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Gap filling of flux data is necessary to assist with periodic interruptions in the measurement
data stream. The gap-filling model (GFM), first described in Xing et al. [Xing, Z., Bourque,
C.P-A., Meng, F-R., Zha, T.-S., Cox, R.M., Swift, E., 2007. A simple net ecosystem productiv-
ity model for gap filling of tower-based fluxes: an extension of Landsberg’s equation with
modifications to the light interception term. Ecol. Model. 206, 250-262], was modified to
account for the day-to-day control of net ecosystem productivity (NEP) by incorporating air
and soil temperature as new controlling variables in the calculation of NEP. To account for
the multiple-phase influences of air and soil temperature on plant growth we model ecosys-
tem respiration as a function of soil and canopy respiration. The paper presents model
development in an incremental fashion in order to quantify the contribution of individual
model enhancements to the prediction of NEP during periods when air and soil temperature
variations are important.

Model efficiency (ME) was used to compare the performance of the various forms of the
GFM under several combinations of weather conditions during a 34-day period. Results
from model comparisons illustrated that the models displayed reasonable performance
(ME=0.75-0.95), with the final GFM displaying the best overall performance. Further eval-
uation of the final GFM was conducted by comparing the NEP-model results with results
generated with an alternative gap-filling approach espoused by Fluxnet-Canada Research
Network (FCRN). These evaluations are based on the same 34-day dataset as used in the
initial model comparison. Both gap-filling methodologies performed well, but some level of
disagreement was present.
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1. Introduction

Gaps (due to data missing or rejected for quality reasons)
in eddy covariance-based measurements are common. These
gaps potentially bias calculations of NEP, as in other flux-based
variables such as sensible and latent heat. Data gaps need
to be filled in order to derive annual sums or to simply ana-
lyze temporal trends in the data. In previous work, Xing et
al. (2007) developed a gap-filling model (GFM) that takes into
account the non-uniform influence of available photosynthet-
ically active radiation (typically with a response time of a few
minutes to hours) within stratified plant canopies to improve
the quality of gap filling. However, air and soil temperature,
which tend to vary at a lower frequency also have their influ-
ence on NEP (with a response time of a few hours to a day). To
properly model gaps in NEP data lasting more than a few hours
to a day, temperature influences on NEP need addressing.

Controversy exists as to the degree temperature controls
net ecosystem productivity (NEP). Chen et al. (2002) found that
air temperature had no significant influence on NEP in old-
growth forests, but demonstrated greater influence in younger
forests. Bassow and Bazzaz (1998) suggested that air tem-
perature explained approximately 12% of the photosynthetic
variation in red oak (Quercus rubra L.), 16% in yellow birch
(Betula alleghaniensis Britt), and to a lower degree in white birch
(Betula papyrifera). They also found that air temperature was
only weakly correlated with photosynthesis during the sum-
mer, but had a higher correlation in September for many tree
species. After a thorough review of 27 scientific articles on this
subject, Saxe et al. (2001) concluded that high temperatures
increased the rate of carbon dioxide (CO;) absorption to an
optimum, but the extent of this increase depended on ambient
temperatures. Air temperatures higher than optimum tend to
cause a reduction in CO, uptake.

As Bassow and Bazzaz’s (1998) path analysis! indicated,
air temperature may impact photosynthesis in both direct
and indirect ways. Temperature has been shown to directly
affect photosynthesis by affecting (i) photosynthetic chemi-
cal reactions, (ii) photochemical efficiency of PSII,? and (iii)
photo-inhibition. Temperature may indirectly affect photo-
synthesis by altering (i) pigment content in leaves, (ii) apparent
quantum yields, and (iii) respiration rates, by modifying sec-
ondary environmental-growth controls, such as water vapor
pressure deficit (VPD), nutrient availability, and associated
bio-geochemical interactions in soils. This dependence on
temperature is well documented (e.g., McMurtrie and Wang,
1993; Hollinger et al., 1999; Cai and Dang, 2002; Leuning, 2002),
although mechanisms for this dependence may vary from
time to time depending on prevailing meteorological and site
conditions.

1 Path analysis is a method of “decomposing and interpreting
linear relationships among a set of variables by assuming that
(1) a weak causal order among these variables is known and (2)
the relationships among these variables are causally closed”. Path
analysis may be viewed as “a method of working out the logical
consequences” of these two assumptions.

2 PSII=photosystem II, which absorbs a shorter wavelength of
light (680 nm).

Grant et al. (2005) found that high air temperatures
adversely affected NEP in temperate and boreal coniferous
forests by increasing respiration. Model results generated by
Grant et al. (2001) predicted that black spruce forests in the
boreal region of Canada would change from a CO; sink to a
CO; source with an increase in daily minimum and maximum
temperatures above 15 and 25 °C, respectively. Above-average
temperatures in British Columbia in 1998 were found to
increase annual respiration in temperate coastal Douglas fir
forests, which caused a reduction in annual NEP (Morgenstern
et al.,, 2004). Temperature influences on regional estimates of
NEP also depend on in situ conditions, such as forest species
composition, stand age, and interannual climate variation.

Currently, there are two ways to incorporate air tempera-
ture effects in NEP models. One way is to use temperature as a
modifier of stomatal conductance either at the canopy or the
leaf level (Jarvis and McNaughton, 1986; Leuning, 1995). The
second way is to use air temperature as a modifier of maxi-
mum quantum efficiencies and related parameters (Farquhar,
1980; Harley and Baldocchi, 1995; Leuning et al., 1998; Chen
et al,, 1999; Caemmerer, 2000). Traditionally, the modifier is
treated as an Arrhenius function—a polynomial function of air
temperature. This function has been broadly used in ecosys-
tem models such as ecosys (Grant, 2004), CLASS (Verseghy,
1991, 2000; Verseghy et al., 1991), and ecological assimilation
of climate and land observation (EALCO). However, as Grant et
al. (2005) point out, the Arrhenius function performs “too grad-
ually” in some cases, or “too abruptly” in others, because the
function cannot be easily adjusted to account for the effects
of other key environmental controls.

In relation to assessing NEP, ecosystem respiration is often
problematic because of the difficulty and uncertainty associ-
ated with its determination. Soil respiration, a significant com-
ponent of ecosystem respiration, is critical to nighttime NEP
(Zha et al., 2007). Although soil respiration is highly regulated
by soil temperature (Lloyd and Taylor, 1994; Gu et al., 1999;
Coleman et al., 2002; Lavigne, 2003), recent modelling and
experimental investigations by Liu and Edwards (2006) have
identified several non-soil temperature controls on soil respi-
ration (e.g., soil water content and soil texture). Lavigne (2003)
demonstrated that the Q0% parameter may vary with year, soil
temperature category, and weather zonation; most likely as an
outcome of variations in these non-soil temperature controls.

Soil temperature is considered as an important variable in
soil bio-geochemical processes (Kimmins, 1987) as tempera-
ture controls (i) the activity of roots and soil organisms, (ii)
rates of decomposition, and (iii) nutrient uptake and release
and subsequently controls the amount of CO, produced in
soils by autotrophic and heterotrophic processes. However, the
transportation of CO; gas in soils is very much regulated by the
surface condition of the soil complex and prevailing weather
conditions. For example, heavy rain may cause pooling of
water over the soil complex effectively blocking the release

3 Qo = e!®BWT/Top) | defines the respiration rate for a 10°C
increase in temperature and serves as a parameter in the soil res-
piration function, SR = RlOQ{g’TOPt)/TW‘, where Ry is an equation
parameter, T is soil temperature, and T is a reference tempera-
ture.
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of CO,, or strong overhead winds may assist in the release
of soil CO; by enhancing surface ventilation and increasing
diffusion of CO, at the air-surface (canopy) interface. Further-
more, water content in the litter layer or in the organic layer in
soils may impose added complexities to the modelling of soil
respiration. Exponential treatment of soil respiration (Lloyd
and Taylor, 1994; Gu et al., 1999; Lavigne, 2003) could poten-
tially generate excellent predictions over long time intervals,
but not so at shorter (e.g., sub-hour) time intervals.

The objectives of this research are to (i) further refine the
GFM developed by Xing et al. (2007) by incorporating (a) a
modifier that adjusts maximum growth according to air tem-
perature, and (b) an ecosystem respiration term that uses soil
temperature as the main control on soil respiration; (ii) study
the relative impact of these enhancements on the calculation
of NEP; (iii) evaluate the performance of the resultant model
with various combinations of environmental conditions; and
(iv) assess the applicability of the model in gap filling of NEP
data.

2. Materials and methods

2.1. Research site and measurements

The research forest site, from which all NEP and micro-
meteorological data in this paper originated, is predominantly
composed of balsam fir (Abies balsamea (L.) Mill; BF) and is
located about 1km east of Nashwaak Lake (NWL_BF) in the
Central Uplands eco-region (Ecological Classification Working
Group—ECWG, 2003) of New Brunswick (NB; 46°2820"N,
67°06'0"W) distinguished by its warm, rainy summers and
mild, snowy winters. The research site is in hilly terrain with
elevations ranging from 320 to 350m. Mean annual air tem-
perature for the growing season is 10.8°C. The mean annual
rainfall is 1392 mm. The average number of growing degree-
days for this region is about 1302°C. The soil is a generally

well-drained sandy loam, with an average duff thickness
of 6-7cm. The site is very rocky with some large boulders
interspersed. Mixed wood forests in the region are primarily
composed of sugar and red maple (Acer saccharum Marsh., Acer
rubrumL.; SM and RM), red and white spruce (Picea rubens Sarg.,
Picea glauca [Moench] Voss; RS and WS), and BF. At the site, BF
makes up for more than 95% of the total site volume (Xing et
al., 2005; Table 1).

At the research site, a 20-m high triangular tower was
used to host a series of eddy-covariance sensors to collect
high-frequency (10 Hz) measurements of water vapor and CO,
concentrations, horizontal, lateral, and vertical wind veloc-
ities, and air temperatures. Eddy-covariance sensors were
placed above the forest canopy (at 13.5m height; Table 1) at
a height of about 16.5m above ground. The eddy-covariance
sensors included a close path infra-red gas analyzer (IRGA, LI-
7000, Li-COR, Lincoln, Nebraska) placed in a thermostatically
controlled “white” box (courtesy of the Biometeorology and
Soil Physics Group of the University of British Columbia), a
3-dimensional (u, v and w) sonic anemometer [CSAT3, Camp-
bell Scientific (Canada), Edmonton, Alberta], and a fine-wire
thermocouple. Meteorological sensors on the tower included
a series of photosynthetically active radiation (PAR) sensors
(LI-190SA, Li-COR, Lincoln, Nebraska), a series of temperature
and relative humidity sensors (5 HMP45C T-RH probes; CSC)
placed at regular intervals along the length of the tower, and
a CNR1 net radiation sensor (CSC) installed 5m above the for-
est canopy. Ancillary site information collected included soil
temperature (using a series of 107 thermisters; CSC) and soil
moisture (CS616; CSC) profiles (2, 5, 10, 20, 50 cm deep from the
soil surface) in two separate pits about 5-7 m west to north-
west of the flux tower. All information was recorded on a
CR5000 datalogger (CSC). For additional information on tower
and equipment set-up, sensor calibration, and maintenance
schedules refer to Coursolle et al. (2006).

NEP fluxes were calculated from the mean covariance
between the vertical wind speed and the CO, mixing ratios

Table 1 - NWL_BF site characteristics

Site descriptor

Parameters

Location

Stand size (ha)

Stand composition? (%)

Average stand slope (at the tower (°)

46°28'20"N and 67°06'00"W
31

95% BF, 5% BS, WB, TA
4.1+0.7° (3.7)

Stand age (years) 32-37
Management intervention applied, year of application PCTP®, started in 1981 and finished in 1985
Residual after PCT (stemsha~?) 2250
Mean tree height (m) 13.5
Mean diameter at breast height (cm) 12.9

Leaf area index® (LAI) 8.3

Basal area (m?ha~?) 30.0

Soil texture? Sc-scLe
Average rooting depth (cm)d 323+9.6
Soil pHY 4.1+0.09
@ BF =balsam fir, BS =black spruce, WB, white birch, TA = trembling aspen.

b

PCT =pre-commercially thinned.
Based on TRAC Il measurements (LeBlanc et al., 2002).
Values are based on six soil pits.

c
d

e

SC=sandy clay, SCL =sandy clay loam, determined by sedimentation (Bourque et al., 2006).
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for 30-min averaging times. A co-ordinate rotation of wind vec-
tors was used in the calculation of fluxes following procedures
described in Tanner and Thurtell (1969).

2.2. Model formulation

To explore the impact of various modifications to the GFM on
NEP calculations, model development will be conducted in an
incremental fashion. Each model modification will be evalu-
ated as to its performance by (i) comparing modelled results
with field measurements of NEP, and (ii) quantifying modelling
efficiencies (ME). Model development begins with Egs. (11) and
(12) provided in Xing et al. (2007), namely

n
NEP = ZNEPmaX{l — Leun[i] €xp [~a(PARsunl[i] — I')]
i=1

~ Lonadeli] xp [~a(PARamageli] ~ 1) = &

where NEPpax (wmolCO, m~2s71) is the maximum NEP per
unit leaf area index (LAIL, m?m™2), Leun[i] and Lgpageli] are
the sunlit and shade leaf fraction in the ith canopy layer,
“n” is the number of canopy layers (n=4; Xing et al., 2007;
De Pury and Farquhar, 1997), I" the light compensation point
(wmolm—2s~1), « the parameter which defines the photosyn-
thetic efficiency (umol~! m?s?), and PARgyy and PARg 4. are
modelled photosynthetically active radiation (umolm=2s-1)
absorbed by sunlit and shaded leaves based on measured PAR,
respectively. Eq. (1) is derived by incorporating a new light-
interception representation in Landsberg’s equation [refer to
Xing et al. (2007), for additional information]. Here, Eq. (1) con-
stitutes as Model O for this paper. Each successive change will
generate a new model (i.e., Models 1-3). Modifications and
resultant model formulations are described below:.

2.2.1. Model 1

To address daytime air temperature effects on NEP, a temper-
ature response factor [f(T)] is multiplied to NEPmax in Model 0,
yielding

NEP = ZNEPmaXf(T){l — Lsun[i] exp [—a(PARgun[i] — I')]
i=1

LAI

n

— Lshadei] €Xp [~@(PARspage[i] — )]} )

where f(T) is defined as a function of f(Tp) and f(T1) (Landsberg
and Waring, 1997), i.e.,

f(To), if Ta< Topt
f(M)y=< 1, if Ta=Topt (3)
f(Tl)f(TO)v lf Ta > Topt
1
f(To) = : @)
exp [(To — T0pt)2/ Krt]
and
f(T ) — Ta — Thin Tmax — Ta (Tmax—Topt)/(Topt—Tmin) (5)
V= Topt — Tin Tmax — Topt

where T, (°C) is the air temperature, Topt (°C) is the optimum
air temperature for photosynthesis (set at 17.5°C for BF), Kyt
is a equation parameter which is used to adjust the slope of
temperature curve with values ranging from 100 to 1200, and
Tmax (°C) and Ty, (°C) are the air temperatures for which pho-
tosynthetic activity ceases. Here, Tmax and Ty, are set to 35
and 0°C, respectively.

2.2.2. Model 2

Theoretically, plant respiration can be partitioned into two
components (Thornley and Johnson, 1990), one proportional
to the growth rate of the aboveground biomass (growth respi-
ration) and the second proportional to the dry mass of plants
(maintenance respiration). In the design of the model, we do
not differentiate respiration components such as stem and
foliage respiration because of the difficulties and uncertainties
associated with these respiration terms in model parameter-
ization. We use a single canopy-respiration term to cover all
tree-related respiration, which we define as a function of air
temperature.

Incorporation of ecosystem respiration in Model 0 gives

n
NEP = ZGEPmaX{l — Leunli] eXp [~a(PARgun]i] — I')]
i=1

. . LAI
— Lghade[l] €Xp [~o(PARshage[i] - F)]}T — Rec, (6)

where Rec (wmolCO;m~2s71) is the ecosystem respiration
(=Rc +Rs) accounting for CO, fluxes associated with plant
(foliage + branch + stem) respiration, dead tree and forest floor
decomposition, soil respiration, and other above-ground CO,-
release mechanisms. Note here we use GEPmax instead of
NEPmax [as in the earlier equations, Egs. (1) and (2)] because
we have explicitly separated ecosystem respiration (Rec) from
the photosynthetic component of the model. Egs. (1) and (2)
incorporate the effects of Rec implicitly.

Here, R¢ (pmol CO, m~2s~1) is the bulk canopy respiration
defined as

RC max

Re=17 exp [~Re 5(Ta — Reopt)] @)
where Re max (wmol CO, m~2 s71) is the maximum canopy res-
piration, Reg (°C™!) is an equation parameter with values
ranging between 0.01 and 0.999, and Reopt (°C) is an equation
parameter with values ranging between 15 and 25.

Rs is soil respiration defined as (Lloyd and Taylor, 1994; Gu
et al,, 1999; Lavigne, 2003):

1
Rs = Rsmax €xXp |:R5a (Rsﬁ - m)} (8)
s — .

where Rgmax (pmolCO,m~2s~1) is the maximum soil
respiration (defaulted to 2.26 umolm~2s~1), Ts (°C) the soil
temperature (in K), and Rs, (°C) and Reg (°C) are equation
parameters set to 308 (Gu et al.,, 1999) and 0.017825, respec-
tively. In this paper, equation parameters are set to constant
values, but under normal gap filling equation parameters may
be optimized to any value within their specified ranges, given
appropriate NEP target values.
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2.2.3. Model 3
Model 3 incorporates both changes [i.e., f(T) and Rec], giving:

NEP = ZGEPmaxf(T){l — Lsun[i] exp [-a(PARsun[i] — I')]
i=1

. . LAI
— Lghade[l] €Xp [~(PARghage[i] — F)]}T — Rec. ©)

2.2.4. Model parameterization and fitting

Iterative numerical methods, such as Levenberg-Marquardt
and Nelder-Mead Simplex method, are frequently used in
non-linear model parameterization. This is accomplished by
minimizing the difference between the model’s results and
target data (observations), provided in terms of the weighted
sum of squares and expressed as

(; - 0)’
=y Bt "

where O; is the target value, P; the calculated value, Er is the
uncertainty associated with the data values predetermined
by the user, and j represents a specified target data-versus-
prediction data pair. Fitted parameters for the various models
are listed in Table 2.

2.3. Model performance

To evaluate model performance, we use model efficiency (ME)
as the main performance criterion, i.e.:

Zil(Pi - Oi)2

ME=1- =—==—
N / /
> i (1Pl + 107

(1)

where P; and O; are the corresponding predicted and observa-
tion values, O is the mean of all the observation values and Pl =
P; — 0O, and 0;=0;-0 (Willmott, 1981; Leuning et al., 1998).
ME-values range from [0,1] as agreement between predicted
values and observations change from no agreement (ME =0)
to perfect agreement (ME = 1; Figuerola and Mazzeo, 1997).

2.4. Analysis platform

ModelMaker v. 3.0 (Cherwell Scientific Ltd., Oxford, UK)
provides an object-oriented modelling platform for the devel-
opment, parameterization, and testing of Model 1 through
Model 3. Data analysis in this paper was performed using the
statistical functions in MS Excel.

3. Results and discussion
3.1.  Weather conditions over the 34-day evaluation
period

Fig. 1a provides time series of direct and diffuse PAR during a
34-day evaluation period (DOY 161-196 or 9 June-14 July 2004).
Fig. 1b gives the corresponding temporal variation in other
environmental factors, including air temperature (Ty), relative
humidity (RH), and soil temperature (Ts). For the 34-day period,
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(Xing et al., 2007) and ModelMaker™ v. 3.0 (Cherwell Scientific Ltd. Oxford, UK) for Model O [in Xing et al. (2007)] through to Model 3

Model

Note

Model Fit

Soil-related

Temperature-related

Light-related

Rsa RSB

Rc opt Rs max

Rep

GEPpax? Krt Re max

r

Xing et al. (2007)
Xing et al. (2007)

New model
New model
New model

0.71
0.72
0.77
0.75
0.78

1.49
4.86
6.47
5.61
6.62

102.1

0.002866
0.005676
0.004663
0.005438

Landsberg’s equation

Model 0

1807
1203
1187

13.7

447.6

14.3

Model 1

308 0.017

308

2.26
2.26

25

0.52
0.84

10.0

Model 2

559

0.017

25

1199

0.0

0.0047367

Model 3

In this paper, p-values <0.001 for all estimated parameter values.

2 GEPmax is a parameter defining the maximum gross ecosystem productivity (GEP) at optimal growing conditions; NEP,.x in Landsberg’s equation and variants of the equation defines maximum

net ecosystem productivity and includes the effects of ecosystem respiration. For Landsberg’s equation, NEPq.x is based on a unit LAI, while for other equations and GEPnayx in the new equations

where ecosystem respiration is explicit) the values are based on LAI/4, where 4 represents the number of layers in the canopy. « is a parameter which determined a light use efficiency, I' is the

parameter determining light compensation point, K;; is the parameter to determine temperature influence on photosynthesis, Rc max, Reg @and Reopt are the parameters determining the maximum

canopy respiration, a shape factor for the canopy respiration function, and the reference temperature at which canopy respiration is highest, Rs max, Rsg, and Rs, are parameters specifying maximum

soil respiration, a shape factor for the soil respiration function, and a shape factor for the soil respiration curve. Model 0 is described by Eqg. (1); Model 1 by Eq. (2), Model 2 by Eq. (6), and Model 3 by

Eq. (9).
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Fig. 1 - Time series of environmental conditions: (a) direct
and diffuse PAR and (b) air temperature, relative humidity,
and soil temperature for DOY 161-196 (9 June-14 July 2004).
Data was collected at the NWL_BF FCRN flux site.

total PAR, direct PAR, and diffuse PAR averaged to 330, 185,
and 145 umolm—2s~1, respectively. Average daytime diffuse-
to-total PAR ratio for the 34-day period was 44%,; as a result
of 14 very cloudy days, 10 intermediate cloudy days, and 10
clear days. Among the 1700 PAR measurements used in model
development (accounting for both daytime and nighttime
measurements) (i) 12% had values above 1000 umolm=2s71,
(ii) 14%, with values between 500 and 1000 pmolm~2s1, (iii)
25%, with values between 100 and 500 umolm~2s71, and (iv)
the remaining, with values <100 umolm~2s~1. Air tempera-
ture (T,) varied between 3 and 27 °C, with an average of 14.3°C
over the 34-day period, as a result of 11 warm days (peak
Ta>20°C) and 5 cool days (peak Ta <5°C). RH varied from 20
to 98% with a 34-day average of 75%, as a result of 11 compar-
atively dry days, with RH<40%. Soil temperature (Ts) varied
from 7.4 to 16.2 °C with a 34-day average of 12.0 °C. Volumetric
soil water content (SWC, in %) demonstrated very little vari-
ation over the 34-day period with values ranging between 7.0
and 11.6%, with an average of 9%. This dataset provided an
ideal range of weather conditions for the evaluation of Lands-
berg’s equation (Xing et al., 2007), and Model 0 [Eq. (1)] through
to Model 3 [Eq. (9)].

3.2.  Model performance

3.2.1. Model 1 [Eq. (2)]

In comparison to Model 0 (Fig. 2a), Model 1 (Fig. 2b) offered
some improvement in the representation of peak values in
NEP. On a day-by-day basis, Model 1 performed better than
Model 0O, particularly, on DOY 189, when direct PAR was
high (1500 umolm~2s~1) and DOY 175, when diffuse PAR was
intermediate (436 in pmolm~2s~1) and direct PAR was low
(<20 umolm~2 s~1). No obvious improvement was apparent for
nighttime prediction of NEP.

(a) e . Ty . * Measured|
20 i g P R - & —— Model 0

(b) - @ @ % ) ) o .+ Measured
< L . e d : -} —— Model 1

'

10 H

(C) el . . . : " 5 +  Measured
20 v, e 2 st B -} —— Model 2

NEP (pmol m?s™)

'

10 HE & L&) - o s '..':".

(d) S . d " g - Measured|
20 - . % ot H o i M t -} —— Model 3

10 )
=

10 v . ] 84 ‘ 3% . ...":'.

-20

160 165 170 175 180 185 190 195 200
DOY

Fig. 2 - Measured vs. modelled time series of NEP for the
four models (a =Model 0 through to d =Model 3) over DOY
161-196, 2004.

Regressions of measurement-to-prediction pairs (Fig. 3)
indicated that Model 1 (Fig. 3c) provided a better repre-
sentation of measured NEP (r?=0.77, regression of slope of
0.99) than did either Landsberg’s equation (Fig. 3a, r>=0.71,
slope=0.99) or Model 0 (Fig. 3b, r2=0.72, slope =0.99). With
temperature control in Model 1, modelled peak values climbed
from 12umolm—2s~! using Model 0, to 18pmolm—2s~1.
Although Model 1 provided improvement over Model O, it
nonetheless underestimated actual peak values (maximum
at 24 pmol m~2s~1) by about 30%, in the worst instances. The
sharp edge to the left-hand side of the data field in Fig. 3a-c
coincides with poor nighttime prediction of NEP (also see
Fig. 2).

Model 1 gave slightly better results than Model 0
(Figures 3a and b, 4a and b, and 5a and b) as Model 1 incor-
porated the interaction between light availability and air
temperature in its influence on NEP. Improvement occurred
when PAR was at or above the plants light saturation point,
at ~600 umolm~2s~! (Fig. 4). This was reasonable; because
beyond this point, PAR had a reduced control on NEP and any
increments in NEP were likely associated with other control-
ling variables, like air temperature (Fig. 5a and b).

Modelled NEP-air temperature relationship in Fig. 5c (for
Model 1) more closely replicated the dispersion pattern (uni-
modal distribution) illustrated in the measured data (Fig. 5f),
especially for daytime NEP values >0.0 pmolm~2 s~ compared
to results generated with Landsberg’s equation or Model 0.
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Implementation of the changes in Model 1 caused two major
improvements in data representation, namely (i) overesti-
mates of NEP produced with Landsberg’s equation and Model
0 (Fig. 6a and b) near the biological limits of air temperature
(i.-e., Ta <5°C or Tq <25°C), were considerably reduced, and
(ii) peak NEP values (~18 pmolm~2s~1!) were generally made
to coincide with air temperatures in the optimal temperature
range, i.e., 15-20°C, as displayed in the measured data (Fig. 5f).
Fig. 6 provides a day-to-day assessment of daily ME values
for the four models. ME values for Model 1 were consistently
higher than those of Model 0 by at least 3% on average, with

a range of 0-18% for the different days. The greatest deviation
occurred on DOY 176, 184, 188 and 193 (Fig. 6), when higher-
than-optimum air temperatures (>17.5°C) caused a reduction
in NEP.

As Thornley and Johnson (1990) pointed out, the effects of
temperature on biological systems have long been a source
of confusion and controversy to plant- and eco-physiologists
because temperature may operate as a single rate-limiting
factor or may operate as a factor with multiple-phase depen-
dencies. In this work, temperature was considered as a single
rate-limiting factor of GEPmax, as it is easiest to imple-
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despite linear increases in PAR.

ment. Unsatisfactory performance of Model 1 with nighttime
NEP may be an indication of air temperatures’ multiple-
phase effects in light harvesting, CO, fixation, and biological
activity in soils. Model 1, in its current form, may not
provide satisfactory estimates of NEP when air tempera-
tures diverge from the mean temperature during the study
period.

3.2.2. Model 2 [Eq. (6)]

Fig. 2c provides modelled and measured day-to-day variation
in NEP over the 34-day evaluation period (DOY 161-196). Fig. 3d
displays the same NEP data as a function of predicted values
obtained with Model 2. In general, Model 2 did not improve
results from those of Model 0. As anticipated, incorporation of
Rec in model formulation had nominal effect on the daytime
temperature-response portion (Fig. 6¢c and f) of the dispersion
pattern (Fig. 5d), but had greater effect on the respiration-
dominated (nighttime) portion of NEP (Fig. 4c). Fig. 4c suggests
that the maximum modelled NEP was bounded by an upper
limit of ~15pumolm~2s~1, underestimating actual peak val-

ues (~25umolm=2s71) by about 50%. A slight reduction in
modelled NEP was observed to occur when air temperatures
exceeded 20°C, a reduction not produced with Model O (corre-
sponding ME-values are shown in Fig. 6).

3.2.3. Model 3 [Eq. (9)]

In general, Model 3 provided better predictions of NEP (Fig. 2d),
except for a slight overestimation on DOY 162, 179, and 180.
In this simulation, parameters for soil respiration [in Eq. (8)]
were kept constant, as soil-respiration data were not available
for this study. Scatter-diagrams of modelled-versus-measured
NEP data pairs in Fig. 3e provided reasonable agreement,
except for nighttime values. Maximum NEP attained on any
given day was ~20 pmolm~—2s~1,

Light-response (Fig. 4d) of modelled NEP provided a rea-
sonable agreement with the low NEP-values across the
entire PAR range (i.e., 0-1500 umolm~2s-1). High NEP val-
ues with high PAR values (>1000 pmol m~2 s~1) were generally
well presented. However, with PAR values in the range of
300-600 umol m~2 s, Model 3 generally underestimated NEP.
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This underestimation was likely caused by a bias in parame-
ter definition associated with an imbalance in the number of
clear days used in model parameterization.

Response of modelled NEP to air temperature
(Fig. 5e) was similar to the actual response (Fig. 5f) for
NEP >0.0 umolm~2 s~1. Monitoring NEP with eddy-covariance
techniques often yield unrepresentative values at night
when the atmosphere is stable, wind velocities are low and
in-canopy and trunk-space ventilation is reduced. Occasional

releases of CO;-enriched air from below the canopy at night
are generally observed as extremely high peaks. Such peaks
are very difficult to reproduce with models, as the controlling
variables often operate independently and at a different
spatial resolution from local processes of photosynthesis (C
uptake) and respiration. Statistical examination of the data
suggested that the model produced only 11% estimate error,
when T, <10°C, and —13% bias, when T, ranged between 10
and 20°C (refer to Fig. 6e and f).
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Model efficiency values for Model 3 (Fig. 6) were generally
higher than those produced for the other models (i.e., Lands-
berg’s equation + Model 0-2), except for DOY 184 and 196. The
poorer representation during these 2 days may suggest that
other environmental factors, beyond the ones considered in
this paper (like RH and SWC), may have been involved in the
control of NEP.

Our results clearly demonstrated that Model 3 performed
the best among the models investigated with respect to light
and temperature response, day-to-day variation in NEP, and
ME-values produced (Fig. 6). For further examination of the
day-to-day response of Model 3, measured and modelled NEP

Measured NEP (pmol m? s™)

FrPryYrrr Y

Modelled NEP (umol m? s™)

Hour

Fig. 7 — Diurnal variation of measured (a) and modelled (b)
NEP.

values were plotted as a function of time (Fig. 7). Time response
of the model was generally good for the daytime period and,
as expected, poor for the nighttime period. Despite the large
variation in actual nighttime values, the model represented
average NEP for nighttime conditions reasonably well.
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and Model 3 (a). The inset to graph (a) shows the regression between the gap-filled NEP values using FCRN’s recommended
methodology (x-axis) and Model 3 (y-axis). The boxes indicate major gaps in the measurement data stream. The lower
graph (b) shows the major data gaps and performance of each gap-filling methodology, and each peak indicates a gap.
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3.3. Gap-filling comparisons

To further test Model 3, its results were compared with the
results from the FCRN-recommended gap-filling methodol-
ogy of Amiro et al. (2005). In general, gap filling with both
methodologies were in very good agreement with one another
and with the measured data, yielding an r?-value of 0.88
and regression slope of 0.96; The FRCN methodology, how-
ever, predicted on average 13% higher values than did Model
3 (Fig. 8a). Greatest discrepancy between the two-modelled
results occurred when the dataset had the greatest number
of missing consecutive observations.

In the first identified segment of Fig. 8a, both methods
give very similar results. In the second segment (Fig. 8a),
gap filling with both methods was generally very good for
the first 2 days, but significant discrepancies were observed
on the third day. In the third segment (Fig. 8a) greatest
discrepancy occurred on the first day. These discrepancies
may be caused by (i) model structure differences; the FCRN-
adopted methodology uses NEP=aQb/(Q+b) —R* as its core
equation, which was found to give similar results to the core
equation of Model 3 (i.e,, Landsberg’s equation), although
slight differences were observed (Xing et al., 2007). Because
the FCRN-adopted methodology does not explicitly consider
canopy light differentiation with sun position and light pene-
tration properties through a vertically stratified canopy, Model
3 predictions may slightly differ from those generated with the
FCRN method when direct PAR dominates; (ii) Model 3 uses
dynamic model fitting and auto-parameterization to calcu-
late NEP from strings of instantaneous values of PAR and T,
while the FCRN-adopted methodology uses the diurnal pat-
tern in the previous 5 days as an indication of future trends
in NEP. This approach may cause incorrect predictions, espe-
cially if weather conditions during the previous 5 days and the
day(s) to be gap filled are significantly different; and (iii) large
data gaps may produce inferior predictions when the gap-
filling procedure is far away from the reference information
upstream.

4, Conclusions

e Generally, Model 1 showed a significant improvement dur-
ing the period when PAR >1000 umolm~2s~1,

e Model 2 obtained a nominally better nighttime prediction
of NEP than Model 0 because its formulation captured the
diurnal variations of canopy and soil respiration. However,
it did not provide much improvement to daytime estimates
of NEP compared to Model 0.

e Model 3 provided an obvious improvement over Model 0
through Model 2 for various weather conditions.

¢ Nighttime NEP predictions with Model 3 (the final version
of the GFM) remain poor. Both uncertainties embedded in
nighttime NEP measurements and model structure may be
responsible for this poor performance. If hourly averaged
soil respiration data were available and used in model fit-

4 a and b are constants based on values derived from annual
datasets, and Q represents PAR in the equation.

ting, a better nighttime representation of NEP could most
likely be obtained with Model 3.

e Gap-filling results generated with Model 3 and the
FCRN-adopted methodology showed reasonable agreement
(r*=0.88), although some discrepancies existed between
results. Results from the FCRN methodology were generally
higher than those from Model 3 by about 13%. Model 3 does
not have the constraints associated with gap size and gap
position as the FCRN-method seems to have.
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