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Abstract Accurate simulations of terrestrial carbon

assimilation and canopy transpiration are needed for both

climate modeling and vegetation dynamics. Coupled sto-

matal conductance and carbon assimilation (A - gs) models

have been widely used as part of land surface parameter-

izations in climate models to describe the biogeophysical

and biogeochemical roles of terrestrial vegetation. Differ-

ences in various A - gs schemes produce substantial dif-

ferences in the estimation of carbon assimilation and canopy

transpiration, as well as in other land–atmosphere fluxes.

The terrestrial carbon assimilation and canopy transpiration

simulated by two different representative A – gs schemes, a

simple A–gs scheme adopted from the treatments of the

NCAR model (Scheme I) and a two-big-leaf A – gs scheme

newly developed by Dai et al. (J Clim 17:2281–2299, 2004)

(Scheme II), are compared via some sensitivity experiments

to investigate impacts of different A - gs schemes on the

simulations. Major differences are found in the estimate of

canopy carbon assimilation rate, canopy conductance and

canopy transpiration between the two schemes, primarily

due to differences in (a) functional forms used to estimate

parameters for carbon assimilation sub-models, (b) co-limi-

tation methods used to estimate carbon assimilation rate

from the three limiting rates, and (c) leaf-to-canopy scaling

schemes. On the whole, the differences in the scaling

approach are the largest contributor to the simulation dis-

crepancies, but the different methods of co-limitation of

assimilation rate also impact the results. Except for a few

biomes, the residual effects caused by the different param-

eter estimations in assimilation sub-models are relatively

small. It is also noted that the two-leaf temperature scheme

produces distinctly different sunlit and shaded leaf tempera-

tures but has negligible impacts on the simulation of the

carbon assimilation.

1 Introduction

Vegetation plays an important role in climate change, and

land–atmosphere exchanges are in part controlled over

vegetated regions through the stomatal resistance of leaves.

In earlier land surface models, such as BATS (Dickinson

et al. 1986, 1993) and SiB (Sellers et al. 1986), empirical

models of the stomatal resistance based on Jarvis (1976)

were widely used to describe the biophysical control of

evapotranspiration and to provide more realistic estimation

of the land–atmosphere fluxes. With increasingly scientific

interest in global climate change, the need for more com-

plete models of the climate system including biological and

chemical processes has become apparent. Since the carbon

flux exchange between terrestrial ecosystems and the

atmosphere is one of most important components of the

global carbon cycle, the parameterizations that provide
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realistic and accurate estimation of CO2 flux through

vegetation are needed for both climate modeling and eco-

system modeling. Biochemical models of carbon assimi-

lation have been extensively incorporated into climate

models to describe the biogeochemical roles of the terres-

trial vegetation, and in particular coupled stomatal con-

ductance and carbon assimilation (A - gs) models have

been widely used in the third generation land models

(Sellers et al. 1996; Bonan 1996; Dickinson et al. 1998) to

describe stomatal control of vegetation transpiration as

well as the exchange of carbon between the vegetated land

surface and the atmosphere (Sellers et al. 1997).

Farquhar et al. (1980) developed a widely used carbon

assimilation model which has been modified by many

researchers (Collatz et al. 1990, 1991; Harley et al. 1992;

Harley and Baldocchi 1995; Leuning 1995) and has been

extended to couple the stomatal conductance to the carbon

assimilation (Ball et al. 1987, 1988; Leuning 1990; Collatz

et al. 1991). The carbon assimilation model for C4 plants

basically comes from that of Collatz et al. (1992). Such models

have been developed at the leaf level, and must be scaled to the

canopy level for coupling to the atmosphere (Baldocchi and

Harley 1995; Leuning et al. 1995; Kull and Kruijt 1998; Kull

and Jarvis 1995; Walcroft et al. 1997; Dang et al. 1997).

The methods used for leaf to canopy scaling can be

divided into three categories, i.e., one-big-leaf models,

two-big-leaf (sunlit/shaded) models, and multi-layer mod-

els. Multilayer models can use parameters measured at the

leaf level, in which the canopy photosynthetic rate is

computed by integrating the environmental and physio-

logical variables within the canopy. They can be calibrated

from leaf-level measurements as long as the spatial pattern

of parameters and physiological factors are represented

(Wang and Jarvis 1990; Jarvis 1993, 1995; Leuning et al.

1995; Baldocchi and Harley 1995; Larocque 2002). Due to

their complexity, multi-layer models are not widely used in

climate models or global carbon cycle models. On the

contrast, the big-leaf models have been extensively used in

land surface climate modeling because they require fewer

parameters and are computationally efficient (Sellers et al.

1996; Bonan 1996; Dickinson et al. 1998; Dai et al. 2003).

The one-big-leaf models assume that the integrated char-

acteristics of the whole canopy can be represented as a

single, horizontally extended big leaf for the computation

of canopy carbon assimilation rate and other fluxes (Sellers

et al. 1992, 1996). However, carbon assimilation is deter-

mined by photosynthetically active radiation (PAR) and

temperatures that differ between sunlit and shaded leaves

(Sinclair et al. 1976; Norman 1993). Thus, the one-big-leaf

models could significantly overestimate the canopy carbon

assimilation rate by neglecting these differences (Spitters

1986; Wang and Leuning 1998). The two-big-leaf (sunlit/

shaded) models, which stratify a canopy into sunlit and

shaded portions, have been introduced into land surface

models (Bonan 1996; de Pury and Farquhar 1997; Dick-

inson et al. 1998; Wang and Leuning 1998; Dai et al.

2004). The models of Bonan (1996) and Dickinson et al.

(1998) treat the carbon assimilation and stomatal conduc-

tance of sunlit leaves separately from those of shaded

leaves but use a single leaf temperature, while the two-big-

leaf models developed by Wang and Leuning (1998) and

Dai et al. (2004) calculate separately leaf temperatures and

fluxes for the sunlit and shaded canopy.

The stomatal conductance and carbon assimilation

(A - gs) parameterizations used in land surface simula-

tions have been continuously improved by incorporating

the knowledge acquired from plant physiological research.

However, with increasing complexity model details

diverge in various aspects, such as in their scaling schemes,

photosynthetic parameter estimations and computational

schemes as well as other relevant treatments.

To provide an example of the consequences of such

differences, two different A - gs parameterization schemes

are compared to evaluate the impacts of different treat-

ments of stomatal conductance and carbon assimilation on

the simulation of carbon assimilation rate and canopy

transpiration in this study. The two A - gs schemes are

briefly described in Sect. 2 and designs of sensitivity

experiments are given in Sect. 3. Results and further

explanations with respect to reasons for the differences are

discussed in Sect. 4, followed by a summary in Sect. 5.

2 Description of stomatal conductance and carbon

assimilation schemes

2.1 Relatively simple A - gs parameterization scheme

(Scheme I)

Scheme I is a relatively simple A – gs parameterization for

the stomatal conductance and carbon assimilation, which

was used in the early NCAR Land Surface Model (NCAR

LSM1.0, Bonan 1996). The new NCAR Community Land

Model (CLM3.0, Oleson et al. 2004) has a different treat-

ment of leaf light levels than the earlier one used by Bonan

(1996), whose impact is not addressed here, but otherwise

uses the same scheme. The leaf carbon assimilation rate is

estimated by using a leaf carbon assimilation biochemical

model, and the leaf stomatal resistance is coupled to the

leaf carbon assimilation rate (Eq. in Table 1). The basic

equations and relevant parameters for Scheme I are sum-

marized in Tables 1 and 2.

The carbon assimilation rate is estimated as the minimum

of three assimilation limited rates (Eq. 2b). Three limiting

rates, i.e., the Rubisco limited rate wc, the light-limited rate

wj and the carbon compound export limitation (C3 plants) or
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Table 1 Comparison of two A - gs schemes

Process Scheme

Scheme II Scheme I

A. Carbon assimilation sub-model:

1. Three limiting rates of assimilation

(1) Rubisco limited rate:

wc ¼
ðci � C�ÞVm

ci þ Kcð1þ oi=KoÞ
for C3

Vm for C4

8
><

>:
ð1Þ Same

CO2 compensation point:

C� ¼ 0:5� oi=ð2; 600� 0:57Q10 Þ ð2aÞ

C� ¼ 0:5ðKc=KoÞ � 0:21� oi

� 0:5� oi=ð4; 762� 0:57Q10 Þ
ð2bÞ

Maximum catalytic capability of Rubisco:

Vm ¼ VmaxfT ðTlÞfwðhÞ ð3Þ
Same

Leaf temperature dependence of Vm:

fT ðTlÞ ¼

2:1Q10

f1þ e0:3ðTl�s2Þg for C3

2:1Q10

f1þ e0:3ðTl�s2Þg=f1þ e0:2ðs4�TlÞg for C4

8
>>><

>>>:

ð4aÞ

fT ðTlÞ ¼ 2:4Q10

½1þeð710Tl�220000Þ=RTl � ð4bÞ

Soil water limited factor:

fwðhÞ ¼
Pnsoil

i¼1

fri½ðwmax � wiÞ=ðwmax þ wsat;iÞ�g ð5Þ

Same

(2) Light-limited rate:

wj ¼
Jðci � C�Þ
ci þ 2C�

for C3

J for C4

8
<

:
ð6Þ Same

Electron transport rate for given absorbed PAR (/):

J ¼ minðea/; Jm=4Þ ð7aÞ
where a = 4.6 lmol J�1 is used to covert / ðW m�2Þ to photosynthetic photon flux

(lmol m�2 s�1)

J ¼ ea/ ð7bÞ
Same

Potential electron transport rate:

Jm ¼ JmaxfT ðTlÞfwðhÞ ð8Þ
Jmax ¼ 2:1Vc max ð9Þ None

Leaf temperature dependence of Jm:

fT ðTlÞ ¼ eð10Q10Ea Þ=ð298RTl Þ ½1þeð298S�HÞ=ð298RÞ �
½1þeðSTl�HÞ=RTl � ð10Þ

(3) Carbon compound export limitation (C3 plants) or PEP-carboxylase limitation (C4 plants)

we ¼
0:5Vm for C3

2� 104Vm
ci

Patm
for C4

8
<

:
ð11aÞ we ¼

0:5Vm for C3

4; 000Vm
ci

Patm
for C4

8
<

:
ð11bÞ

2. Estimation of assimilation rate A

Assimilation rate are described by combining three limiting rates into two quadratic

equations, which are then solved for their smaller roots:

Assimilation rate is assume to be the

minimum of the three limiting rates:

bcjw
2
p � wpðwc þ wjÞ þ wcwj ¼ 0 bpeA2 � Aðwp þ weÞ þ wpwe ¼ 0 ð12aÞ

Where wp is a temporary variable, bcj = 0.877 and bpe = 0.99 are canopy

photosynthesis curvature factors

A ¼ minðwc;wj;weÞ ð12bÞ
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PEP-carboxylase limitation (C4 plants) we, are given by Eqs.

(1), (6) and (11b), respectively. One of the most important

model parameters is the maximum rate of carboxylation Vm,

which depends on the physiological parameter Vmax of each

plant functional type (PFT), and is also adjusted by a leaf

temperature dependence function fT(Tl) and a soil moisture

limitation function fw(h) (Eq. 3). The maximum photosyn-

thetic capacity at 25�C, Vmax, is assumed to be constant at all

the canopy levels and is set to the maximum Rubisco

capacity at the canopy top per leaf area (Vcmax) (Eq. 16b).

The absorbed PAR together with the vegetation dependent

parameter e, i.e., quantum yield of electron transport, is used

to calculate the electron transport rate J (Eq. 7b).

The relatively simple scheme estimates carbon assimila-

tion (A) and stomatal conductance (gs) for the sunlit and

shaded leaves per unit leaf area index (LAI) by using an

average of absorption of direct and diffuse PAR, in which a

common leaf temperature is calculated and used for both

sunlit and shaded leaves. Then the total assimilation rate and

canopy stomatal conductance are estimated by multiplying

assimilation rates of sunlit leaves and shaded leaves per unit

LAI by sunlit LAI (Lsun) and shaded LAI (Lsha) (Eqs. 29–30).

2.2 CoLM two-big-leaf A - gs scheme (Scheme II)

The CoLM two-big-leaf A – gs scheme (Scheme II) is a new

and more complex scheme for the calculation of canopy

temperature, carbon assimilation and stomatal conductance

developed more recently by Dai et al. (2004). Its basic

equations and related parameters are summarized in

Table 1. It separately calculates sunlit and shaded leaf

temperatures. Its leaf to canopy scaling scheme considers the

Table 1 continued

Process Scheme

Scheme II Scheme I

Net assimilation (mol m-2 s-1): An ¼ A� Rd ð13Þ No respiration rate calculated

Dark respiration rate: Rd = fdVm (14)

Leaf temperature dependence of Vm used here is:

fT ðTlÞ ¼ 2:1Q10

f1þe1:3ðTl�328:16Þg ð15Þ
3. Leaf to canopy scaling scheme

Leaf to canopy vertical integration scheme Average scheme

Rubisco capacity Vmax:

Vmax ¼ Vc max expð�knxÞ ð16aÞ
Vmax ¼ Vc max ð16bÞ

Photosynthetic capacity of sunlit and shaded canopy:

½Vmax�sun ¼
R LAI

0
VmaxðxÞfsunðxÞdx ¼ C1sun � Vc max ð17aÞ

½Vmax�sha ¼
R LAI

0
VmaxðxÞfshaðxÞdx ¼ C1sha � Vc max ð18aÞ

Vmax ¼ Vc max ð17bÞ
Vmax ¼ Vc max ð18bÞ

Scaling factors used are:

C1sun ¼ ½1� e�ðknþkbÞLAI �=ðkn þ kbÞ ð19Þ
C1sha ¼ ½1� e�knLAI �=kn � ½1� e�ðknþkbÞLAI �=ðkn þ kbÞ ð20Þ
Potential electron transport:

Jmax ¼ Jc max expð�kdxÞ ð21Þ None

Potential electron transport for sunlit/shaded canopy:

½Jmax�sun ¼
R LAI

0
JmaxðxÞfsunðxÞdx ¼ C2sun � Jc max ð22Þ

½Jmax�sha ¼
R LAI

0
JmaxðxÞfshaðxÞdx ¼ C2sha � Jc max ð23Þ

None

Scaling factors are given by:

C2sun ¼ ð1� e�ðkdþkbÞLAI Þ=ðkd þ kbÞ ð24Þ
C2sha ¼ ð1� e�kdLAI Þ=kd � f½1� e�ðkdþkbÞLAI �=ðkd þ kbÞg ð25Þ

B. Stomatal conductance model

gs ¼ mAn

cs

es

ei
Patm þ b ð26aÞ 1

rs
¼ mA

cs

es

ei
Patm þ b ð26bÞ

Scaling to canopy:

½gs�sun ¼ m An

cs

es

ei

h i

sun
Patm þ bfwðhÞ � C3sun ð27Þ

½gs�sha ¼ m An

cs

es

ei

h i

sha
Patm þ bfwðhÞ � C3sha ð28Þ

C3sun ¼ ð1� e�kbLAI Þ=kb ¼ Lsun ð29Þ
C3sha ¼ LAI � ð1� e�kbLAI Þ=kb ¼ Lsha ð30Þ
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vertical variations of leaf physiological properties within the

plant to provide separate leaf assimilation rates and stomatal

conductances for both the sunlit and shaded canopy.

The assimilation rate for Scheme II is also estimated

from three limiting rates wc, wj and we, but with some

modifications to the estimations of model parameters

(Table 1). Different empirical formula was used to estimate

C* and fT(Tl) (Eqs. 2a and 4a), and a co-limitation as given

by Eq. (7a) was used to estimate the electron transport rate

J. In addition, the assimilation rate is calculated by solving

two quadratic equations (Eq. 12a).

The model equations are integrated over the canopy

depth to produce the canopy values for sunlit and shaded

leaves individually, based on two basic assumptions: (1)

the maximum Rubisco capacity Vmax is related to the leaf

nitrogen concentration (Field 1983; Leuning et al. 1991;

Harley et al. 1992), and the vertical profile of leaf nitrogen

decreases exponentially with cumulative relative leaf area

index, x, from the top of the canopy (Hirose and Werger

1987; Leuning et al. 1995; de Pury and Farquhar 1997); (2)

the potential electron transport rate, Jmax, was assumed to

decrease exponentially from the top to the bottom, as

expressed in Eq. (21) (Wang and Polglase 1995; Wang and

Leuning 1998). The Vmax and Jmax integrated over the

canopy and photosynthetic capacities and potential electron

transport rates for the sunlit and shaded canopy are used

according to Eqs. (17a–18a) and Eqs. (22–23).

2.3 Differences between the two A – gs schemes

The main differences between Scheme I and Scheme II as

summarized in Table 1 are discussed below:

Table 2 Model parameters and variables of A - gs schemes

Definition Symbol Unit

Maximum Rubisco capacity at top canopy at 25�C per leaf area Vcmax mol m-2 s-1

One-half point of high temperature inhibition function s2 K

One-half point of low temperature inhibition function s4 K

Quantum yield of electron transport e mol mol-1

Root fraction within soil layer ri –

Rubisco Michaels–Menten constant for CO2 Kc ¼ 30� 2:1Q10 Pa

Rubisco inhibition constant for oxygen Ko ¼ 30; 000� 1:2Q10 Pa

Q10 temperature coefficient Q10 ¼ ðTl � 298:16Þ=10 –

Activation energy Ea ¼ 37; 000 J mol-1

Electron-transport temperature response parameter S = 710 J mol-1

Curvature parameter for Jmax H = 2.2 9 105 J mol-1 K-1

Universal gas constant R = 8.314 J mol-1 K-1

Extinction coefficients for diffuse PAR kd = 0.719 –

Coefficients of leaf nitrogen allocation within canopy kn = 0.5 –

Direct beam extinction coefficients of the canopy kb –

Soil water matric potential wi mm

Wilting point soil matric potential of leaf wmax = -1.5 9 105 mm

Saturated soil water matric potential wsat,i mm

Dark respiration of leaf at 20�C fd ¼ 0:015 for C3

0:025 for C4

–

Stomatal slope factor m –

Minimum stomatal conductance b mol m-2 s-1

Partial pressure of CO2 in interior leaf, at leaf surface ci,cs Pa

Partial pressure of CO2 in canopy air ca = 355 9 10-6Patm Pa

Partial pressure of O2 in leaf interior oi = 0.209 Patm Pa

Leaf temperature Tl K

Electron transport rate J mol m-2 s-1

Potential electron transport rate Jm mol m-2 s-1

Leaf stomatal conductance gs mol m-2 s-1

Canopy stomatal conductance [gs] mol m-2 s-1

Atmospheric pressure at surface Patm Pa

Partial pressure of H2O in canopy air, at leaf surface and inside the leaf ea, es,ei Pa
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(1) Different carbon assimilation sub-model parameters

are used: a different leaf temperature response func-

tion fT(Tl) is used for Vmax (Eq. 4a vs. 4b) and dif-

ferent formula are used to estimate CO2 compensation

point C* (Eq. 2a vs. 2b), and only Scheme II restricts

the electron transport rate (Eq. 7a vs. 7b).

(2) Different co-limitation methods are used for estima-

ting the assimilation rate: Scheme I assumes that the

carbon assimilation rate is the minimum of three

limiting rates (referred to as the ‘‘minimum’’ method),

but Scheme II calculates the carbon assimilation rate

by solving two quadratic equations based on three

limiting rates, and hence avoiding an abrupt transition

among different limitation rates (referred to as the

‘‘smoothing’’ method) (Eq. 12a vs. 12b).

(3) A different leaf-to-canopy scaling scheme is used: In

Scheme I, the assimilation equations are solved for

both sunlit and shaded leaves per LAI, and then the

averages of conductance and canopy carbon assimi-

lation rate are weighted by the fractions and leaf area

indices of the sunlit and shaded leaves (Eqs.16b–18b),

which is referred to as the ‘‘averaging’’ scheme. In

Scheme II, however, the leaf-to-canopy scaling

scheme considers the vertical variations of the leaf

physiological properties and diffuse light within the

canopy, to aggregate the assimilation rate and

stomatal conductance from the leaf to the sunlit and

shaded canopy separately (referred to as the ‘‘scaling’’

scheme) (Eqs. 16a–25).

(4) Different leaf temperature calculation schemes are

used: Scheme I only calculates and uses one common

leaf temperature to estimate the stomatal conductance

and assimilation rates for both sunlit and shaded

leaves. Scheme II calculates the sunlit and shaded leaf

temperature individually and uses them for the

calculation of separate stomatal conductance and

assimilation rates for the sunlit and shaded canopy.

Differences in methods used for PAR calculations

between the two schemes are not examined. Rather, the

same PAR scheme is used in both models to focus on

evaluating and recognizing the impacts of different treat-

ments in A - gs schemes. The PAR scheme in CoLM (Dai

et al. 2004) is used throughout the study.

3 Design of sensitivity experiments

The land surface model used is the improved version of the

Common Land Model, referred to as CoLM so designated

to avoid confusion with different versions of NCAR

Community Land Model (CLM2.0, Bonan et al. 2002;

CLM3.0, Oleson et al. 2004 and Dickinson et al. 2006).

The Common Land Model (CLM initial version) was

developed by incorporating the best features of three

existing land models, i.e., BATs (Dickinson et al. 1993),

IAP94 (Dai and Zeng 1997) and NCAR LSM1 (Bonan

1996, 1998), which was documented by Dai et al. (2001)

and introduced to the modeling community in Dai et al.

(2003). CoLM has been developed on the basis of its initial

version with several important improvements, including:

(1) a two-big-leaf model for leaf temperatures and carbon

assimilation–stomatal resistance (Dai et al. 2004) and (2)

an improved two-stream approximation model for the

canopy radiation transfer with separate integrations of

radiation absorption by sunlit and shaded fractions of

canopy (Dai et al. 2004; Dai 2005).

The Global Soil Wetness Project Period 2 (GSWP2)

global 18 9 18 near-surface meteorological datasets

spanning from July 1982 to December 1995 (Zhao and

Dirmeyer 2003) are used to force CoLM. Most of model

parameters used including Vcmax (cf Table 2), are the

same as those documented by Oleson et al. (2004).

Parameters used only in Scheme II are taken from the

default values of CoLM. Some functional differences are

maintained (cf Eq. 2 and Eq. 4 in Table 1). The boundary

condition datasets used are provided by the standard

datasets of NCAR CLM3.0, except for a new LAI dataset

developed by Tian et al. (2004a, b) based on MODIS

products.

Three experiments of 13.5-year global simulations were

performed by using the CoLM with different A – gs

schemes, i.e., Scheme I (Exp. CoLM_I), Scheme II (Exp.

CoLM_II), and a modification of Scheme II with only one

common leaf temperature calculated (Exp. CoL-

M_II_2L1T). All experiments were integrated from July

1983 to December 1995. The average of the last 10 years

of the results was investigated. Comparisons of model

results between Exp. CoLM_I and CoLM_II explore the

differences produced by the two different A – gs schemes,

while the comparisons between Exp. CoLM_II and CoL-

M_II_2L1T examine the impacts resulting from the dif-

ferences in leaf temperature computation schemes.

Three additional experiments, i.e., Exp. CoLM_II_sm,

Exp. CoLM_II_scale and Exp. CoLM_II_sm_scale, were

also carried out to quantitatively evaluate the impacts of

different treatments used in the carbon assimilation

models. Table 3 summarizes these runs. Exp. CoLM_I-

I_sm is the same as Exp. CoLM_II except for replacing

the solution of the quadratic equations used in Scheme II

with the minimum value method of Scheme I, Exp.

CoLM_II_scale replaces the original scaling scheme of

Scheme II by the average scheme used in Scheme I; Exp.

CoLM_II_sm_scale removes both the smoothing of qua-

dratic equations and the original scaling method of

Scheme II.
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4 Results and discussion

4.1 Impacts of overall differences between

parameterizations

Figure 1 presents the global distribution of monthly carbon

assimilation rates simulated by CoLM with the two A – gs

schemes in January and July. It shows that Scheme I pro-

duces much larger assimilation rates in both seasons

(Fig. 1c, d) than Scheme II. The assimilation rates in

Scheme I are nearly twice as large as those in Scheme II in

the Tropics and about 70–80% larger in the mid- and

high- latitudes of the North American and Eurasian Con-

tinents (Fig. 1a, b). The large differences in the tropics are

mainly related to the strong photosynthetic activity of the

tropical vegetation. As a result, both the canopy conduc-

tance (Fig. 2a, b) and the canopy transpiration (Fig. 2e–f)

are also significantly larger in CoLM_I. The canopy con-

ductance was larger by 3–5 mm/s in both January and July

over most tropical regions, but only by *1 mm/s in July in

the northern temperate and boreal regions. Similar increa-

ses by up to 20–30 Wm-2 were found in the simulated

canopy transpiration in the Tropics. The differences of the

simulated canopy transpiration have a similar but not

Table 3 Brief description of different sensitivity runs

Experiments Description

CoLM_I Scheme I: same sun and shade leaf temperature, same Vmax, no co-limitation used

CoLM_II Scheme II: different sun and shade leaves temps, variable Vmax, co-limitation used

CoLM_II_2L1T Scheme II: with one common leaf temperature

CoLM_II_scale Scheme II: no variable Vmax, i.e., the original scaling method is removed from Scheme II

CoLM_II_sm Scheme II: no co-limitation, i.e., the smoothing of quadratic equations is removed from Scheme II

CoLM_II_sm_scale Scheme II: no co-limitation, no variable Vmax, i.e., both the smoothing of quadratic equations and the original scaling

method are removed from Scheme II

Fig. 1 Carbon assimilation rates simulated by different A - gs

schemes: January (a) and July (b) monthly average from Exp.

CoLM_II; January (c) and July (d) difference (Exp. CoLM_II minus

Exp. CoLM_I); January (e) and July (f) difference (Exp. CoLM_II

minus Exp. CoLM_II_2L1T)
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identical pattern as those of the assimilation rates, possibly

due to spatial differences in the relevant atmospheric

environmental variables.

The seasonal cycles of the simulated assimilation rates

and relevant variables averaged over each of six selected

regions are further investigated. The assimilation rates

estimated by CoLM_I are evidently much higher than those

by CoLM_II in almost all months over all regions. The

differences are largest in the two tropical regions, smallest

in the two northern boreal regions, and in-between in the

two sub-tropical regions (Fig. 3). The regionally averaged

canopy conductance and assimilation rate (Fig. 4) exhibit

similar seasonal cycles, with Scheme I giving a relatively

larger canopy conductance than Scheme II. Scheme I also

gives higher values in simulated canopy transpiration

(Fig. 5). The canopy transpiration in the Amazon and

Congo Basins is larger in the dry season but the canopy

conductance is larger in the wet season. This seasonal

discrepancy is caused by the seasonality of climate factors

in those regions. Canopy transpiration is also proportional

to the gradient of humidity between leaf and air, and so can

increase with decreased canopy conductance if this gradi-

ent is large enough. Because the gradient of humidity

between leaf and air is 3–4 times larger in the dry than in

the wet season, this factor overcomes the decrease of

canopy conductance.

Further comparisons between Scheme I and Scheme II
were also performed on the basis of different PFTs. The

first two panels of Fig. 6 show the simulated differences in

carbon assimilation rates for each PFT in January and July,

normalized by the CoLM_II results. In January, the

assimilation rate in Scheme I is larger by more than

Fig. 2 Differences in simulated canopy conductance (a–d) and canopy transpiration (e–h)
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60–75% for most PFTs, and even over 100% for C3 grass,

C4 grass and crop1 (Fig. 6a). Lower values of about 40%

are seen for boreal broadleaf deciduous tree (BDT-Boreal)

and temperate broadleaf evergreen shrub (BES-temperate)

in July (Fig. 6b). This comparison is less meaningful when

the assimilation rates are very small, such as those of NET

Boreal, BDT Boreal and BDS Boreal PFTs in January.

4.2 Sunlit/shaded temperature effects

As discussed in Sect. 2, only one common leaf temperature

was calculated and used in the calculations of carbon

assimilation rates for both sunlit and shaded leaves in

Scheme I. Scheme II calculates and uses separate sunlit and

shaded leaf temperatures for the calculation of assimilation

rates of the sunlit and shaded canopy. Earlier research has

shown that such a treatment could contribute to differences

in simulated carbon assimilation rates between one-big-leaf

and two-big-leaf models (Wang and Leuning 1998; Dai

et al. 2004). In particular, Wang and Leuning (1998)

pointed out that sunlit leaves can be several degrees war-

mer than shaded leaves under sunny and dry conditions,

and ignoring this temperature difference will bias the

estimates of the carbon assimilation rate, sensible and

latent heat. However, they did not quantify such

differences.

Fig. 3 Monthly carbon assimilation rate simulated by Exp. CoLM_I

(square), CoLM_II (dotted line) and CoLM_II_2L1T (circle) aver-

aged over six selected regions. The six regions are Amazon Basin (0–

108S, 508–708W), Congo Basin (58S–58N, 108–308E), Northern North

America (508–708N, 908–1208W), South–East North America (308–
508N, 808–1008W), Northern Eurasian Continent (508–708N, 108–
1408E), and South–East Asia (108–308N, 908–1208E)
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Results simulated by CoLM_II_2L1T and CoLM_II are

compared to investigate impacts of the leaf temperature

calculation scheme on the carbon assimilation simulation.

We find no significant differences in any of the simulated

fluxes. For example, the simulated carbon assimilation rate

shows only a small difference \0.2 lmol m-2 s-1 over

North-East Asia in July (Fig. 1e–f). Similarly, the differ-

ences of the simulated canopy conductance (Fig. 2c, d) and

canopy transpiration (Fig. 2g, h) are both negligible. This

conclusion is further confirmed by replacing one-common

leaf temperature scheme in CoLM_I with the two-leaf

temperature scheme. The regionally averaged model results

also show that the carbon assimilation rate (Fig. 3), canopy

conductance (Fig. 4) and canopy transpiration (Fig. 5)

from CoLM_II_2L1T (circle) are nearly indistinguishable

from those from CoLM_II (dotted line). Figure 6c, d show

the relative difference (%) in the assimilation rate (CoL-

M_II_2L1T minus CoLM_II) for each PFT, normalized by

the results from CoLM_II. Though CoLM_II_2L1T simu-

lates a carbon assimilation that is slightly lower for most

PFTs but larger for several PFTs, such as C3 grass and

Crop1, the absolute values of such differences are under

2–4% compared to those simulated by CoLM_II.

This minor impact of two-leaf temperatures on the

carbon assimilation results from two factors: (a) the tem-

perature dependence of the assimilation is not that strong,

less than a 10% change for a 1 K temperature change (as

inferred from Eq. 4a of Table 1); (b) substantial

Fig. 4 As in Fig. 3, but for canopy conductance. a Amazon Basin, b Congo Basin, c Northern North America, d South–East North America,

e Northern Eurasian, f South–East Asia
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cancellation occurs because of the near linear dependence

of the assimilation on leaf temperature and of the leaf

temperature variation on incident radiation. In other words,

the area weighted average leaf temperature in Scheme II is

about the same as the leaf temperature in Scheme I, and the

increase of assimilation for the sunlit leaves in Scheme II is

about the same as its decrease for the shaded leaves relative

to Scheme I, with weighting by their relative leaf areas.

Figure 7 quantifies the differences in the monthly average

leaf temperature for each PFT. The two-leaf scheme does

give a significant difference in leaf temperature between

the sunlit and shaded leaves, producing higher sunlit leaf

temperature and lower shaded leaf temperature than the

one-leaf scheme. However, the difference between the

area weighted average leaf temperature of the two-leaf

temperature scheme and the leaf temperature of one com-

mon leaf temperature scheme are negligible (blue dots in

Fig. 7).

4.3 Smoothing, scaling and residual effects

The above results indicate that the impacts of separate

treatment of sunlit versus shaded leaf temperature have a

negligible impact. Further investigations are performed

below to interpret the differences in the model results in

terms of the differences in other three main contributors,

i.e., the leaf-to-canopy scaling scheme, the co-limitation

methods used to estimate the carbon assimilation rate from

three assimilation limiting rates, and parameters of the

carbon assimilation sub-model. Because both the canopy

Fig. 5 As in Fig. 3, but for canopy transpiration. a Amazon Basin, b Congo Basin, c Northern North America, d South–East North America,

e Northern Eurasian, f South–East Asia
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conductance and transpiration strongly depend on the car-

bon assimilation, only the latter flux was investigated here.

For brevity, most of our analyses were only focused on

four sampled PFTs, i.e., tropical broadleaf evergreen tree

(BET-Tropical) in Amazon basin (78S, 678W), boreal

needle leaf evergreen tree (NET-Boreal) in North America

(558N, 1258W), C4 Grass in the subtropics of South

America (318S, 578W), and temperate broadleaf deciduous

shrub (BDS-Temperate) in Australia (318S, 1258E). The

diurnal variations of the assimilation rates for four selected

PFTs from different sensitivity experiments are shown in

Fig. 8. Table 4 lists the monthly assimilation rates and

their difference simulated by different testing schemes,

which help to quantify the relative contributions of the

different treatments used in the two A – gs schemes.

Table 4 indicates that much of the difference between

CoLM_I and CoLM_II occurs from the assumptions

about the scaling and smoothing with the former having

the larger effect. Table 4 and Fig. 8 show that after

removing both the ‘‘smoothing’’ and ‘‘scaling’’ methods

Fig. 6 Carbon assimilation rates for different PFTs simulated by

different A - gs schemes. a and b differences in percentage (Exp.

CoLM_I minus CoLM_II divided by CoLM_II), c and d differences

in percentage (CoLM_II_2L1T minus CoLM_II divided by

CoLM_II). The values below the x-axis in a and b represent monthly

average assimilation rates (lmol m�2 s�1) for each PFT simulated by

Exp. CoLM_II
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(CoLM_II_sm_scale), the difference between CoLM_I

and CoLM_II is much smaller. The scaling and

smoothing effects contribute to about 70–80% of the

differences between CoLM_I and CoLM_II except for

the NET-Boreal, BDS Temperate and C4 Grass in Jan-

uary when photosynthesis is small. Different treatments

for the parameters of the carbon assimilation sub-model,

i.e., the temperature dependence of Vmax and C*, cause

these relatively small residual effects. Compared to the

scaling and smoothing effects, the residual effects are

smaller except for January C4 Grass.

In order to evaluate respective impacts of the scaling

and smoothing methods, further investigation are also

performed on these effects as described below.

4.3.1 Scaling effects

Scheme I calculates the total carbon assimilation rate using

an ‘‘average’’ scheme, in which the total assimilation rate is

estimated from the assimilation rates of the sunlit leaves

and shaded leaves per unit LAI multiplied by weight fac-

tors Lsun and Lsha. However, Scheme II aggregates sepa-

rately the assimilation rate from leaves to sunlit and shaded

fractions of the canopy through integrating the photosyn-

thetic parameters by using scaling factors C1sun,C1sha,C2sun

and C2sha (Eqs. 19–20 and 24–25). After replacing the

‘‘scaling’’ scheme of Scheme II with the ‘‘average’’ scheme

(CoLM_II_scale), the simulated assimilation rate (dashed

line) increases (Fig. 8). Except for July C4 Grass case, the

increase of the assimilation rates produced by CoL-

M_II_scale is evidently larger than that of CoLM_II_sm

(square). Compared to the original scheme II (CoLM_II),

the simulated assimilation rate of BET-Tropical, NET-

Boreal, BDS-Temperate and C4-grass increases by about

39, 62, 70 and 20%, respectively upon the removal of the

‘‘scaling’’ method (Table 4). On average, the simulated

assimilation rate from CoLM_II_scale increases by about

40–45% compared to the original scheme II (CoLM_II).

However, some exceptions are found in the C4 Grass case,

in which the different treatments for the parameters of the

Fig. 7 Leaf temperatures for different PFTs simulated by Exp.

CoLM_II and CoLM_II_2L1T. a January and b July, in which leaf

temperatures for sunlit and shaded leaves from CoLM_II_2L1T are

compared to the only one leaf temperature calculated by CoLM_II.

The blue dots represent the area weighted average leaf temperature

from the sunlit and shaded leaf temperature
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Fig. 8 Averaged diurnal cycle of carbon assimilation rates in lmol m-2 s-2(only daytime) for four selected PFTs simulated by A - gs Scheme I

and Scheme II as well as different testing schemes of Scheme II. The description of the legend is the same as in Table 3
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carbon assimilation sub-model rather than the scaling

approach have the most important impact.

The ‘‘scaling’’ factors involved in the two schemes are

directly compared to provide further explanations for the

differences in model results due to different scaling

schemes. We noted that the co-limitation of the electron

transport rate used in Scheme II has very limited impacts on

the model results, and so do the corresponding scaling

factors C2sun and C2sha. However, the scaling factor C1sun

and C1sha plays a major role in producing the difference in

the scaling schemes. Essentially, Lsun and Lsha used in

Scheme I are equivalent to the scaling factors C1sun and

C1sha (Eqs. 19–20) of Scheme II. Figure 9 shows the scaling

factors normalized by Lsun and Lsha used in Scheme II. The

ratios of C1sun/Lsun and C1sha/Lsha are evidently \1.0 in all

cases, and larger Lsun and Lsha are responsible for the larger

carbon assimilation rates given by Scheme I. The difference

in the estimated assimilation rate caused by the scaling

scheme is mainly attributed to the difference between

C1sun(C1sha) and Lsun(Lsha). In addition, the seasonality of

both C1sha and C1sun, as well as the sensitivity of the

parameter estimations in assimilation sub-models to sea-

sonally varying climate factors, are the main reasons for the

seasonal difference between the model results discussed.

4.3.2 Smoothing effects

Scheme I estimates the assimilation rate from the minimum

of those three limiting factors (the ‘‘minimum’’ method),

but Scheme II calculates the assimilation rate by solving

two quadratic equations (the ‘‘smoothing’’ method). To

examine the impact of the ‘‘smoothing’’ method used by

Scheme II, the assimilation rate was recalculated by

replacing the ‘‘smoothing’’ method with the ‘‘minimum’’

method as used in Scheme I (CoLM_II_sm). The diurnal

variations of the assimilation rate simulated by CoLM_I-

I_sm as well as the original scheme II (CoLM_II) are shown

in Fig. 8. The assimilation rate A calculated by CoLM_II

(circle) is evidently lower than that calculated by CoL-

M_II_sm (square). In all cases, the assimilation rates are

much larger without the ‘‘smoothing’’ method. Compared

to the original Scheme II, the monthly average A increases

by about 23, 25, 27 and 24% for BET-Tropical, NET-

Boreal, BDS-Temperate and C4-grass, respectively

(Table 4). The monthly average A increases by about 25%

on average after removing the ‘‘smoothing’’ method. Evi-

dently, the ‘‘smoothing’’ method of Scheme II lowers the

value of A significantly compared to the ‘‘minimum’’

method of Scheme I.

In summary, the different treatments in three aspects are

mainly responsible for the difference in the carbon assimi-

lation simulations between CoLM_I and CoLM_II, and

the leaf-to-canopy scaling approach is the largest contri-

butor to the simulation discrepancies. The two-leaf tem-

perature scheme produces distinctly different sunlit and

shaded leaf temperatures but has little impacts on the

simulation of carbon assimilation. It is not the differences

in leaf temperature but rather the amount of leaves illu-

minated and their photosynthetic capacity that matter. The

different methods of co-limitation of assimilation rate show

secondary impacts on the results. Except for a few biomes,

the residual effects caused by the different methods used to

estimate assimilation rate and the different parameter

estimations in the carbon assimilation sub-models have

smaller impacts on the simulated values of carbon assimi-

lation. It is also noted that different responses induced by

PFT-dependent phenological and physiological parameters

exist among the sampled PFTs.

5 Conclusion

In this paper, we compared the carbon assimilation rate,

canopy conductance and canopy transpiration simulated by

two carbon assimilation and stomatal conductance (A – gs)

schemes, a relatively simple A - gs scheme with

Table 4 Differences of monthly assimilation rates (lmol m�2 s�1) for BET Tropical, NET Boreal, BDS Temperate and C4 Grass simulated by

Scheme I and Scheme II, as well as different tests for Scheme II

CASE PFT

BET Tropical NET Boreal BDS Temperate C4 Grass

January July January July January July January July

CoLM_I 15.73 12.57 0.41 9.78 2.07 1.15 5.97 1.81

CoLM_II 8.32 6.80 0.28 5.34 0.99 0.60 2.52 1.31

CoLM_I-CoLM_II 7.41 5.77 0.13 4.44 1.08 0.55 3.45 0.50

CoLM_II_sm_scale-CoLM_II 5.51 4.74 0.3 3.96 1.26 0.67 1.41 0.58

CoLM_II_scale-CoLM_II 3.18 2.72 0.22 2.50 0.81 0.35 0.81 0.11

CoLM_II_sm-CoLM_II 1.97 1.53 0.06 1.54 0.26 0.23 0.52 0.48

CoLM_I-CoLM_II_sm_scale 1.90 1.03 -0.17 0.48 -0.18 -0.12 2.04 -0.08
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parameterizations from the NCAR model (Scheme I) and a

two-big leaf A – gs scheme newly developed by Dai et al.

(2004) (Scheme II), to quantify the impacts of different

treatments of canopy stomatal conductance and carbon

assimilation on the estimations of carbon assimilation and

canopy transpiration.

Scheme I was found to differ from Scheme II substan-

tially in its simulated carbon assimilation rate and canopy

transpiration. It gives larger estimates for carbon assimi-

lation rate, canopy conductance and canopy transpiration

than Scheme II, Its estimates of carbon assimilation are

larger by over 60–75% for most PFTs and even above

100% for C3 grass, C4 grass and crop1. Such different

model estimates can be attributed to:

1. Different leaf-to-canopy scaling schemes: the ‘‘average’’

scheme used in Scheme I produces a larger carbon

assimilation rate than the ‘‘scaling’’ scheme of Scheme II;

2. Co-limitation methods used to estimate carbon assimi-

lation rate from assimilation limiting rates: the

‘‘minimum’’ method of Scheme I gives a larger value

than the ‘‘smooth’’ method of Scheme II;

3. Residual effects induced by differences in the carbon

assimilation sub-models: Scheme I produces a larger

Fig. 9 Scaling factors used by A - gs Scheme II for sampled PFTs. a
BET Tropical (LAI = 5.4 and 4.8 January and July, respectively), b
NET Boreal (LAI = 2.75 for January and 3.5 for July), c BDS

Temperate (LAI = 2.4 and 1.8 January and July, respectively), d C3

Grass (LAI = 0.6 for January and 0.9 for July)
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carbon assimilation rate than Scheme II in most cases

and a slightly smaller value for a few biomes.

The leaf-to-canopy scaling method makes a major

contribution to the different model results. Introducing co-

limitation has a lesser but still important effect. Except for

a few biomes, the residual effects due to other parameteri-

zation differences have relatively small impacts on the

simulated values of carbon assimilation. The two-leaf

temperature scheme produces distinctly different sunlit and

shaded leaf temperatures but has little impacts on the

simulation of carbon assimilation.

Our model-based sensitivity experiments indicate that

differences in A – gs schemes can produce large differ-

ences in the estimate of terrestrial carbon assimilation and

canopy transpiration. By identifying major factors and their

relative roles in contributing to the resulting model dif-

ferences, this study provides some very useful information

to improve land surface model parameterizations in the

estimation of carbon assimilation and canopy transpiration.

Models can differ in both their structure and parameters. In

this study, parameters have been kept fixed to examine the

consequences of structural differences. However, the

impacts of structural differences could to a large extent be

compensated by parameter adjustment. In particular,

assimilation and transpiration are nearly proportional to

Vcmax. Scheme I could have fixed Vmax to a lower constant

value to compensate for its decrease within the canopy and

the lack of smoothing in matching the different limiting

rates. More generally, simplified models are only likely to

reproduce canopy level observations, if constrained by

them, when parameter values specified at leaf level rec-

ognize within canopy differences.

Previous studies found that the photosynthetic para-

meters are important sources of uncertainty in the simulation

of the vegetation dynamics (Hallgren and Pitman 2000). A

large range has also been found in some photosynthetic

parameters between species (even among the same species)

as estimated from the gas exchange measurements (Wull-

scheger 1993). Fortunately, FLUXNET provides extensive

canopy level data to study the temporal and spatial vari-

ability of ecosystem-scale carbon dioxide, water vapor, and

energy fluxes (Baldocchi et al. 2001). After such field

observations are used to optimize model parameters, further

numerical experimentation would be appropriate to identify

the consequences of different model parameterizations.

Once the parameter values are properly chosen higher order

statistics than the climatological means considered here

may be needed to evaluate different treatments used in A - gs

schemes and guide the best choice of a scheme.
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