Response to Reviewer #1

General comment:

“There is a plethora of observational evidences supporting that diffuse d light favors
higher plant productivity thanks to radiation being more evenly distributed and
accessible across the shaded part of the canopy. Yet, few Land Surface Models ( have a
representation of light transmission within the canopy that explicitly accounts for the
quality of light (direct vs diffuse) and its effect of primary productivity. Zhang et al.
implemented such a capability in the ORCHIDEE LSM (ORCHIDEE DF) and this
paper provides the details of their modelling framework as well as a solid evaluation
of ORCHIDEE DF performance against a large set of ground site measurements
(FLUXNET).

This paper reads very easily as it is well written and well structured.

The first part of the paper describes the model framework and the parameterisations.
1t is generally well written, although some symbols equations could be improved, and
a couple of sections swapped together (see general comments).

The second part of the paper presents a very good evaluation of ORCHIDEE DF The
added value of introducing a representation of diffuse light fraction is convincingly
exposed and rigorous efforts were made to disentangle this from other cofounding
effects (e.g. VDP, Temperature). Despite the calibration of model parameter being sub-
optimal for this new configuration of ORCHIDEE, the analysis and supporting plots
are very useful and effectively achieve to highlight where the model performs well, and
which future development efforts should be prioritized. This is a useful evaluation effort
which will also benefit the wider LSM community beyond the ORCHIDEE user base.
The effort that the authors went through in evaluating ORCHIDEE DF against a large
ensemble of observations goes much further than previous attempts published in the
literature and is greatly appreciated.

Adding a representation of diffuse light fraction in the canopy can only be useful if the
boundary conditions that is the fraction of diffuse radiation hitting the top of the canopy
is known. This information is usually lacking from the dataset that are used to drive

LSMs. Technically this is a problem that is external to land surface modelling, but it is



great to see that Zhang et al. provide a practical framework to retrieve that missing
information and could offer some insight to the terrestrial carbon cycle community for
a developing a harmonized framework in future LSMs inter-comparisons.

The topic covered in this paper is absolutely relevant to GMD and I therefore strongly

2

support its publication after addressing those minor very few points.

[Response] We thank the reviewer for the careful review and helpful comments and
suggestions, which helped us to significantly improve our manuscript. We have
addressed all the suggestions and comments in our revision. Please find below the
reviewer’s comments, followed by our responses and relevant changes in the
manuscript. We hope that the revised version addresses all the issues raised by the

reviewer.

Comments:

“1. I believe it will be improved at production stage, but some equations are not easy
to read in current form. Use of upper script and lower script could help bringing better
separation between the terms in the equations (e.g. Kmc instead of KmC, C. instead of
Cc, etc).”

[Response] We thank the reviewer for this suggestion, the notations have been
improved throughout the manuscript. (Ac to Ac, Aj to Aj, Rd to Rq, Cc to Cc, KmC to
Kmc, KmO to Kmo)

“2. Would it make more sense to introduce section 2.1.3 (Light transmission in
ORCHIDEE DF) before section 2.1.2 (Light partitioning in ORCHIDEE DF) so it
follows naturally section 2.1.1 (Light transmission in ORCHIDEE trunk) especially
given that the calculation of the fraction of diffuse light hitting the canopy top could
eventually be treated by the radiative transfer of the driving atmospheric model as it is
done in an Earth System Framework (e.g. Yue et a ., 2017; Malavelle et al. 2019)
making a specific parameterization for this not necessary in ORCHIDEE.”

[Response] We agree with the reviewer that it is more reasonable to put the two light



transmission sections together. Sections 2.1.2 and 2.1.3 have been swapped in the

updated manuscript.

“3. For the evaluation framework described at P 11 L 324 to 326 - Getting the same
level of PPFD that way may involves comparing GPPs at different time during the day
which might not capture vegetation in similar physiological states. Wouldn 't it be easier
to simply normalize the cloudy and sunny GPPs by their respective PPFDs rather than
removing a part of the dataset (likely the midday data for the sunny GPP when

insolation is maximal and light saturation of the sunlit leaves possible)?”

[Response] Thanks for this question. We considered carefully and tried to use the
proposed normalization method (Fig R1). The results are similar to what we found
controlling PPFD level in the manuscript. However, we did not use it in the manuscript
due to some concerns. It is known that the light response curve is not linear. Therefore,

the LUE (GPP/PPFD) should depend on PPFD level. Due to the nature of atmospheric
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Figure R1. Site distribution of the observed and modeled LUE difference between cloudy and
sunny conditions at midday during the peak growing season (monthly GPP>90% of the mean

monthly GPP maximum).




light transmission, the cloudy PPFD should be smaller than the sunny PPFD for a given
solar zenith angle. If the PPFD level is not controlled, it would become difficult to
explain whether the difference in LUE is due to diffuse radiation fraction or to the PPFD
level. Therefore, in the manuscript, we compared the GPP and LUE with PPFD
controlled at different times of the day (Fig. 7), which, we think, has ensured the

vegetation to have similar physiological states in each period.

“4. P 13 L 387 389 It is interesting to note that both ORCHIDEE trunk and DF
underestimate the dGPP and the dLUE around midday. Could it be related to the
relative high proportion of sunlit leaves which is primarily a function of the solar zenith
angle in the DF configuration? Segregating the dataset in to latitudes may help to

appreciate if this behaviour occurs more in the tropic or the mid latitude sites ”

[Response] Thanks for this point. We had made an extra analysis to investigate the
latitude dependence of the ratio between modeled dGPP vs observed dGPP at midday
(Fig. R2, two outlier sites not shown on the plot). There are no sites having similar
midday PPFD level under sunny and cloudy conditions in low latitudes. According to
the remaining data, positive relationship between the dGPP ratios and latitudes is not
significant for both trunk and DF simulations. From our perspective, the
underestimation in midday dGPP could be a result of parameterizations of processes
other than diffuse radiation in ORCHIDEE because both the trunk and DF
configurations have this problem. This will be added to the manuscript (Line 450-451).
“The underestimation of midday AGPP could be a result of error in current ORCHIDEE

parameterizations”. With better parametrization and/or calibration done in the future,



this midday underestimation could be corrected.

Minor comment:
P02 L0O50 VPD acronym has not been defined yet.

[Response] It is now defined.

SC2: P02 L 55 “large scale aerosol changes”. [optional] You could add “and long

term changes in cloudiness”.

[Response] It is added accordingly to the manuscript.

P03 L 075 How come? Is it because of the large reduction in radiation under cloudy
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Figure R2. The dependence of the ratio between modeled cloudy-sunny GPP difference and
observed GPP difference at midday (11:00-13:00). Neither ratios show a significant positive




sky that tends to outweigh beneficial the effect of increased diffuse light?

[Response] The reduction in radiation under cloudy sky can change the radiation
budget at land surface and cause a cooling effect. This effect may decrease the VPD
and mitigate its stress on stomatal conductance and finally affect GPP. The cooling itself
can also influence directly photosynthesis rates in the model. Therefore, in the
manuscript we wrote: “The covariance of these environmental factors may also cause
the GPP to increase under cloudier conditions, although not being a direct effect of
diffuse light”.

P03 L 076 My bad, explanations for my comment above are provided in the following
sentences I would remove the word “Finally”, which creates confusion during the
transition between the two sentences.

[Response] The word “Finally” has been changed to “Lastly” to avoid confusion.

P03 L 077 Williams et al. 2016 (year not matching the reference at the end i.e. 2014).
[Response] The year has been correctly accordingly.

P03 L 087 Le Quere et al. 2018 missing from the reference list.

[Response] The reference has been added to the list.

P05 L 143 You can maybe point the reader towards Fig 3 as well. This schematic is
useful for visualizing what eq. 4 calculates. I initially misunderstood what the
cumulative LAI represente. It only represents the cumulative LAl above the current
layer but does not include the current layer (if I got it right).

[Response] Fig 3 is cited here. And yes the cumulative LAI above the current layer but
does not include the current layer.

P05 L 152 Shouldn’t it be dI; /dLAI c; instead of dl/dLAI c in eq. 6 What does the
vertical bar | symbol represents? Is it a derivative at fixed LAI c;?

[Response] Here dI/dLAI c indicates the derivative of light with respect to cumulative
LAI from the top of the canopy. Since this equation is continuous and for all canopy
position, no subscript 7 is added here. To calculate Iabsi which is the absorption at layer
i, the derivative is calculated at layer i, noted |LA/ c;. This calculation is based on the
assumption that all canopy layers are thin enough to neglect the difference in light

absorption within each canopy layer (explained after Eq. 6).



P06 L 170 Either explicitly provide the relationships or give a reference where those
are documented.

[Response] The reference has been added to the manuscript.

P06 L 175 “forcing datasets ““: Do you mean dataset used to drive LSMs?

[Response] Yes, the manuscript has been clarified to use “datasets to drive LSMs”.

P 06 L 179 Fdfpsr Should it be rewritten fPARyrto be consistent with the notation in
other equations?

P 07 L 216 Same as above, fPPFDgysinstead of Fdfrrr

[Response] In the manuscript, we use Fdfpsr or Fdfpprp to distinguish the fraction of

'using subscript “4”

diffuse light from the radiation variables in W m™ or in pmol m? s~
for diffuse light (see Table 1).

P08-09 eq. 26, 28, 30. Should it be LAl c;instead of LAl ai in the exponentials?
[Response] Thanks for finding this error, the equations have been corrected.

P08 L 253 Ref to Hikosaka et al. (missing from the reference list)

[Response] The reference has been added to the list.

P09 L 268270 Same as eq. 6. The notation for the derivative is not clear to me. Could
you explain?

[Response] Please see the response to the above comment.

P09 L 289 Change to “from 252 sites in total .

[Response] The manuscript has been changed accordingly.

P10 L 292 Good job getting the references for all the sites!

P10 L 292 “annual climate” sounds weird. Could be rephrased by saying,
“(climatological) annual mean temperature span the range xx to yy while
(climatological) annual mean precipitation ... span the range” Same for Fig S2 legend.
[Response] It has been rephrased as: “The annual mean temperature of the sites spans
from -9 to 27°C, while the annual precipitation spans from 67 to over 3000 mm yr'” in
the text. Fig S2 legend has been changed accordingly.

P13 L 411 This (fig 9 & 10) is an extremely useful way of presenting the sensitivity of
the two models

P14 L 422 Could that result be related to similarities in parameter traits and optimum



points (e.g. Vemax) between PFTs used to represent temperate and tropical biomes?.
[Response] The ORCHIDEE model calculates the optimum points for Vcemax
according to the growth temperature the vegetation is adapting to during the season.
The range of the acclimation spans from 11 to 35°C in the current ORCHIDEE model.
Therefore, the model should be capable of distinguishing temperate and tropical biomes.
However, considering the limiting observation data for calibration (P16 L 499), it is
possible that current parameters are not good enough to represent sufficiently well
temperature acclimation.

Figure 2 The subtle light gradient makes it hard to appreciate the density of points.
Could you maybe add a Probability Density Function along the x (respectively y) axis
to represent the distribution of modelled (vespectively observed) fraction of PPFD.
[Response] Figure 2 has been improved accordingly (also Fig R3).

Figure 6 “is controlled the same” feels a bit clunky Could be rephrased by just saying
that the sunny and cloudy days are sampled at equal light levels

[Response] The caption has been modified accordingly.
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Figure R3. Modeled and observed diffuse PPFD fraction. (a) Scatter plot with the dark area
indicates high data density, while light area indicates low data density, (b) Density distribution
of the observed diffuse PPFD fraction, (¢) Density distribution of the modeled diffuse PPFD

fraction.




Response to Reviewer #2

General comment:

“This manuscript led by Zhang presented a study on improving the ORCHIDEE land
surface model with specific consideration of the impacts of diffuse light fraction on
vegetation photosynthesis, a well recognized phenomenon but poorly represented in the
existing version of ORCHIDEE model. The new model, named after ORCHIDEE DF,
has included a scheme for partitioning light into direct and diffuse components, and
separated the existing multi-layer canopy into sunlit and shaded leaves with a two-
stream radiative transfer model folowing Spitters 1986. Then the authors used global
fluxnet observations to evaluate the new model and found that the new model better
simulates GPP under different illumination conditions. Examinations on the effects of
diffuse light on GPP and light use efficiency and the interactions between diffuse light
and other environmental factors such as temperature and vapor pressure deficit were
conducted. The new model is suggested to have great potential in investigating aerosol
effect on global biogeochemical cycles.

Overall the manuscript is very well organized and written, and easy to read. The
description of the model development is clear, and the evaluation strategy is
comprehensive and convincing. The analyses sections provide insightful understanding
of the interactions of diffuse light and environmental factors. I don’t really have much
to add, but here I provide some minor suggestions and hope they can help further

improve the quality of the manuscript.”

[Response] We thank the reviewer for the review and helpful comments and
suggestions, which helped us to further improve our manuscript. We have addressed all
the suggestions and comments in our revision. Please find below the reviewer’s
comments, followed by our responses and relevant changes in the manuscript. We hope

that the revised version addresses all the issues and satisfies the reviewer.

Comments:

1. Line 42-43: "However, this effect remains poorly represented in current land



surface models". This is not accurate, at least CLM (Oleson et al., 2013), JULES
(Mercado et al., 2009), CoLM (Dai et al 2004), ilem (Chen et al., 2014), and YIBs

(Strada et al., 2016) have included processes that account for the diffuse light effect.

Oleson, K., Lawrence, D. M., Bonan, G. B., Drewniak, B., Huang, M., Koven, C.

D., ... Yang, Z. -L. (2013). Technical description of version 4.5 of the Community Land
Model (CLM) (No. NCAR/TN-503+STR). doi:10.5065/D6RRIW7M Mercado LM,
Bellouin N, Sitch S, et al. Impact of changes in diffuse radiation on the global land
carbon sink. Nature. 2009;458(7241):1014-1017. doi.: 10.1038/nature07949 Dai, Y.,
R. E. Dickinson, and Y. Wang, 2004: A Two-Big-Leaf Model for Canopy Temperature,
Photosynthesis, and Stomatal Conductance. J. Climate, 17, 2281-2299 Min Chen &
Qianlai Zhuang (2014) Evaluating aerosol direct radiative effects on global
terrestrial ecosystem carbon dynamics from 2003 to 2010, Tellus B: Chemical and
Physical Meteorology, 66:1, DOI: 10.3402/tellusb.v66.21808 Strada, S. and Unger,
N.: Potential sensitivity of photosynthesis and isoprene emission to direct radiative
effects of atmospheric aerosol pollution, Atmos. Chem. Phys., 16, 4213—4234,
https://doi.org/10.5194/acp-16-4213-2016, 2016.

The first three have been introduced in the paragraph of Line 88-100, but latter two
were directly applied for examining aerosol impacts and should be discussed as well.
[Response] Thanks for the suggestion. We have added these studies to our updated
manuscript: Line 42-43: “this effect remains poorly represented or evaluated in
current land surface models.” Line 94-95: “This two-big-leaf scheme was further used
in iTem LSM (Chen and Zhuang, 2014) and got partly inherited in later CLM models
(Oleson et al., 2013).” Line 102-105: “Apart from JULES, the Yale Interactive
terrestrial Biosphere model (YIBs) also included a two-stream multilayer canopy light
transmission scheme, but few efforts have been made to evaluate the ability of YIBs
model to capture the observed diffuse light fertilization effect, especially at sub-daily

time scales (Yue and Unger, 2015).”



2. I would suggest the authors provide a table of acronyms in Section 2.1.2 and 2.1.3
as an appendix so that the readers are easier to follow the equations.

[Response] An appendix section of acronym list has been added to the manuscript.
After Line 594:

“Appendix A

List of acronyms:

Fdf: Fraction of diffuse radiation

GPP:  Gross Primary Production

LAIL:  Leaf Area Index

LSM: Land Surface Model

LUE: Light Use Efficiency

NIR:  Near-Infrared Radiation

PAR:  Photosynthetically Active Radiation

PFT:  Plant Functional Type

PPFD: Photosynthetic Photon Flux Density

SW: downward Shortwave Radiation at the top of canopy

TOA: Top of Atmosphere

TOC: Top of Canopy

VPD:  Vapor Pressure Deficit

* The variable names in Section 2 are listed in Table 1”

3. Section 4.2 discussed factors affecting response of GPP to diffuse light and the
authors suggested that the lower temperature and VPD may be the main cause of the
higher midday GPP under cloudier conditions. Does ORCHIDEE simulate leaf
temperature at different canopy layers? If not, it is not very convincing to me, as the
short-term air temperature and VPD variations are mainly determined by the
meteorological system, rather than the radiation regime.

[Response] Thanks for raising this concern. In current ORCHIDEE trunk and DF

model, the air temperature is taken directly as leaf temperature and does not vary



within the canopy. We agree that the short-term air temperature and VPD variations
are mainly determined by the meteorological system. The explanation of leaf
temperature is added to the manuscript: (Line 179-181) “Because in current
ORCHIDEE, there is only one energy budget per grid cell, from which we cannot
determine the leaf temperature, the air temperature is used to represent the leaf

temperature in current model.”

We compared the observed Tair and VPD under cloudy and sunny conditions at
midday time and found that the cloudy midday Tair and VPD is lower than the sunny

ones (Fig. R4). Therefore, the lower midday temperature and VPD could be the main

cause of the detected midday AGPP in the manuscript. This lower cloudy midday Tair

and VPD at site level might be because the time scales of weather systems which
cause overcast conditions are often long enough to affect Tair. As a result, dynamics in
canopy leaf temperature are not necessary to explain the simulated effect shown in the

manuscript in line with the FLUXNET observations.

4. Section 4.3. I think another important limitation of the developed ORCHIDEE DF
model for examining aerosol impacts is that it does not consider the impacts of the
changing radiation regime on leaf temperature. This might be a second-order effect,
but could be potentially important as shown in Chen and Zhuang, 2014 Tellus B.

[Response] Thanks for pointing out this limitation. Indeed, there remains no
representation of the impacts of the changing radiation regime on leaf temperature in
the current model, which may be potentially important. We have added some discussion
of this point in Line 567-573 “Besides the possible bias in parameters, both
ORCHIDEE trunk and ORCHIDEE DF lack a representation of the response of leaf
temperature to radiation. Instead, the air temperature is used directly to represent the
leaf temperature throughout the canopy for simulating gas exchange processes in
current model. As shown by Chen and Zhuang (2014), the changes of radiation regime

due to aerosols can significantly affect leaf temperature, which could potentially affect



GPP. For now, ORCHIDEE DF remains not capable of dealing with this response of
leaf temperature. Further developments are needed for disentangling the role of leaf
temperature and diffuse light on GPP”. This will be a future direction of our model

development work.

a ) 11 h:-1 3h
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-10 -5 0 5 10
Taircloudy-Tairsunny (°C)
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b) 60 VPD ' :
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Figure R4. Site distribution of (a) the Tair difference (b) the VPD difference between cloudy
(diffuse light fraction >0.8) and sunny (diffuse light fraction<0.4) conditions between 11:00 and
13:00 during peak growing season.
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Abstract. Aerosol and cloud-induced changes in diffuse light have important impacts on the global land carbon cycle by
changing light distribution and photosynthesis in vegetation canopies. However, this effect remains poorly represented or
evaluated in current land surface models. Here we add a light partitioning module and a new canopy light transmission module
to the ORCHIDEE land surface model (trunk version, v5453) and use the revised model, ORCHIDEE_DF, to estimate the
fraction of diffuse light and its effect on gross primary production (GPP) in a multi-layer canopy. We evaluate the new
parameterizations using flux observations from 159 eddy covariance sites over the globe. Our results show that compared to
the original model, ORCHIDEE_DF improves the GPP simulation under sunny conditions and captures the observed higher
photosynthesis under cloudier conditions in most plant functional types (PFTs). Our results also indicate that the larger GPP
under cloudy conditions compared to sunny conditions is mainly driven by increased diffuse light in the morning and in the
afternoon, and by decreased vapor pressure deficit (VPD) and air temperature at midday. The observations show strongest
positive effects of diffuse light on photosynthesis are found in the range 5-20 <C and VPD<1 kPa. This effect is found to
decrease when VPD becomes too large, or temperature falls outside that range likely because of increasing stomatal resistance
to leaf CO, uptake. ORCHIDEE_DF underestimates the diffuse light effect at low temperature in all PFTs and overestimates
this effect at high temperature and high VPD in grasslands and croplands. The new model has the potential to better investigate

the impact of large-scale aerosol changes and long term changes in cloudiness on the terrestrial carbon budget, both in the

historical period and in the context of future air quality policies and/or climate engineering.

1 Introduction

Process-based Land Surface Models (LSMs), which simulate the water and energy balance, and biogeochemical processes on
land, have been widely used to attribute past changes in carbon (C) fluxes (Piao et al., 2009; Sitch et al., 2013) and to project
the future land C budget (Ciais et al., 2013). Despite being useful and widely applied tools, large uncertainties are a limitation
of LSMs (Sitch et al., 2008). One of the sources of the uncertainties is the omission or oversimplification of important processes
that affect primary production. For instance, the impacts of light quality on photosynthesis is not currently represented in most
LSMs, limiting the possibility to predict the variability of the carbon budget driven by changes in the atmospheric aerosol load
which may be triggered by volcanic eruptions or variation in air pollution levels.

It has been found by in situ observations that under the same light level, the increase of diffuse light fraction can enhance light
use efficiency and ultimately photosynthesis, or gross primary production (GPP) (Gu et al., 2003; Niyogi et al., 2004; Misson
et al., 2005; Alton, 2007a; Knohl and Baldocchi, 2008; Mercado et al. 2009; Oliphant et al., 2011; Kanniah et al., 2013;
Williams et al., 2014; Cheng et al., 2015; Wang et al., 2018). Several mechanisms explaining this GPP enhancement have been
proposed and tested. First, the more isotropic nature of diffuse light means that it penetrates deeper into the canopy to become
available for photosynthesis of the lower canopy leaves, which would otherwise be shaded and light limited (Roderick et al.,
2001; Urban et al, 2012). Second, the multi-directionality of diffuse light produces a more homogeneous distribution of

radiation between sunlit and shaded leaves, enhancing the photosynthesis of upper canopy shaded leaves and limiting the waste
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of energy in light-saturated sunlit leaves (Li et al., 2014; Williams et al., 2014). Third, higher diffuse light fraction is often
accompanied with less stressing temperature and vapor pressure deficit (VPD) for photosynthesis. The covariance of these
environmental factors may also cause the GPP to increase under cloudier conditions, although not being a direct effect of
diffuse light (Gu et al., 2002; Cheng et al., 2015; Li et al., 2014). FinalyLastly, plant LAI (leaf area index, the area of leaves
per unit land area) maximum may get acclimated to the cloudier seasons, which also contributes to higher GPP (Williams et
al., 2016).

Currently, most process-based LSMs simulate leaf photosynthesis using equations and parameterizations derived from
Farquhar et al. (1980) with different formulations of stomatal conductance, usually with stomatal closure under high VVPD or
low relative humidity (Ball et al., 1987; Yin et al., 2009; Medlyn et al., 2011). These parameterizations calculate photosynthesis
per unit LAI considering the stress from temperature, VPD and soil water, and then integrate it over the entire canopy volume.
Therefore, the effects of temperature and VPD change under cloudier conditions have been usually implicitly considered in
current LSMs (e.g. Zhang et al., 2019). However, for the sake of simplicity and computational efficiency and for the lack of
diffuse light fraction data, most global LSMs assumed a single extinction coefficient for both direct and diffuse light (Sellers
et al., 1997; Sitch et al., 2008). These LSMs are therefore incapable to investigate the effect of diffuse light fraction changes
on photosynthesis. This limit of LSMs is thought to cause considerable underestimation of land C sink after the eruption of
Mount Pinatubo (le Quere et al., 2018).

To better simulate the diffuse light impacts, several earlier works have developed photosynthesis models that considers
different light transmission of diffuse and direct radiation (Spitters, 1986; Leuning et al., 1995; de Pury and Farquhar, 1997).
Based on these models, a few studies have tried to address the influence of light quality on GPP in LSMs. Dai et al. (2004)
introduced a two-big-leaf canopy model to simulate the effects of diffuse and direct radiation in the Common Land Model
(CLM 2L). Heweverthis-modelThis two-big-leaf scheme was further used in iTem LSM (Chen and Zhuang, 2014) and got

partly inherited in later CLM models (Oleson et al., 2013). However, this light transmission scheme assumes a single-layer

canopy and can therefore not simulate the vertical profile of leaf traits. A multilayer canopy model is more suitable to represent
the vertical heterogeneity of leaf traits and radiation transfer (Alton et al., 2007b; Bonan et al., 2012). Differentiating sunlit
and shaded leaves in a multilayer canopy LSM was firstly considered in the Joint UK Land Environment Simulator (JULES)
LSM (Alton et al., 2007a; Mercado et al., 2009). Using this version of JULES, Mercado et al. (2009) investigated the diffuse
light effect and suggested that diffuse light fraction change enhanced the global land C sink during the 1960-1999 period by
about a quarter. However, Mercado et al. (2009)’s model was only tested at two forest sites which cannot represent well global
terrestrial ecosystems. Thus, there remains need to obtain well-evaluated LSMs that distinguish diffuse and direct light to test
the results of Mercado et al. (2009), and to further investigate the diffuse radiation effect of aerosols. Apart from JULES, the

Yale Interactive terrestrial Biosphere model (YIBs) also included a two-stream multilayer canopy light transmission scheme,

but few efforts have been made to evaluate the ability of Y1Bs model to capture the observed diffuse light fertilization effect,

especially at sub-daily time scales (Yue and Unger, 2015).
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Here we introduce a modified version of the LSM ORCHIDEE (Organizing Carbon and Hydrology In Dynamic Ecosystems,
Krinner et al., 2005), referred to as ORCHIDEE_DF, which uses a semi-empirical method to calculate the fraction of diffuse
light (Weiss and Norman, 1985), and a process-based multilayer canopy light transmission model to simulate the effects of
diffuse light fraction on photosynthesis (Spitters, 1986). We evaluated the GPP simulated by ORCHIDEE_DF and the same
version of the ORCHIDEE code without diffuse light (trunk version, v5453) using observations collected from 159 eddy
covariance flux sites over 11 plant functional types (PFT) (Baldocchi et al., 2001). Using both model simulations and
observations at the flux sites, we also investigated the interactions between diffuse light fraction and biotic and abiotic factors
on GPP, with the objective of understanding when and how much does light quality affect photosynthesis. Because diffuse
light is expected to enhance photosynthesis of shaded leaves in deep canopy, we would also test whether the enhancement of
GPP due to diffuse radiation is larger in canopies with larger LAl and whether environmental factors such as temperature or
VPD affect this enhancement from diffuse light.

2 Data and Methods
2.1 Model description
2.1.1 Canopy light transmission and photosynthesis in the ORCHIDEE trunk

The ORCHIDEE_DF model is based on ORCHIDEE trunk version 5453 (updated in September 2018). A general description
of the physical processes related to energy and water balance, vegetation dynamics and biogeochemical processes in
ORCHIDEE can be found in Krinner et al. (2005). The ORCHIDEE trunk version 5453 brings a number of improvements,
and photosynthesis parameters were recently re-calibrated against FLUXNET data (Baldocchi et al., 2001) and atmospheric
CO; observations for the IPSL Earth System Model (IPSL-CM6) and the CMIP6 simulations.

The leaf-scale photosynthesis calculation in the ORCHIDEE trunk is based on the scheme of Yin and Struik (2009). This
scheme is an adaptation of the biophysical model of Farquhar et al. (1980) with a specific parameterization of stomatal
conductance. The Farquhar et al. model calculates assimilation (A) as the minimum of the Rubisco-limited rate of CO>

assimilation (Ac) and the electron transport-limited rate of CO, assimilation (A;):

A = minfAeAB{A,, A}

()
Here A is mainly affected by the maximum carboxylation capacity of Rubisco (Vcmax), which is temperature dependent (Yin
and Struik., 2009), and the CO, concentration at the carboxylation site (C):

" *
Ae= Ce—yemax RdA. = (Cc—Ir*)Vemax
c
CetKmE+0/Kkmo) Ce+Kme(1+ 0/Kmg)
@

where I'" is the CO, compensation point in the absence of dark respiration (Rg). Kme and Kmp are the Michaelis-Menten

d

constants for CO, and O, O is the O, concentration at the carboxylation site.
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A is calculated as a function of Cand electron transport rate (J):

i J€Ce=F P ()
A ReA; = - -—Ry
4.5Ce+10.5F* J 4.5C.+10.5T
(©)

Here J is determined by a temperature-dependent maximum electron transport rate (Jmax) and the photosynthetic photons
absorbed by leaves, calculated following Yin and Struik (2009). Due to the attenuation of photosynthetically active radiation
(PAR) with depth in the canopy, J also varies vertically. In addition, to account for the distribution of light and maximize the
assimilation, plants tend to allocate nitrogen unevenly in the canopy profile (Niinemets et al., 1997; Meir et al., 2002), resulting
in a vertical gradient in enzyme concentration and consequently in Vcmax and Jmax. The vertical heterogeneity of canopy
photosynthetic properties highlights the need to represent the canopy in a multilayer way.

In order to simulate the vertical transmission and absorption of light within the canopy, ORCHIDEE trunk uses a multilayer
canopy with a big leaf approximation in each layer. The canopy is geometrically divided into up to a maximum number of 20
layers depending on the leaf area index (LAI). The discretization is represented in Fig. 1a and the LAl at the interface of the

layers are given by:

50‘15x(i71),1

LAIc; = 12X @

where LAI_c; is the cumulative LAI above layer i, (1 <i <20) and the layers are numbered from top to bottom-_(Fig. 3). It
should be noted that 20 layers are only for canopies with total LAI larger than 12. The number of layers decreases with total
LAI. For instance, if the LAI is 2, only the first 10 layers are used to calculate the light distribution and photosynthesis (Fig.
1a).

Light transmission in the multilayer canopy is calculated using the Beer-Lambert law (Monsi and Saeki, 1953) without
distinguishing direct and diffuse light. The downward shortwave radiation arriving at the top of canopy (TOC) layer i (I;) is:
L= Ioe—kaAl_ci ®)
where k is the light extinction coefficient, taken equal to 0.5. I, is the TOC downward shortwave radiation (W m).

Because the radiation attenuation between one layer and the one just below is assumed to be due to leaf absorption, the absorbed

radiation per leaf area at the top of layer i (Iabs;) can be estimated as in Saeki (1960):

labs; = M‘T"ULAI_Q = klpe kLAlci (6)

Here we assume that all canopy layers are thin enough to neglect the difference in light absorption within each canopy layer.
i.e. the absorbed radiation does not attenuate within each canopy layer and Iabs; is used for all leaves in layer i.

It should be noted that the radiation considered to calculate the J term in Eq. (3) is not shortwave radiation in W.m but
photosynthetic photon flux density (PPFD) in umol m?s™, A translation from Iabs; to the absorbed PPFD per leaf area in
canopy layer i (PPFDabs;) is thus needed. Currently, there is no standard definition of the wavelength range for shortwave
radiation (e.g. Howell et al, 1982; Zhang et al., 2004; Chen et al., 2012). In ORCHIDEE trunk, shortwave radiation in W m?
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is multiplied by a factor of 0.5 to calculate photosynthetically active radiation (PAR) in W m, and then a quanta-to-energy
ratio of 4.6 mmol J is used to convert PAR into PPFD in umol m?s™,

ORCHIDEE accounts for a vertical gradient in enzyme concentration in canopy. Vcmax and Jmax are assumed in the model
to be linearly related to photosynthetically active leaf nitrogen concentration (per leaf area) (Kattge et al. 2007). Meir et al.
(2002) found a decreasing leaf nitrogen concentration, as well as Vcmax and Jmax with increasing canopy depth in different
ecosystems, suggesting an acclimation of plants to maximize photosynthesis in a canopy with unevenly distributed radiation.
ORCHIDEE trunk lacks an explicit model of dynamic N allocation to leaves in the canopy, instead, it uses an empirical

relationship to represent the impact of leaf nitrogen concentration on Vcmax and Jmax using the vertical profile of radiation:
Vemax; = Vemaxy(1 — 0.7 x (1 - II—’)) @)
]
Ii
Jmax; = Jmaxy,(1 — 0.7 X (1 - —)) 8)
Iy

It should be noted that in ORCHIDEE trunk, the leaf-scale assimilation variables (e.g. Vcmax) are also affected by the
instantaneous airleaf temperature and the temperature of the last month which plants have adapted to (Kattge and Knorr, 2007).
Because in current ORCHIDEE, there is only one energy budget per grid cell, from which we cannot determine the leaf

VPD and also on whether the vegetation follows the C3 or C4 photosynthesis pathway (Yin and Struik, 2009). For simplicity,

the near surface air temperature and humidity are used for the calculation of assimilation in all canopy layers. Furthermore,
there are 13 PFTs in ORCHIDEE (Table S1) and Vcmax and Jmax are PFT-dependent.
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2-1-3 Canopy light transmission in ORCHIDEE_DF

In ORCHIDEE_DF, we use the same stratification of canopy as in the trunk version (Eq. (4)). But for the light transmission,

we use a two-stream radiative transfer model with direct and diffuse radiation treated separately following Spitters (1986). For

convenience, we use radiation and I in this section to refer to the PPFD derived from the light partitioning step-_(see section
An assumption of the model is that leaves are bi-Lambertian surfaces for radiation, i.e. the reflection and transmission are
isotropic. This reflection and transmission are together referred to as leaf scattering. This assumption implies that once direct
radiation encounters a leaf, it gets either absorbed or scattered as diffuse light. While for diffuse radiation, the scattered light
remains diffuse. The scattering coefficient, o, is assumed equal to 0.2 following Spitters (1986), meaning 20% of the light
encountering a leaf is scattered (80% is absorbed).

Based on this assumption, the radiation penetrating the canopy can be divided into three components (Fig. 3): the direct light
which has not been intercepted by leaves (14 q,), the diffuse light generated by leaf scattering of intercepted direct light (g ar),
and the diffuse light in the canopy provided by the TOC diffuse radiation (/4f). It should be noted that the diffuse light
generated by multiple times of scattering of the direct light is grouped into /4, 45, While those from the scattering of TOC
diffuse radiation belong to I;¢ (Fig. 3). The sum of I, 4, and 4, o hereafter noted as /4, represents the total radiation in each
canopy layer derived from the TOC direct radiation, hereafter I, .

If we also consider direct radiation as parallel beams, only the first leaves on the way of direct light can absorb I, 4,-. These
leaves are referred to as sunlit leaves. The fraction of sunlit leaves in each canopy layer can be calculated by applying Beer-
Lambert law using an extinction coefficient for opaque, non-reflective “black™ leaves (Fig. 1b):

LAIfoun; = e7oLALG (239)
here LAIfg,,; is the fraction of sunlit LAl in canopy layer i. LAI_ci is the cumulative LAI in Eq. (4). ko is the extinction
coefficient if the leaves are assumed “black”. A function of 8, leaf angle distribution index (LA) and leaf clumping index (LC)

is used to represent the geometry between the direct radiation and leaves:

_ LAsLC
p = —

cos6 (2410)
For spherically distributed leaves, LA equals 0.5 (Goudriaan, 1977; Bodin and Franklin, 2012). LC is defined as in Myneni et
al. (1989) and Baldocchi and Wilson (2001), varying between 0 and 1. Here we use the value 0.85 instead of 0.84 as
recommended by an observationally-based study (Baldocchi and Wilson, 2001).

The leaves which cannot absorb I, 4, are referred to as shaded leaves. The fraction of shaded LAl in canopy layer i (LAlfspq,)
is thus the complement of LAIf,;, ;:

LAIfina; = 1 = LAlfoun; (2511)
Because /4, 4, is assumed not to be transmitted as direct radiation through leaves, I, 4, ;, Which represents I,,. 4, at layer i can

be calculated similarly as in Eq. (239) using the downward direct radiation at the top of the canopy (14 o):
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—ézgldrloe—kbLAl,ci (12)
The transmission of I4,. 4 is difficult to estimate directly. Here we calculate it as the difference between I, and I4,. 4, in €ach
layer:

Larari = lari — larari (2713)

where Iy qr; and Ig,; represent net (downward minus upward) Iy, o and net I, at layer i, respectively.

The calculation of I,,; is based on Goudriaan (1982) and Hikosaka et al. (2016) under the assumptions that there is no
difference in optical traits between leaves from different canopy layers and that the canopy is deep enough to neglect the
reflection of the soil:

e

lar; = (1 = Pl
4(—28&”'067\ 1-okpLAI ¢ (14)

where p indicates the canopy reflection coefficient (i.e., the ratio between the TOC downward and upward radiation),

calculated as:

_ 1-Vi-a 2
p= (1+\/1—a)(1+1.6c058) (2915)

In contrast to the direct light transmission, the diffuse light will not change its directional characteristics when scattered by
leaves. Similar to Eq. (5), net I, at canopy layer i (I4f,;) can be estimated using TOC downward diffuse radiation (I4y,0) in a

Beer-Lambert equation:
KoL A

lari = (1 — p)gpoe
—————{30l geHalAlc (16)

where kj is the light extinction coefficient for diffuse light, calculated following Spitters (1986) as:

kg=08VI—0 (3117)

Similar to Eq. (6), the flux of light that is absorbed per canopy leaf area in layer i from Iy (Iabsgy ), lgr (Iabsg,.;), and Ig, g,

(Iabsgy 4r,;) Can be written respectively as:

—dlI,
Iabsys,; = dLAf,fc ILAIc; = kalgs; (3218)
Iabsgy; = ;Z:g ILAI_c; = VT = okylyy, (3319)
—dl,
1abSar,ar; =~ ILALC; = kplar,ar, (3420)

The I, 45 absorbed per canopy leaf area by layer i (Iabsgr.qr,) is:
labsar,afi = 1abSqr; — 1absar ar,i (3521)
It should be noted that all leaves can absorb diffuse radiation. Therefore Eq. (3218) and Eq. (3521) also represent the absorption

of I4r and I, 4f at the leaf scale. However, I, 4, is only absorbed by sunlit leaves, thus the absorption of I, 4, per sunlit leaf
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area does not equal to Iabs, 4 ;, Which is the average at canopy scale. Instead, because I, 4, does not change its intensity,
the absorption of I, 4, per sunlit leaf area can be written as:

labsgy,ar,isun = (1 = 0)kplar (3622)
We have assumed that shaded leaves can only absorb diffuse light. Then, the radiation absorbed (per leaf area) by shaded
leaves layer i (Ispq i qps) iS:

labsgpq,; = labsqy,; + labsyy qy (3723)
The sunlit leaves also absorb the direct light besides diffuse light. The radiation received by sunlit leaves can thus be calculated
as:

labssyn ;i = 1abSspa,; + 1abSar ari,sun (3824)
Apart from light transmission, all other parameters (e.g. Vcmax, Jmax) in ORCHIDEE_DF are kept the same as in ORCHIDEE
trunk.

2.1.3 Light partitioning in ORCHIDEE DF

The lack of light quality (diffuse light fraction) information in most datasets to drive LSMs is one of the main difficulties when

simulating the diffuse light effect. This field can be calculated in atmospheric light transmission models when aerosol and

cloud information is available (Yue et al., 2017; Malavelle et al., 2019). However, the aerosol and cloud information is not

always available. Here we use the empirical equations following Weiss and Norman (1985) to partition the half-hourly

downward PAR, which can be derived from the shortwave radiation, into diffuse and direct components. Compared with

another empirical method (Spitters et al., 1986), we found that this method reproduces better the observed diffuse light fraction
at the flux sites used in this study (Fig. 2, Fig. S1). The diffuse PAR fraction (Fdfp,z) above the canopy is estimated as:

2

Fdfpse = 1 - 52240 (1 — (£E)) (25)

PAR,

where PAR, and PAR 4 are the potential total and direct PAR, i.e. the total and direct PAR which would arrive at land surface

under clear sky conditions. a and b are parameters, which take values of 0.9 and 0.7, and R is the ratio of observed to potential
total downward shortwave radiation (SWans and SWy) reaching the top of the canopy:

_ SWobs
R= swy (26)

The potential downward shortwave radiation consists of potential downward PAR (visible, range 0.4-0.7um) and potential
downward near-infrared radiation (NIR, range 0.7-5um). Also the potential PAR and NIR are the sum of direct (PARp gr, NIRp 4r)

and diffuse (PARp.qr, NIRy.4r) cOmponents, given by:
SW, = PAR,, + NIR, = PARp 4 + PARy 4r + NIRp 4 + NIRy 4 @1

A simple atmospheric light transfer model modified from Weiss and Norman (1985) is used to estimate potential radiation.
The potential direct PAR, PAR,, 4, is calculated as:
PAR, 4y = PARyp, e *185®/P0I™ cos g (28)

10
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where PAR, is the PAR at top of atmosphere (TOA), p and po indicate the local and standard sea level air pressure, m is the
optical air mass, calculated using the solar zenith angle 6:

m = (cos 0)™* (29)
The potential diffuse TOC PAR, PAR,, 45 is assessed as:
PAR, 45 = 0.4(PARyp, cos 6 — PAR, 4) (30)

which expresses that 40% of the PAR flux that is extinguished in the atmosphere through scattering and absorption is available
as diffuse PAR at the surface. Similarly, the potential direct and diffuse NIR at the top of the canopy (NIRy, 4 and NIR,, 45

respectively), can be estimated as:
NIRy 4 = (NIRppae~"00@/PO™ — ) cos O (31)

NIRy, 45 = 0.6(NIRyo4 cos 8 — NIR,, 4, — w cos 6) (32)

where w _is a flux term accounting for atmospheric water vapor absorption, calculated as a function of the solar constant (SC

in Wm) and m:

W = SC x 10(-1:195+0.4459log10 m—0.0345(log1o m)?) (33)

Using the results from Egs. (28, 30, 31 and 32), we are able to calculate the SW,, to obtain the value of R in Eq. (26).

It should be noted that the quanta-to-energy ratio (in mmol J*) is different under different sky conditions, because atmospheric
scattering varies spectrally with the air mass and the cloud amount (Dye, 2004). For this consideration, the calculation of PPFD
from PAR in ORCHIDEE_DF uses the observation-oriented empirical equations from Dye (2004):

By = 4.576 — 0.03314Fdfp,p (34)

Bar = 4.5886Fdfpag
df T 0.010773+Fdfpar

(35)

where the g, is the quanta-to-energy ratio for the total PAR (PAR;) at the top of the canopy, while 3,/ is for its diffuse

component (PARgs):

PPFD, = B.PAR, (36)
PPFDy; = BayPARys (37)
The diffuse PPFD fraction (Fdfpprp) can thus be calculated as:

PPFD, B,
Fdfpppp = PPF;: = %FdfPAR (38)

2.2 Flux data and site level simulations

To evaluate ORCHIDEE_DF, we collected flux site measurements from the La Thuile dataset, which includes 965 site-year
observations from in-tetal-252 sites_in total (https://fluxnet.fluxdata.org/data/la-thuile-dataset/). Because our ORCHIDEE
simulations assume that the ecosystems are in equilibrium and do not experience disturbances (e.g., logging, fire), we selected

flux sites without strong disturbances during the last 10 years. For sites that also provided growing season LAI information,
we also removed forests site with LAI<2, which may be considered as sparse forests with understory vegetation. In the end,

11
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observations of 655 site-years from 159 sites were retained (Table S2). The annual elimatemean temperature of the sites spans
from -9 °C to 27°C-in-temperature—and, while the annual precipitation spans from 67 mm yr? to over 3000 mm yr? in
preeipitation-(Fig. S2), which is representative to most of the climate conditions over the globe. The dataset provides in situ

meteorology, net ecosystem exchange (NEE), gross primary productivity (GPP), and data quality information at 30-min time
steps. The GPP provided by this dataset is partitioned from NEE and gap filled using the method of Reichstein et al. (2005).
Specifically, 64 of the 159 sites provided measurements of both total and diffuse PPFD, which allows us to evaluate the light
partitioning parametrization (Egs. (9-2625-38)). The gaps and missing variables in meteorology are filled using the approach
from Vuichard and Papale (2015) to meet the model input requirements.

Because ORCHIDEE has different photosynthesis parameters for different PFTs, we classified the vegetation at each site into
the 13 ORCHIDEE PFTs (Table S1) according to the IGBP land cover types specified on the website of FluxNet
(www.fluxdata.org). If the IGBP land cover type is not specified or may match more than one ORCHIDEE PFTs (e.g.
shrublands, savannas and wetlands), the PFT is determined according to the dominant plant species described in related
references. Specifically, the mixed forests (MF) type exists in the IGBP classification but not in the ORCHIDEE PFTs. Because
MF sites are mostly located in temperate regions, we assume that they are composed of 50% temperate broadleaf deciduous
forests and 50% temperature evergreen needle-leaf forests. Detailed information of flux sites is found in Table S2.

To evaluate the model, spinup simulations of 30 years are firstly conducted on ORCHIDEE_DF at each site to equilibrate the
leaf area index with site conditions. Then the simulations with 30 min output are conducted with ORCHIDEE trunk and
ORCHIDE_DF, using the full span of the Fluxnet la Thiule series respectively at each site. It should be noted that we use the
same spinup for ORCHIDEE trunk and ORCHIDEE_DF to ensure the same initial states of the two simulations. A test has
shown that different spinup simulations do not affect the simulation of GPP in the following years (not shown).

2.3 Analyses

When evaluating the modeled GPP response to diffuse light we have not used all the 30-min data points due to several concerns.
First, all night time data points were excluded from the analyses given that GPP is zero at night. Second, all data points flagged
with poor quality in the FLUXNET archive have been removed. Third, ORCHIDEE might not be perfect in capturing the
seasonality of leaf flushing and shedding. In order to minimize the uncertainty from phenology, we used only data from the
growing season at each site, which is defined as months when:

GPRR> GPRPy i HORPr x GPRie WGP Py, > GP Py iy + S e 2rimmin
(39)
where GPPn, is the observed monthly GPP, GPPmmin and GPPm max are the observed minimum and maximum monthly GPP at

the corresponding sites.
To assess the effect of variable diffuse light fraction on both GPP and light use efficiency (LUE, the ratio of GPP to incoming
shortwave radiation), we look at the difference in GPP and LUE during sunny and cloudy conditions. We define sunny and
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cloudy conditions as those when the fraction of diffuse PPFD at the top of the canopy (Fdfpprp) is smaller than 0.4 and greater
than 0.8, respectively, and calculate the average sunny and cloudy GPP and LUE at each site. To ensure that the comparison
between sunny and cloudy conditions are at the same PPFD level, the sunny time steps with PPFD larger than the maximum
PPFD under cloudy conditions are removed from the average, and vice versa. In addition, to make sure that the difference in
GPP between sunny and cloudy is not an artifact of different LAI, sites with average medeledmodeled LAI under cloudy and
sunny conditions differing by more than 0.3 are excluded from this analysis.

3 Results
3.1 Diffuse light modeling

Fig. 2 shows the relationship between 30-min modeled and measured Fdfpppp at flux sites (64 sites). The data points are
generally distributed along the 1:1 line, indicating an unbiased estimation of our diffuse light model. In total, our simple model
explains over 51% of the variance in observed diffuse PPFD fraction. Although this model is imperfect, we currently have no

better way to reproduce the diffuse PPFD at the flux site scale.

3.2 General model performance

The performance of both ORCHIDEE trunk and ORCHIDEE_DF for 30-min GPP from each PFT (all sites) is presented in
Fig. 4. Generally, ORCHIDEE trunk underestimated the standard deviation (STD) of GPP at 30-min time-step compared with
observations, and across all PFTs except Boreal evergreen needleleaf forests and C4 Croplands (Fig. 4a). The correlation
coefficients between ORCHIDEE trunk GPP and observations are generally between 0.5 and 0.7 among PFTs (Fig. 4b). In
tropical broadleaf forests, this correlation coefficient is about 0.2, which is much smaller than in other PFTs and likely due to
the limited seasonality of primary production in the tropics. The GPP simulated by ORCHIDEE_DF shows comparable
performance with ORCHIDEE trunk, but with slightly smaller STD (Fig. 4a).

Similar evaluations on the GPP from the two models are performed under cloudy and sunny conditions respectively (Fig. 4c-
f). Under cloudy conditions, ORCHIDEE trunk and ORCHIDEE_DF both underestimated GPP STD. The correlation
coefficients to observations are generally between 0.5 and 0.8 (Fig. 4d). Compared with ORCHIDEE trunk, ORCHIDEE_DF
shows slightly worse correlation coefficients but improves STD for most of the PFTs except Tropical broad-leaved evergreen
forests (TrEBF) and Temperate needleleaf evergreen forests (TEENF) (Fig. 4c).

Compared with cloudy conditions, the GPP simulated by the two models under sunny conditions show weaker correlation to
observations. The correlation coefficients generally vary between 0.3 and 0.6 among PFTs. However, it should be noted that
ORCHIDEE_DF better reproduced GPP variation under sunny conditions compared with ORCHIDEE trunk in most PFTs
except TeDBF and C4Cro (Fig. 4f). The GPP STD derived from ORCHIDEE trunk simulations under sunny conditions show
larger variability among PFTs than under cloudy conditions. While for ORCHIDEE_DF, the GPP STD under sunny and cloudy

conditions show similar bias compared with observations (Fig. 4e).
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3.3 Effects of diffuse light on GPP and LUE

Because the modification of ORCHIDEE_DF was limited to light transmission, the pertinent process-oriented evaluation of
the two models should focus on their ability to capture the observed GPP differences between cloudy and sunny conditions
(hereafter AGPP), rather than on correlations or RMSE with observations, that may result from different structural and
parametric errors of the model, not related to diffuse light.

Figure 5 shows the observed and modeled GPP under sunny and cloudy conditions at different PPFD levels at flux sites with
relatively long time series of observations from each PFT. For all the sites selected, the observed GPP under cloudy conditions
is larger than under sunny conditions. However, the GPP simulated by ORCHIDEE trunk shows no or small difference between
cloudy and sunny conditions at most sites. In contrast, ORCHIDEE_DF reproduces this GPP difference in most PFTs except
TrDBF, BoDBF and C4Gra. However, there is only one TrDBF site and very few C4Gra sites in our dataset. Furthermore, at
most C4Gra sites, we are not able to find PPFD levels where sunny and cloudy conditions co-exist. Therefore, we are not able
to make further evaluation of cloudy-minus-sunny GPP differences for TrDBF and C4Gra. At three of the four BoDBF sites,
the modeled GPP difference under cloudy and sunny conditions is relatively small (not shown). This might be because the
model overestimated the deleterious effect of low temperature on photosynthesis at the BoDBF sites (mean annual
temperature<3°C). In total, observations from about 70% of the sites show remarkable higher GPP under cloudy than sunny
conditions. This percentage is only 30% in ORCHIDEE trunk simulations but 60% in ORCHIDEE_DF simulations.

To summarize the site level results, we investigated the distribution of GPP difference between cloudy and sunny conditions
(here after refer to as AGPP) (Fig. 6a). Observations and ORCHIDEE_DF show a positive bias in AGPP, with AGPP values
between 0-3x10* gC m s at most sites. However, for ORCHIDEE trunk, AGPP is near zero at most sites. This result confirms
that ORCHIDEE_DF performs much better than ORCHIDEE trunk in simulating differences in GPP under different light
conditions.

It should be noted that AGPP can be affected by PPFD. At sites where sunny and cloudy conditions only coexist at a relatively
low PPFD level, the AGPP should be also small. To remove the effect of PPFD level on AGPP, we analyzed the difference in
LUE, i.e. ALUE, between the two conditions (Fig. 6b). Compared with AGPP, positive ALUE values are more evenly
distributed around 0-15x10® gC pmol™* photon for observation and ORCHIDEE_DF simulation. For ORCHIDEE trunk, the
ALUE has the range of 0-8 <10 gC umol™ photon, with the upper range smaller than in the observations and ORCHIDEE_DF.
We further refined this analysis to investigate if the effects of diffuse light differ at different times of the day (Fig. 7). Results
for three different periods in the day show that in the morning and afternoon, cloudy conditions result in higher GPP of 0-
5x10* gC m? s than sunny conditions at most sites, which is generally captured by ORCHIDEE_DF but missed by
ORCHIDEE trunk in the morning (Fig. 6a, c). At midday, due to the dependence of Fdf on PPFD (Egs. (925 and 1026)), we
fail at many sites to find PPFD levels where sunny and cloudy conditions coexist. Nevertheless, the result generally indicates
larger mid-day AGPP than those in the morning and afternoon-, although the modeled AGPP is slightly smaller than the
observation. It should be noted that this large difference is captured by both ORCHIDEE_DF and ORCHIDEE trunk (Fig. 7b).
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Because direct and diffuse light are not distinguished in ORCHIDEE trunk, this midday AGPP should be mainly contributed
by environmental factors other than diffuse light fraction._The underestimation of midday AGPP could be a result of error in
current ORCHIDEE parameterizations. The ALUE derived by ORCHIDEE_DF also shows a largely similar distribution as in
observations, but ORCHIDEE trunk underestimates the morning and afternoon ALUE (Fig. 7d-f).

3.4 Interactions between diffuse light and environmental factors

As implied by Fig. 7, the diffuse light fraction is not the only factor causing AGPP. Other possible factors include temperature
and VPD (Gu et al., 2002; Cheng et al., 2015; Li et al., 2014). Here, we thus investigate the diffuse light effect along
temperature and VPD gradients in Fig. 8. To remove the effect of PPFD level, we only show ALUE.

ALUE shows a unimodal curve along the temperature gradient for observation and the two models (Fig. 8a). At low
temperature, both models indicate a very low ALUE of 1 gC pumol™ photon, which is about 1/3 of the ALUE derived from
observations. With increasing temperature, the observed ALUE shows a maximum at 10-20 <C, with a magnitude of ~810®
¢C pmol™ photon and declines slightly at higher temperatures. The peak of ALUE simulated by ORCHIDEE_DF has a
magnitude comparable to that of observations, but at higher temperature (20-25 °C) than for observations. The ALUE simulated
by ORCHIDEE trunk is much smaller, with a peak of ~4x10® gC umol™ photon at 10-15 <C.

The effect of VPD on ALUE is shown in Fig. 8b. For observations and both model simulations, a monotonic decreasing trend
of ALUE along the VPD gradient is found. The ALUE from observations and ORCHIDEE_DF show a comparable magnitude,
from 8x10® gC pumol™ photon at VPD<0.5 kPa to 510 gC umol™ photon at 2-4 kPa VPD level. The ALUE simulated by
ORCHIDEE trunk is smaller than observations.

Apart from environmental factors, the effects of diffuse light may also differ among PFTs because different PFTs have different
canopy structures and photosynthetic parameters (e.g. Vemax). Here we analyzed the ALUE in forests and short vegetation
(grasslands and croplands) separately (Fig. 8c-f). In forests (Fig. 8c, d), ORCHIDEE DF underestimates ALUE at temperatures
lower than 20 <C. It also largely captures the observed ALUE trend with VPD, while ORCHIDEE trunk underestimates ALUE
at all cases. Compared with forests, in short vegetation (Fig. 8e, f), observations show a stronger decline of ALUE at high
temperatures (>25 <C) and high VPD conditions (>0.5 kPa). However, for ORCHIDEE_DF, the short vegetation ALUE
remains as high as for forests.

Fig. 9 shows the distribution of ALUE in the Temperature-VPD dimensions. Observations indicate that the largest ALUE is
reached under conditions when temperature is in the range 5-20 <C and VPD <1 kPa (Fig. 9a). This temperature is thought
more favorable for photosynthesis as it is generally consistent with the photosynthesis optimum temperature detected by Huang
etal. (2019) in latitudes where most of the sites are located. Under these conditions, the ALUE is usually over 7x10® gC pmol®
! photon. When the temperature is lower than 5 °C or higher than 20 °C, or VPD becomes larger than 1 kPa, ALUE tends to
decline. Compared with observations, the ALUE simulated by ORCHIDEE_DF shows a similar decreasing trend with VVPD at
all temperature levels (Fig. 9c), however, no obvious decline of ALUE is found at high temperatures. The ALUE simulated by

ORCHIDEE trunk is much smaller compared with observations (Fig. 9b).
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The ALUE from forests and short vegetation are shown separately in Fig. 10. Based on site level observations (Fig. 10a), both
vegetation types show a larger ALUE at lower VPD between 5-20 °C. In forests, there is also large ALUE at high temperature
conditions, which mainly occurs in tropical forests (Fig. S3). Nevertheless, ORCHIDEE_DF still overestimates the ALUE at
high temperatures (Fig. 10e), which is mainly due to the overestimation of ALUE at high temperatures for temperate forests
(Fig. S3).

Compared with forests, the short vegetation shows a much stronger decline of ALUE at higher VPD level (Fig. 10b), however,
it is not well captured by ORCHIDEE_DF (Fig. 10f). In most cases, ORCHIDEE trunk tends to strongly underestimate ALUE
unless the observed ALUE is small or negative (e.g. VPD > 2kPa for short vegetation).

4 Discussion
4.1 Improvement of ORCHIDEE_DF

The role of diffuse light on photosynthesis has been found and modeled in different vegetation types (Gu et al., 2003; Niyogi
et al., 2004; Misson et al., 2005; Alton et al., 2007b; Knohl and Baldocchi, 2008; Mercado et al. 2009; Oliphant et al., 2011;
Kanniah et al., 2013; Williams et al., 2014; Cheng et al., 2015; Wang et al., 2018). However, very few studies have attempted
to account for the diffuse light effect in a global land surface model, and fewer studies have used large FLUXNET datasets for
evaluation. Here, by using flux observations from 159 sites over the globe, we show that by separating the direct and diffuse
light, ORCHIDEE_DF improves the simulation of GPP under sunny conditions and, more importantly, reproduced the
observed impacts of diffuse light on GPP and LUE for most of the PFTs (Figs. 4-6). Under cloudy conditions, ORCHIDEE_DF
seems to perform slightly worse than ORCHIDEE trunk (Fig. 4). However, it should be noted that ORCHIDEE_DF has not
been recalibrated and all parameters are those from ORCHIDEE trunk despite the substantial changes in the code with respect
to light partitioning and canopy light transmission. Furthermore, the GPP simulated by ORCHIDEE trunk shows different GPP
STD biases under sunny and cloudy conditions, while ORCHIDEE_DF gives a more systematically underestimated GPP STD,
which should be more easily corrected in a future calibration. The site level comparison (Fig. 5) also explains how
ORCHIDEE_DF reproduces the GPP increase compared to ORCHIDEE trunk. At most sites, the GPP simulated by the two
models show similar magnitude under cloudy conditions. While under sunny conditions, the GPP simulated by
ORCHIDEE_DF is significantly smaller. This is because in the one-stream canopy light transmission model in ORCHIDEE
trunk, all light is considered as diffuse light and evenly distributed in each leaf layer. This simplified approach to the modelling
of light distribution leads to larger GPP under sunny conditions because the effect of light saturation on sunlit leaves is ignored.
Since ORCHIDEE trunk was calibrated using both sunny and cloudy data, but ORCHIDEE_DF corrected the overestimation
under sunny conditions, ORCHIDEE_DF may give an overall underestimation using current parameters.
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4.2 Factors affecting the response of GPP to diffuse light

Although diffuse light can increase photosynthesis of shaded leaves, the GPP increase under cloudy conditions is not
contributed only by this effect. A recent field study suggested that photosynthesis from part of the canopy (especially sunlit
leaves) benefits from the lower VPD rather than the higher diffuse light fraction under cloudier conditions (Wang et al., 2018).
Our results show that during the morning and the afternoon, higher diffuse PAR fraction is the main factor causing larger GPP
under cloudy conditions compared with sunny conditions, as only ORCHIDEE_DF reproduced the observed positive AGPP
during the two periods (Fig. 7). While at midday, the larger GPP under cloudy conditions should be mainly due to lower T or
VPD other than to diffuse light because ORCHIDEE trunk, which does not simulate the diffuse light effect, also reproduces
this effect (Fig. 7). A similar effect is also reported by Cheng et al. (2015), who found that in croplands the midday GPP
increase under cloudier conditions is mainly caused by lower temperature and lower VPD rather than by diffuse light.
Photosynthesis is often considered as limited by either carboxylation or electron transportation (Farquhar et al., 1980). It is
when the shaded leaf photosynthesis is limited by light that diffuse light can increase GPP. At midday, large VPD may cause
stomatal closure, leading to a carboxylation-limited photosynthesis. Our results imply that it might be important to consider
the diurnal cycle of environmental factors to better understand the effect of diffuse light.

It should be noted that the covariation of environmental factors with more diffuse light under cloudier conditions does not
always benefit photosynthesis. For instance, if the vegetation is cold stressed under cooler conditions, the decrease of
temperature under cloudier condition may strengthen this stress and offset the effect of diffuse light. Our analyses indicate that
under most stressed conditions, the effect of diffuse light on photosynthesis is weakened (Figs. 9, 10).

Another important factor is the light itself. When there is no light saturation of shaded leaves, under the same diffuse light
fraction, stronger light levels are likely to benefit the shaded leaves more, resulting in higher AGPP (Fig. 5, AGPP tends to be
larger at higher PPFD level at most sites). Nevertheless, apart from GPP, in this study we also investigated LUE (the
photosynthesis per unit PPFD), which has removed this effect.

Besides environmental factors, canopy structure is also very important. Theoretically, thicker canopies with large LAI tend to
be more sensitive to diffuse light because a larger fraction of leaves are light limited due to shading (Fig. 1). As expected,
ORCHIDEE_DF has shown an increasing ALUE with LAT (Fig. 11). However, the analyses based on LAl observations
suggested a very weak positive effect of LAI on ALUE (Fig. 11). This insensitive response of ALUE to LAI detected here
should be treated with caution because the LAI observations are not well defined (maximum or average) and remain very
limited in the current FLUXNET dataset (less than 10 in each LAl interval). Using more detailed LAl and CO; flux
observations, Wohlfahrt et al. (2008) has clearly exhibited the influence of LAI on diffuse light-induced photosynthesis
changes at a grassland.
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4.3 Uncertainty and Limitations

Many empirical methods have been proposed to partition solar radiation into diffuse and direct light (e.g. Spitters et al., 1986;
Weiss and Norman, 1985; Erbs et al., 1982). However, biases remain in the predicted diffuse light fraction under all aerosol
and cloud conditions, which inevitably introduce some uncertainties to our analyses. Nevertheless, such methods are currently
the most feasible approach at flux site level. More continuous measurements of direct and diffuse surface radiation at more
sites are desirable.

Another source of uncertainty is from the light transmission model. In ORCHIDEE_DF, we used a two-stream radiative
transfer approximation. In this model, the canopy trait parameters such as leaf scattering, leaf orientation and leaf clumping
factors are assumed the same for all PFTs, however real canopies are very diverse (Smith et al., 2004). In situ observations are
required to obtain better parameters. Furthermore, the validity of the light transmission model in ORCHIDEE_DF depends on
the several assumptions described in the model description section. These assumptions are not always valid. For example,
because direct solar beams are not exact parallels, leaves in canopies are not always sunlit or shaded, they may also fall in
penumbra regions, (i.e. regions where only part of the incoming direct solar beams are blocked, Smith et al., 1989; Cescatti
and Niinemets, 2005). These more complex processes should be considered in future model development. Nevertheless, our
simplified light transmission already succeeds in reproducing the observed diffuse light impact.

There are other sources of uncertainties in complex land surface models. Although ORCHIDEE_DF reproduces the magnitude
of the diffuse light effects, it fails to reproduce the response of ALUE to temperature. For all PFTs, ORCHIDEE DF
underestimates the ALUE at low temperatures, and overestimates ALUE at high temperatures (Fig. 8). The low temperature
underestimation is also found in ORCHIDEE trunk, indicating that the models may have underestimated the tolerance of plants
to low temperatures. While at high temperatures, ORCHIDEE_DF tends to underestimate the impact of heat stress. This bias
might be due to the parameterization of temperature acclimation which is based on observations mainly from a narrow
temperature range (11-29 °C) (Kattge et al. 2007). For short vegetation, the introduction of diffuse light into the model results
in an increase of ALUE at high temperatures and high VPD (Figs. 8, 10), indicating the vegetation simulated by ORCHIDEE
trunk remains light limited under such conditions. However, the strong decreasing trend of observed ALUE along temperature
and VPD gradients indicates heat and VVPD stress. This implies that parameters in current ORCHIDEE version may have
underestimated the response of grassland and cropland photosynthesis to heat and VPD stress.

Besides the possible bias in parameters, both ORCHIDEE trunk and ORCHIDEE_DF lack a representation of the response of

leaf temperature to radiation. Instead, the air temperature is used directly to represent the leaf temperature throughout the

canopy for simulating gas exchange processes in current model. As shown by Chen and Zhuang (2014), the changes of

radiation regime due to aerosols can significantly affect leaf temperature, which could potentially affect GPP. For now

ORCHIDEE_DF remains not capable of dealing with this response of leaf temperature. Further developments are needed for

disentangling the role of leaf temperature and diffuse light on GPP.
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5 Conclusion

In this study, we added to the ORCHIDEE trunk a module to partition the downward surface solar radiation into diffuse and
direct components, and a new canopy radiative transfer model, which separates the existing multilayer canopy into sunlit and
shaded leaves. The resulting new land surface model, ORCHIDEE_DF, is evaluated using the La Thuile flux dataset over 159
sites over 11 PFTs. Compared with ORCHIDEE trunk, ORCHIDEE_DF improves the GPP simulation under sunny conditions.
This improvement successfully reproduces the observed enhancement of GPP under cloudier conditions at most of the sites.
Using observed and modeled GPP, we found an increase of GPP under cloudier conditions at all times of the day; however,
the mechanisms causing this effect are different at midday from morning and afternoon. During morning and afternoon, the
increase in GPP is mainly caused by increased diffuse light fraction, while at midday, the GPP increase is mainly due to weaker
stress from temperature and VPD.

Observations indicate that under cloudy and sunny conditions for the same light level, the maximum LUE difference can be
over 7x10® gC pumol™ photon. The maximum LUE is found at temperature and VPD conditions more favorable for
photosynthesis (5-20 <C for temperature and < 1 kPa for VPD). With increasing VVPD, or under lower or higher temperatures,
the LUE may decrease. Compared with observations, ORCHIDEE_DF underestimates the diffuse light effect at low
temperature and overestimates it at high temperatures, possibly due to imperfect temperature acclimation parameterization in
the current ORCHIDEE model. In grasslands and croplands, ORCHIDEE_DF overestimates the diffuse light effect on LUE,
which might be due to an overestimation of their tolerance to dry conditions.

As ORCHIDEE_DF is a land surface model which is able to capture the effect of diffuse light for a large number of sites over
the globe, we are confident that, with this improved model framework and proper calibration, we can investigate the effect of
aerosols on global biogeochemical cycles, and assess the impact of aerosol emission policies and aerosol related climate
engineering on such cycles.

Appendix A

List of acronyms:
Fdf: Fraction of diffuse radiation

GPP: _ Gross Primary Production
LAI: __ Leaf Area Index

LSM: Land Surface Model
LUE: Light Use Efficiency
NIR:  Near-Infrared Radiation

PAR: Photosynthetically Active Radiation
PFT:  Plant Functional Type
PPFD: Photosynthetic Photon Flux Density
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SW: downward Shortwave Radiation at the top of canopy

TOA: _Top of Atmosphere
TOC: Top of Canopy
VPD:  Vapor Pressure Deficit

* The variable names in Section 2 are listed in Table 1

Code and data availability

The code of the ORCHIDEE_DF is available at
https:/fforge.ipsl.jussieu.friorchidee/wiki/GroupActivities/Code AvalaibilityPublication/ORCHID DFv1.0-sitedoi.org/10.

14768/20200407003.1. Flux data (La Thuile) used in this study is available at https://fluxnet.fluxdata.org/data/la-thuile-

dataset/.
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Figure 1: The distribution of light and leaves in canopy. (a) light distribution in ORCHIDEE trunk. (b) distribution of sunlit and
shaded leaves in canopy in ORCHIDEE_DF. (c) light absorbed by shaded leaves in each canopy layer under different solar zenith
angle (SZA) and fraction of diffuse light (Fdf) in ORCHIDEE_DF. (d) Same as (c) but for sunlit leaves. |, downward PPFD at the
top of the canopy; labs, PPFD absorption per leaf area in ORCHIDEE trunk; Ishaabs, PPFD absorption per leaf area in shaded leaves;
Isun.abs, PPFD absorption per leaf area in sunlit leaves.
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790 Figure 2: Modeled and observed diffuse PPFD fraction. Fhe(a) Scatter plot with the dark area indicates high data density, while
light area indicates low data density, (b) Density distribution of the observed diffuse PPFD fraction, (c) Density distribution of the
modeled diffuse PPFD fraction.
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Figure 6: Site distribution of (a) the GPP difference between cloudy (diffuse light fraction >0.8) and sunny (diffuse light fraction<0.4)
conditions. (b) same as (a) but for LUE. H-sheuld-be-noted-that-the-Hight-level-is-controlled-the-samefor
conditionstime steps are sampled at each-siteequal light levels.
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Figure 8: The dependence of LUE difference between cloudy and sunny conditions on climate factors. In observation (blue),
ORCHIDEE trunk (red) and ORCHIDEE_DF (green), the average and error bars indicate statistics of site level means (a)
dependence of LUE difference on temperature, (b) dependence of LUE difference on VPD. (c) and (e) the same as (a) but for only
forest sites and short vegetation (grasslands and croplands) sites. (d) and (f) the same as (b) but for forest sites and short vegetation

sites.
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Table 1. Variables in this study

Variable Definition Unit
A Net photosynthesis rate pmolCO> m2 57!
A Rubisco activity limited net photosynthesis rate pmolCO> m2s™! [ R TR
Aj Electron transport limited net photosynthesis rate pumolCO2 m2 s~ [ HHRM: R
G Chloroplast CO: partial pressure ubar [ HHRM TR
Fdfear The fraction of diffuse PAR in total PAR -
Fdfrrrp The fraction of diffuse PPFD in total PPFD -
i Leaf layer in canopy, for the top layer, i=1 -
1o Downward shortwave radiation at the top of the canopy W m?
labsay;i Average absorption of /g per unit leaf area in canopy layer i pmol m2s!
Tabsaragi Average absorption of Za:qs per unit leaf area in canopy layer i pumol m2s!
labsarari Average absorption of Ju:a- per unit leaf area in canopy layer i umol m?2s™!
Tabsaydrisun Absorption of Jarar per sunlit unit leaf area in canopy layer i pmol m?s!
labsari Average absorption of /s per unit leaf area in canopy layer i pmol m?s!
labsi Average radiation absorption per unit leaf area in canopy layer i W m?
labssha,i PPFD absorbed by shaded leaves per unit leaf area in canopy layer i pmol m2s!
labssun,i PPFD absorbed by sunlit leaves per unit leaf area in canopy layer i pumol m?2s™!
Lugo Diffuse downward PPEBphotosynthetic photon flux density at the top of the canopy pmol m2s!
Lugi Net PPEDphotosynthetic photon flux density derived from laro at the top of canopy layer i pumol m2s!
Liro Direct downward PPEDphotosynthetic photon flux density at the top of the canopy umol m?2s™!
T Net diffuse PREDphotosynthetic photon flux densit der?ved from the scattering of /a0 at mol s
the top of canopy layer i
Larari Downward direct PPEDphotosynthetic photon flux density at the top of canopy layer i umol m?2s™!
Lari Net PPFD derived from /a:0 at the top of canopy layer i, the sum of Jayari and lardzi pmol m?2s!
I Downward shortwave radiation arriving at canopy layer i W m?
J Rate of electron transport umol e m2s”!
Jmax Maximum value of J under saturated light, depending on temperature pmol e m 2 s7!
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, FHR

Jmaxog Jmax at the top of the canopy umol e m2s™!
Jmaxi Jmax at the canopy layer i pumol e m2 57!
k Light extinction coefficient in ORCHIDEE trunk -
ks Light extinction coefficient when leaves are assumed black -
ka Light extinction coefficient for diffuse PPFD -
Kmg Michaelis constants for CO2, depending on temperature ubar [ RN The
Kmp Michaelis constants for Oz, depending on temperature pbar [ R FhR
LAI ci Cumulative LAI above canopy layer i m? m?
LAlfsnai Fraction of shaded leaf area in total leaf area in canopy layer i -
LAIfsun,i Fraction of sunlit leaf area in total leaf area in canopy layer i -
m Optical air mass -
NIR, Potential total downward near infrared radiation at the top of the canopy W m?
NIRp,ar Potential diffuse downward near infrared radiation at the top of the canopy W m?
NIRp,ir Potential direct downward near infrared radiation at the top of the canopy W m?
NIRt04 Downward near infrared radiation at the top of the atmosphere W m?
o Chloroplast Oz partial pressure pbar
P Air pressure near surface Pa
po Standard sea level air pressure Pa
PAR, Potential total downward photosynthetically active radiation at the top of the canopy W m?
PARp,af Potential diffuse downward photosynthetically active radiation at the top of the canopy W m?
PARp.ar Potential direct downward photosynthetically active radiation at the top of the canopy W m? [%ﬁiﬁﬁﬁ: Ak R
PART04 Downward photosynthetically active radiation at the top of the atmosphere W m? [ AR Tk i
PPFDabsi Average photosynthetic photon flux density absorption per unit leaf area in canopy layer i pumol m?s! [ gy 5= v P 2R v
PPFDug, Ligo Diffuse downward photosynthetic photon flux density above canopy pmol m2s™! [ WM Tk Wik
PPFD; Total downward photosynthetic photon flux density above canopy umol m?s! [ AR ok Wit
R Ratio of actual to potential downward shortwave radiation at the top of the canopy - [ HHE U i it
(AR - fig
Ra Dark respiration gCm?2s! [ BRRN: 70 0
(BB i it
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SWobs Actual (observed) downward shortwave radiation at the top of the canopy W m? [‘%ﬁiﬁﬂﬁ: TR R

W Potential (under clearsky con(?ti(l)ns Wil‘hout cloud‘s and aerosols) downward shortwave W m? [ BRI 1 R
Tradiation at the top oI the canopy

Vemax Maximum rate of Rubisco activity-limited carboxylation, depending on temperature pmolCO> m2 5™ R Tk iR

4

Yemaxo Vemax at the top of the canopy pumolCO> m2 s~ [ WM ok Wik

JYemaxi Vemax at the canopy layer i umolCO; m2 57! [‘%ﬁiﬁﬂ‘]: Ak R

Bar Quanta-to-energy ratio for diffuse PAR - [ R ok iR

A Quanta-to-energy ratio for total PAR - [ TR ok i

I* CO:z compensation point in the absence of Rd ubar [‘%ﬁiﬁﬂﬁ: FAk: A

Y Solar zenith angle degree [ R : Tk iR

» The reflection coefficient of th‘e. C'fmopy, ‘1.e4 the riit}o between the downward and upward ) [%ﬁiﬁﬁﬁ: yTayE]
Tradiation at the top ol the canopy

Yo Term accounting for atmospheric water vapor absorption W m? [ TR ok i
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