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Supporting Information Text 
 
Inverse Big-Leaf Model for Eddy Covariance (iBLM-EC version 2.0) 
 
In this study, we used a sun/shade model, the inverse big-leaf model for eddy covariance (iBLM-
EC version 2.0; 1), coupled with photosynthesis (2) and stomatal conductance (3) submodels to 
invert ecosystem-scale ecophysiological traits: canopy stomatal conductance (Gc), big-leaf 
maximum carboxylation rate at 25°C (Vcmax25_BL), and Ball-Berry stomatal conductance model (3) 
slope (mBB). Most important submodels used for our inversions are well-established, for example, 
the Penman-Monteith equation or the Farquhar biochemical model. Nevertheless, we describe 
the submodels most relevant for this analysis in the next sections for completeness. More details 
are available from a previous study (1). 
 
Derivation of Gc and Meteorological Conditions on the Big-Leaf Surface 
The aerodynamic conductance of sensible heat (Gb; m s-1) is estimated as: 

𝐺𝐺b = 1/(𝑢𝑢/𝑢𝑢∗2 + 𝐵𝐵−1/𝑢𝑢∗),                                                        [S1] 

where 
𝐵𝐵−1 = ∑ 𝑎𝑎𝑖𝑖𝐿𝐿𝑖𝑖6

𝑖𝑖=0 .                                                                         [S2] 

In Eqs. [S1]–[S2], u and u* (m s-1) are the horizontal wind speed and friction velocity, respectively; 
B-1 is a roughness height parameter; L (m2 m-2) is the leaf area index; and a0–a6 are empirical 
constants (4) with a0 = 8.9667, a1 = 16.127, a2 = −36.403, a3 = 27.343, a4 = −9.9967, a5 = 1.8013, 
and a6 = −0.128. 

Big-leaf temperature Tc (K) is then inverted using Gb, the sensible heat flux H (W m-2), and air 
temperature Ta (K): 

𝐻𝐻 = 𝑐𝑐p𝜌𝜌a𝐺𝐺b(𝑇𝑇c − 𝑇𝑇a),                                                                 [S3] 

where cp (J kg-1 K-1) is the specific heat of air at constant pressure and ρa (kg m-3) is the density of 
dry air. 

Next, Gc (mol m-2 s-1) is calculated by applying the inverse Penman-Monteith equation to Gb, 
the dry canopy latent heat flux λE (W m-2), and additional meteorological variables: 

𝐺𝐺c−1 = �∆
𝛾𝛾
𝐻𝐻
𝜆𝜆𝜆𝜆
− 1� 𝐺𝐺b−1 + 𝑐𝑐p𝜌𝜌a𝐷𝐷

𝛾𝛾𝜆𝜆𝜆𝜆
,                                                     [S4] 

where Δ (Pa K-1) is the temperature dependence of saturation water vapor pressure, γ (Pa K-1) is 
the psychrometric constant, and D (Pa) is the atmospheric humidity deficit above the canopy. To 
obtain λE, we apply the following method: first, we reject evapotranspiration measurements 
acquired during rainfall and within one hour after rainfall to obtain the above-dry-canopy water 
vapor (H2O) flux. In-canopy radiative transfer (for incoming shortwave solar radiation (Rs) and 
outgoing infrared radiation) is calculated separately to estimate the net solar radiation at the soil 
surface (5). Potential evaporation is used to approximate soil evaporation, which is finally 
subtracted from the above-dry-canopy H2O flux to obtain λE. 

Several input parameters, namely u, u*, L, H, Ta, λE, D, and Rs, can be directly derived from 
meteorological and eddy-covariance flux observations. 
 
Determination of Vcmax25_BL and mBB 
Photosynthesis and Stomatal Conductance Models. The big-leaf photosynthesis rate (A; μmol 
m-2 s-1), equal to gross primary productivity (GPP), is calculated with the Farquahr biochemical 
model (2): 

𝐴𝐴 = min�𝐴𝐴v , 𝐴𝐴j� − 𝑅𝑅d_BL,                                                                 [S5] 

with 
𝐴𝐴v = 𝑉𝑉cmax_BL

𝑝𝑝c−𝛤𝛤∗
𝑝𝑝c+𝐾𝐾c(1+𝑂𝑂 𝐾𝐾o⁄ )

,                                                               [S6] 

and 
𝐴𝐴j = 𝐽𝐽BL

𝑝𝑝c−𝛤𝛤∗
4𝑝𝑝c+8𝛤𝛤∗

.                                                                                 [S7] 
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The term “min(Av, Aj)” in Eq. [S5] represents the minimum of Av and Aj. Av and Aj (μmol m-2 s-1) 
are the gross photosynthesis rates limited by, respectively, ribulose 1,5-bisphosphate (RuBP) 
carboxylase-oxygenase activity and by the rate of RuBP regeneration through electron transport. 
Rd_BL (μmol m-2 s-1) is the big-leaf daytime respiration rate excluding photorespiration. Vcmax_BL 
(μmol m-2 s-1) is the big-leaf maximum carboxylation rate when RuBP is saturated. Within the big-
leaf stomatal cavity, carbon dioxide (CO2) partial pressure pc (Pa) is given by pc = paCi ×10-6, 
where pa (Pa) is the air pressure and Ci (μmol mol-1) is the CO2 concentration. Γ* (Pa) is the CO2 
compensation point in the absence of dark respiration. Kc and Ko (Pa) are the Michaelis-Menten 
coefficients for CO2 and molecular oxygen, respectively, described by the Arrhenius temperature 
function. O is the intercellular molecular oxygen partial pressure (approximately equal to 20,500 
Pa). Finally, JBL (μmol m-2 s-1) is the big-leaf potential rate of electron transport. 

The H2O canopy stomatal conductance (Gc; mol m-2 s-1) is related to A, to the relative humidity 
(hs), and to the CO2 concentration at the big-leaf surface (Cs; μmol mol-1) by (3, 6): 

𝐺𝐺c = 𝑚𝑚BB
𝐴𝐴ℎs
𝐶𝐶s

+ 𝑏𝑏BB,                                                                   [S8] 

where mBB and bBB are the slope and the intercept of the Ball-Berry stomatal conductance model 
(3) obtained by linear regression analysis of data plotting Gc and Ahs / Cs. Variables hs and Cs can 
be expressed with Ohm’s law if Gc and Gb are given in mol m-2 s-1: 

ℎs = 𝐺𝐺b𝑒𝑒a+𝐺𝐺c𝑒𝑒sat(𝑇𝑇c)
𝐺𝐺b𝑒𝑒sat(𝑇𝑇c)+𝐺𝐺c𝑒𝑒sat(𝑇𝑇c)

                                                              [S9] 

and 
𝐶𝐶s = 𝐺𝐺b𝐶𝐶a+𝐺𝐺c𝐶𝐶i

𝐺𝐺b+𝐺𝐺c
,                                                                         [S10] 

where ea is the atmospheric H2O partial pressure (Pa) from meteorological observations and 
esat(Tc) is the saturated water vapor pressure (Pa) at big-leaf temperature Tc, and Ca is the CO2 
concentration in air. To determine Vcmax_BL and mBB, Eqs. [S5]–[S10] must be solved 
simultaneously with the equations defined in the next section. 
 
Formulation of Vcmax25_BL and JBL. The temperature dependence of Vcmax_BL is modeled with the 
Arrhenius temperature function (7): 

𝑉𝑉cmax_BL = 𝑉𝑉cmax25_BLexp �𝐸𝐸a
𝑇𝑇c−298
298𝑅𝑅𝑇𝑇c

�,                                           [S11] 

where Vcmax25_BL is expressed in μmol m-2 s-1, Ea (J mol-1) is the activation energy, and R is the 
universal gas constant (R = 8.314 J mol-1 K-1). 

JBL is the smaller root of the following nonrectangular hyperbola equation (7): 
𝜃𝜃p𝐽𝐽BL2 − �𝑄𝑄e + 𝐽𝐽max _BL�𝐽𝐽BL + 𝑄𝑄e𝐽𝐽max_BL = 0,                                   [S12] 

with 
𝑄𝑄e = 0.5𝑄𝑄(1 − 𝑓𝑓),                                                                          [S13] 

and 

𝐽𝐽max_BL = 𝐽𝐽max25_BL
1+exp�

298𝑆𝑆𝑑𝑑−𝐸𝐸d
298𝑅𝑅 �

1+exp�
𝑆𝑆d𝑇𝑇c−𝐸𝐸d

𝑅𝑅𝑇𝑇c
�

exp �𝐸𝐸a
𝑇𝑇c−298
298𝑅𝑅𝑇𝑇c

�.                             [S14] 

In Eqs. [S12]–[S14], θp is the curvature of the big-leaf electron transport response to irradiance (θp 
= 0.7); Q and Qe (μmol m-2 s-1) are the photosynthetically active radiation (PAR), incoming and 
effectively absorbed by photosynthesis, respectively, with Q obtained by direct meteorological 
observation; 𝑓𝑓 is the spectral correction factor (𝑓𝑓 = 0.15); Jmax_BL and Jmax25_BL (μmol m-2 s-1) are 
the maximum value and the one at 25°C, respectively, of the big-leaf potential rate of whole-chain 
electron transport; Sd (J K-1 mol-1) is an entropy term; and Ed (J mol-1) is the deactivation energy. 
Γ* is expressed with a second-order polynomial (7): 

𝛤𝛤∗ = 3.69 + 0.188(𝑇𝑇c − 298) + 0.0036(𝑇𝑇c − 298)2.                           [S15] 

Like Kc, Ko and Vcmax_BL, Rd_BL is also expressed with the Arrhenius temperature function: 
𝑅𝑅d_BL = 𝑅𝑅d25_BLexp �𝐸𝐸a

𝑇𝑇c−298
298𝑅𝑅𝑇𝑇c

�,                                                       [S16] 
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where Rd25_BL (μmol m-2 s-1) is the big-leaf respiration rate at 25°C, estimated as 0.0089Vcmax25_BL. 
 
Sun/Shade Radiative Transfer Scheme. Nominally, a big-leaf ecophysiological trait parameter 
X, for example, Vcmax25_BL or Jmax25_BL, is expressed as the sum of the sunlit (Xsl) and shaded (Xsh) 
total contributions from individual leaves as: 

𝑋𝑋 = 𝑋𝑋sl + 𝑋𝑋sh = 𝑥𝑥0𝐿𝐿sl + 𝑋𝑋sh,                                              [S17] 

where x0 is the individual leaf ecophysiological trait and Lsl is the leaf area index for sunlit leaves. 
Assuming similar vertical distributions for irradiance and leaf nitrogen, x0 is then calculated by 
solving the following equations: 

𝑋𝑋sl = 𝑋𝑋 𝑘𝑘nΩ
𝑘𝑘n+𝑘𝑘bΩ𝐿𝐿

1−exp[−(𝑘𝑘n+𝑘𝑘bΩ𝐿𝐿)]
1−exp(−𝑘𝑘n)

,                                           [S18] 

𝐿𝐿sl = 1−exp(−𝑘𝑘bΩ𝐿𝐿)
𝑘𝑘b

,                                                                 [S19] 

𝑥𝑥0 = 𝑋𝑋sl
𝐿𝐿sl

,                                                                                [S20] 

ln (𝑘𝑘n) = 0.00963𝑣𝑣cmax25 − 2.43,                                              [S21] 

where kn is the nitrogen extinction coefficient related to the individual leaf maximum carboxylation 
rate at 25°C (vcmax25; μmol m-2 s-1; 8), and Ω is the clumping factor (Ω = 0.66; 9). 
The beam extinction coefficient kb is given by (10): 

𝑘𝑘b = 𝐺𝐺(𝜔𝜔)
cos𝜔𝜔

,                                                                              [S22] 

where ω is the solar zenith angle. G is the projection of the total leaf area within a given layer 
onto a plane normal to the direction ω of the leaves. It is obtained from look-up tables as a 
function of ω by assuming a spherical, planophile, or erectophile leaf angle distribution (11). 
 
Optimization. Final values of the big-leaf photosynthesis and stomatal conductance model 
parameters Vcmax25_BL, Jmax25_BL/Vcmax25_BL, mBB, and bBB were determined with the shuffled 
complex evolution method, a global optimization algorithm developed at the University of Arizona 
(SCE-UA; 12–14). Optimization was applied to half-hourly GPP and λE data with a seven-day 
moving window. Initial input parameter ranges were set to 0.1–700 μmol m-2 s-1 for Vcmax25_BL, 
1.8–2.7 for Jmax25_BL/Vcmax25_BL (15–17), 0.1–100 for mBB, and 0–1 mmol m-2 s-1 for bBB. Applying 
the moving window to seasonally varying parameters allowed the model to account for changes 
in ecophysiological traits, such as periodic or sporadic drought stress. 

During the optimization process, uncertainty ranges for mBB and bBB were first initialized to the 
standard deviations of a set of ten optimized values calculated from randomly selected initial 
values. Then, Vcmax25_BL, Jmax25_BL/Vcmax25_BL, mBB, and bBB were determined by minimizing the root-
mean-square error between observed and modeled transpiration data, with observed GPP 
tentatively used in Eq. [S8] as an estimate of A. Eq. [S8] was subsequently coupled with the 
derivatives of Eqs. [S9] and [S10] calculated on the basis of Fick’s law, inducing a strong 
observational constraint on mBB and bBB. Finally, mBB and bBB were recalculated for the range 
determined during the first iteration on λE. 

Because ten iterations were sufficient to converge towards global optima (18), parameter 
uncertainty ranges were derived from ten optimized values calculated from randomly selected 
initial values. Optimized parameters were used for subsequent calculations only if the calculated 
uncertainty was less than 10% of their absolute value. Therefore, the final estimated uncertainties 
on the optimized parameters were less than 10%. 
 



 
 

5 
 

 

Fig. S1. Time series of meteorological variables, canopy exchange properties, and 
ecophysiological traits over the study period (late 2009–2019). From top to bottom: daily total 
precipitation (P), volumetric soil moisture content in the 0–50 cm soil layer (Θ), daily total 
incoming solar radiation (Rs), daily mean air temperature (Ta) and mean daytime atmospheric 
humidity deficit (D), daily evapotranspiration (ET), daily net ecosystem exchange (NEE), mean 
daytime canopy conductance (Gc) and Ball-Berry model slope (mBB), and big-leaf maximum 
carboxylation rate at 25°C (Vcmax25_BL). 
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Fig. S2. Monthly multivariate El Niño-Southern Oscillation (ENSO) index (MEI.v2, retrieved from 
https://psl.noaa.gov/enso/mei/). Upper and lower horizontal lines represent thresholds of +0.5 and 
−0.5, respectively. Red and blue bars indicate El Niño (months with MEI > +0.5) and La Niña 
(months with MEI < −0.5) conditions, respectively. 
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Fig. S3. Annual variations of meteorological variables in the La Niña (blue curve and triangles), 
neutral (grey curve and filled circles), and El Niño (red curve and squares) phases over the study 
period. From top to bottom, monthly mean values are plotted for P, Rs, Ta, and D. Vertical bars 
represent plus or minus one standard deviation around the mean for numbers higher than three. 
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Fig. S4. Mean diurnal variations of (a–c) mean NEE and (d–f) ET in the La Niña (left; Panels a, 
d), neutral (center; Panels b, e), and El Niño (right; Panels c, f) phases. The lower and upper 
boundaries of the shaded area indicate the first and third quartiles, respectively, of the 
observation data in each ENSO phase. Only eddy-covariance flux data classified as “measured” 
(quality control flag of 0; 19) were selected. 
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Fig. S5. Interannual variations of the carbon balance (a, b) and cumulative ET (c). The carbon 
balance is evaluated from gross primary productivity (GPP), ecosystem respiration (Reco), and net 
ecosystem productivity (NEP) as their cumulative values. Red and blue shadings identify El Niño 
and La Niña events, respectively. 
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Fig. S6. Energy balance at the studied forest stand over the study period. The sum of the 
observed sensible and latent energy fluxes (H + λE; vertical axis) is plotted as a function of the 
net radiation (Rn; horizontal axis). The linear regression (thick line) model, the Pearson’s 
correlation coefficient value, and the number of independent data points are given in the top left 
corner. The 1:1 curve (dotted line) is also shown. Only data acquired during daylight hours were 
selected. 
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