could be explained by the
DOY 2003 seasonal course of LAI at the site.
Despite the simplicity of the proposed model and its
Fig. 10. Seasonal courses of LAI, from the MOD15A2 for the areas pasis in empirica| regression methods driven by four
surrounding the Audubon Research Ranch site, and daily precipitagnyironmental parameters, it performed well for half-hourly
tion in 2003. Open circles represent LAl and bars precipitation. 5 ristions 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-
Audubon SVN site are mainly limited by water stress, as dis-ations in NEE. However, at some of the sites with very rapid
cussed by euning et al(2005 andMa et al.(2007). changes in LA, there was poor agreement between observed

LAI
Precipitation (mm)
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and predicted NEE. Because the proposed model does not L

use any plant physiological information to estimate diurnal 07 Howland, ENF |
variations in NEE, the model cannot predict rapid changes in 81 .o Obs @ @ §
NEE associated with changes in LAuan et al.(2007) de- ~~ Mode & T

veloped a light-use-efficiency model using information from 61 i @ i

a normalized difference vegetation index (NDVI) that was 4
able to predict seasonal variability in GPP in GRS and SVN 10 * o,
biomes. SimilarlyLeuning et al(2005 estimated seasonal 2t ; § * ¢ 4 ‘ 9 ]
variability in a SVN during the wet season using MODIS 0 ® ® 4
data. These remote-sensing data products respond directly to
changes in overall canopy conditions such as LAl and canopy’u'f,,\ L e e e S e e
structure. For future studies, these data may be useful for fur-_ 101 bonaldson, ENF 1
ther improvement of the proposed model.

Q'

O P
3.3 Nocturnal RE e} T S

S P ;

=, . i H 1 [
As mentioned above, the model uses the response of daytimew @ ¢ $ Lo
ecosystem respiration to temperature to estimate variability nﬁf ! $ $
between daytime and nighttime RE over the entire period. £ i i
To demonstrate the ability of the model to predict RE vari- *§
ability, we show the observed and modeled seasonal coursez
of monthly averaged nocturnal RE at the Howland and Don- 10 ¢ Ozark, DBF 1
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 Lol CO, m—2s71,
This discrepancy could be attributed to the simplifying ap- —_— Y
proach of the model. In the interest of constructing the model 3 456 7 8 9 1011 12
as simply as possible, RE variability over a year was intro- Month
duced using a single equation as a function of temperature forig. 11. Seasonal course of monthly averaged nocturnal RE at the
each biome, regardless of differences in soil conditions andHowland ENF site in 2001, the Donaldson ENF site in 2001, and the
plant developmental stageSampson et a{2007), for exam-  Ozark DBF site in 2007. A dashed line with open circles represents
ple, demonstrated that there is considerable variability in theobserved data, and a solid line with closed diamonds is the model
temperature dependence of soil respiration associated witdata. Error bars represent the standard deviation from the mean.

seasonal differences in photosynthesis. However, to avoid
complexity and obviate the need to obtain additional infor- ear round, which resulted in the lower predicted RE at the

mation on the_mechanics of the relationship betweer_w RE angl, o\ v1and site, since the proposed model estimates RE using
photosyntheqs, thg mode! 0.'995 not account for the mfluenc%e same temperature response for the same biome. However,
of thr(]ase prgysur)llogljlcal aCt'V't'SS on RE. O,n _the lothelr h"’md'higher nocturnal RE observed at the Howland site during the
ahs S hown yi el a;%e error bars ":j Fig, it '?da TO clear rowing season compared to that at the Donaldson site led to
that the nocturnal eddy covariance data provide large scaltgh e e being unable to predict this site-specific variability

associated with weak turbulence. This noise is mainly due 9 RE. This high observed nocturnal RE at the Howland site

flux sampling errors, which may, in part, be the cause of the, 5y in part, be due to carbon richness of the soil, although
difference between the observed and predicted RE.

; ; _no detailed evidence exists to support this proposal. It is im-
In contrast to the Donaldson and Missouri Ozark sites

'portant to be aware of the abovementioned problems when
modeled nocturnal RE was clearly much lower than Ob'computing RE variability using the model.

served nocturnal RE at the Howland site during the grow-

ing season. The model predicted an average nocturnal RB.4 Application to AsiaFlux ecosystems

of 2.2umolCO, m—2s~1 in July, while the observed data

were 7.8umolCO, m—2s~1. Air temperature at the How- To validate the applicability of the proposed empirical model,
land site was generally lower than that at the Donaldson siteeonstructed with the AmeriFlux data sets, to other regions,
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Table 5. Same as Tablg, but for AsiaFlux eddy covariance measurement sites analyzed.

Site, country Year Latitude, longitude @ AMTC) AP (mm) Reference
ENF
Fujiyoshida forest meteorology research site, Japan 2000 3K, 4538.76 E 9.6 1599 Ohtani et al(2005
EBF
Sakaerat, Thailand 2002 1429,101.55 E 24.4 1813 Gamo and Panuth&005
DBF
Mae Klong, Thailand 2003 14.34,98.5C E 24.7 1708 Huete et al(2008
MF
CC-LaG experiment site, Japan 2002 45.83142.06 E 5.6 973 Takagi et al(2005
Fujiyoshida, ENF Sakaerat, EBF time CQ, uptake period, although scatter was rather large at
0 T T T "% T T T 1 2 H
y=0.79-1.44 y=0.88x-4.2 the Mae Klong DBF site. The values & at three sites,
10 2 F 2 apart from the Mae Klong site, ranged from 0.76 to 0.89,
R°=0.82 R°=0.89 . . ;
o which are comparable to the results obtained using the model
o / on the AmeriFlux sites. This result suggests that the environ-
o -10 - g . mental forces used in this model are critical determinants of
EN 20 | "3 | photosynthesis in various biomes, and that the biome-specific
o responses to environmental forces, determined by the Amer-
5 30 j/‘”’ L 1 7/‘” o 7 iFlux data, may be applicable to other regions. However, it
g Mae Klong. DBF CC.Laa ME is evident that there was a discrepancy between observed and
T e — 9 : - ag.’ . — predicted nocturnal RE, and that the model produced system-
z 10 | ¥=0.72x-4.3 y=20-87X-l-5 g atic underestimates. Unfortunately, this study was unable to
§ R*=0.76 generalize the variation in RE in response to temperature;
g 0 therefore, accurate modeling of RE is necessary to substan-
T 10 | tially improve the model’s simulation of long-term diurnal
CO, exchange.
-20 . -
BES | o o 4 Conclusions

-30 -20 -10 O 10 20 -30 -20 -10 O 10 20

Observed NEE (umol CO, m2sY) 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, @ and RE — clearly exhibited seasonal
we applied the model to data obtained from the AsiaFluxyariations. While these seasonal variations were complex,
network. Details of individual ecosystem sites can be fOUﬂdpmaX anda generally showed a dependence on temperature
in Table 5. All half-hourly or hourly CQ fluxes were  and VPD, and the degree of this dependence varied among
measured at four forest sites using the eddy covariancgjomes. The study expressed the seasonality in parameters
method. Micrometeorological data such as air temperatureys 5 function of only environmental variables — air temper-
and PPFD were also obtained from the AsiaFlux network.aiyre, VPD, and precipitation — for each biome, and diurnal
The ecosystem-specific parameter values, suchyagin  variability in NEE was predicted using these biome-specific
Eq. @) andary in Eq. @), from the AmeriFlux network listed  parameters together with PPFD. The proposed model suc-
in Table2 were used without any modifications to estimate cessfully predicted the diurnal variability of NEE for almost
variations in half-hourly or hourly NEE in the AsiaFlux for- g forest biomes in the AmeriFlux network over the entire
estsites. annual observation period. However, the model was unable
Figure 12 shows comparisons between the observationgo account for drastic changes in the magnitude of NEE and
and model results of 10-day averaged half-hourly or hourlyCO, uptake and release associated with rapid changes in
NEE variations at each site, as in F8y.Overall, the model LAl that were mainly observed in SVN and TND ecosys-
gave reasonable predictions of NEE variation during the daytems. The model demonstrated acceptable performance for

Fig. 12. Same as Figd, but for four AsiaFlux ecosystem sites.
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the AsiaFlux ecosystem sites, although further refinement is munities in response to warming over decadal time scales, Glob.
needed for RE. Therefore, the approach used in this study Change Biol., 10, 1325-1334, 2004.

should be applicable to many other regions. Adjustment ofEugster, W., Rouse, W. R., Pielke, R. A., McFadden, J. P., Baldoc-
the methodology used in parameter estimations, application chi, D. D., Kittel, T. G. F., Chapin, F. S., Liston, G. E., Vidale,

of remote-sensing products, and subdivision of the biome
types would further improve the precision of the model.

P. L., Vaganov, E., and Chambers, S.: Land-atmosphere energy
exchange in Arctic tundra and boreal forest: available data and
feedbacks to climate, Glob. Change Biol., 6, 84-115, 2000.
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